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Abstract Scientific progress is discussed in relation to
clinical issues; genetic issues; environmental issues; and
the state of play on psychological treatments. It is con-
cluded that substantial gains in knowledge have been
achieved during the last 3 years, and there have been some
unexpected findings, but major puzzles remain. We should
be hopeful of ever greater gains in the years ahead, but both
prevention and cure remain elusive.
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In this article, scientific progress will be discussed in
relation to advances in our understanding of clinical fea-
tures, advances in genetics, progress in environmental
research, and the state of play on psychological treatments.
Basic science, including animal models, is not reviewed
here, although the findings on mirror neurons and immu-
nology are obviously potentially very important. The
emphasis is placed particularly on advances during the last
3 years, but attention is paid to earlier findings where they
are relevant to the contemporary issues.
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Clinical Features

Given that there has been a huge investment in clinical
research that goes back for well over half a century, it
might be supposed that all that needed to be known is
already well established and free of controversies. How-
ever, that is far from the case.

Developmental Regression

Despite the fact that the phenomenon of temporary devel-
opmental regression (especially of language and language-
related skills) is noted from the very first reports of autism,
until recently there had been surprisingly little systematic
research into the phenomenon. That situation is now
changing. At first, some people were sceptical of the reality
of regression but carefully conducted studies of home
videos (Werner and Dawson 2005) confirmed the validity
of the phenomenon. The next question that needed tackling
was whether such regression occurred in all neurodevel-
opmental disorders or whether it was in some way partic-
ularly characteristic of autism. Findings from studies by
Baird et al. (2008a) and Pickles et al. (2009) showed that
the period of regression was distinctly rare in other neu-
rodevelopmental disorders, but seemed to be quite strongly
associated with autism. Findings also suggested that it
was misleading to think of regression as a categorical
present/absent phenomenon; rather, even minor degrees
of regression were pointers towards autism. Parr et al.
(in press), using data from affected sibling pairs, found that
the concordance rate of 18.9% was not significantly above
that of 13.5% expected under independence. The overall
rate of regression found (24%), was closely comparable to
that reported in singleton and epidemiological samples.
Several questions derive out of these findings. First, if even

@ Springer



396

J Autism Dev Disord (2011) 41:395-404

minor degrees of regression are of diagnostic importance,
what criteria should be used to identify it? Second, what
neural processes underlie the occurrence of regression?
The findings suggest that it is unlikely that regression is
due to some factors that are exogenous to autism but,
nevertheless, what neural processes are giving rise to the
regression?

Savant Skills

The situation with respect to savant skills is somewhat
comparable to that already noted for regression. That is,
such skills have been observed from the very outset
(Asperger 1944; Frith 1989; Kanner 1971; Treffert 2010).
Our understanding of savant skills was greatly increased by
the pioneering studies undertaken by O’Connor and
Hermelin (1988; Hermelin 2001). Through innovative
experimental designs and use of appropriate comparison
groups they showed that savant skills represented real
abilities and not simply tricks. It has usually been supposed
that savant skills are quite uncommon in autism, but
Howlin et al.’s systematic study (2010) showed that about a
third of individuals with autism had either a savant skill
based on parental report or an exceptional cognitive skill.
Strikingly, however, no individual with a non-verbal 1Q
below 50 met the criteria for a savant skill and it is evident
that the traditional general term of “Idiot Savant” is mis-
leading and should be abandoned. Savant skills may
sometimes occur in individuals with a very low non verbal
1Q but this is not the usual situation. Numerous studies
have shown that the range of skills is very large, spanning
splinter skills at one end, prodigious savants at the other
end, and talented savants in the middle. Systematic com-
parative studies between autism and other disorders have
yet to be undertaken, but it would appear that savant skills
are particularly commonly associated with autism. Psy-
chological studies have suggested that a detail-focused
cognitive style may predispose to talent in savant domains;
others have argued that the excellent attention to detail has
its origin in sensory hypersensitivity. The term “talent”
would seem to imply an in-built capacity but it is also
apparent from a range of different research designs that
intensive prolonged practice is also involved. It is striking
that autism is associated with both intellectual disability
and superior talents, and the question is—what sort of
neural functioning could account for both?

Epilepsy and New Psychiatric Disorders
It has long been recognized that about a quarter of indi-
viduals with autism develop epilepsy (Volkmar and Nelson

1990). However, Rutter’s (1970) early follow-up study was
striking in showing that in many cases epileptic attacks did
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not begin until adolescence. The recent larger-scale follow-
up into adult life undertaken by Bolton et al. (in press) had
findings that were important in several different respects.
First, the rate of epilepsy (22%) in individuals with autism
was substantially higher than the general population rate of
0.63% at the same age. Second, the proportion of autistic
individuals with epilepsy who developed seizures for the
first time after the age of ten (58%) was significantly higher
than that in either a national general population study or
that in a Scottish cohort of children with idiopathic mental
retardation (Goulden et al. 1991). Epilepsy was signifi-
cantly more common in individuals with either very limited
language or a low non-verbal 1Q but epilepsy occurred in
autistic individuals at all levels of intelligence. Epilepsy
was not related to the severity of the autism; nor was it
associated with a family history of epilepsy. On the other
hand, epilepsy was associated with the likelihood of a
relative having the broader autism phenotype—suggesting
that the epilepsy was associated with an overall familial
liability to autism. It was not associated with regression
and it was also not associated with the development of new
medical conditions. The unusual late onset of epilepsy must
have some neuropathological meaning, but what that might
be remains obscure.

A separate study based on the same sample (Hutton
et al. 2008) showed that about a fifth of autistic individuals
developed a new psychiatric disorder by adult life. This
was unassociated with the presence of epilepsy or with the
timing of the onset of epileptic attacks. The most common
disorders were affective in type but the presence of
obsessive—compulsive behavior and of catatonia (which
seemed usually to stem from obsessive—compulsive
symptoms) seemed to be particularly characteristic of
individuals with autism. Although individuals with autism
may sometimes develop new disorders that appear to be
closely related to their autism, many new disorders seem to
arise relatively independently, albeit possibly precipitated
by major life changes.

Increased Brain Size

In his first paper describing autism, Kanner (1971) noted
that four out of the eleven individuals studied had an
unusually large head. Little notice was taken of head size
for many years. However, during the 1990s, there were
several reports on different studies noting that increased
head size was common in individuals with autism
(Woodhouse et al. 1996). At about the same time, the first
structural brain imaging studies similarly showed an
increased brain size (Piven et al. 1995). Since then,
numerous imaging studies have shown increased brain size
in a substantial minority of individuals with autism
(Palmen and van Engeland 2004). The findings mainly
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suggest a global increased brain growth. The findings on
the pattern of brain growth are inconclusive and it is not
known whether it reflects an excess of neurons, and/or
reduced synaptic pruning (Keller and Persico 2003). The
most important recent finding is that the brain size is nor-
mal at birth but increases markedly during the early
years—a time period that parallels that of the first obvious
manifestations of autism (Courchesne et al. 2003, 2007,
Redcay and Courchesne 2005). On the whole, the evidence
suggests that increasing brain growth plateaus during
middle childhood, but there are some reports that, possibly
to a lesser degree, brain size can remain enlarged during
adolescence and adult life. The major importance of the
early increase in brain growth finding is that it indicates
some kind of neural process that only comes on line in the
toddler age period, even though the genetic liability has
presumably been present from before birth. Quite what this
process comprises remains unknown but, although ade-
quate comparative studies have not yet been undertaken, it
does appear that this increase may be peculiar to autism.
The challenge that remains is to determine what that neural
process might be.

Dimension or a Diagnostic Category

Throughout the whole of medicine, including the field of
mental disorders, it has become evident that most condi-
tions have a dimensional liability (Rutter 2003). The con-
cept of a broader phenotype of autism (see below) implies
that dimensional approaches are relevant for autism, as
well as with most other multifactorial conditions. However,
in recent years, there has been the additional claim that
autism may not constitute a cohesive syndrome. Rather, the
individual components of autism may not only be more
separate than usually appreciated, but also they may reflect
different genetic influences (Happé and Ronald 2008;
Ronald et al. 2005). This suggestion is a reasonable one but
the evidence so far is contradictory and inconclusive. What
is needed in order to test the proposition properly, is a
general population study in which the different components
of autism are individually, adequately and independently
measured (in a way that does not necessitate the diagnostic
concepts), in order to answer the question as to what extent
the three main domains of impairment co-occur. In tackling
this question, it would be important to recognize that it
cannot be assumed that there are three such domains. For
example, much evidence suggests that the distinction
between social reciprocity and social communication is
artificial and that these two domains would be better
combined (see Gotham et al. 2007). On the other hand,
there is more uncertainty as to quite how to deal with the
abnormal language features such as stereotyped utterances,
verbal rituals, inappropriate questions, neologisms, and

pronominal reversal. The factor analysis of the social
communication questionnaire suggested that these needed
to be dealt with as a separate domain (Rutter et al. 2003;
Berument et al. 1999). Somewhat similar questions have
been posed with respect to restricted repetitive behaviors.
For example, Lam et al. (2008) suggested that the evidence
indicated that circumscribed interests needed to be differ-
entiated from repetitive motor behaviors. What all of this
means is that an open mind must be maintained on the
cohesiveness, or otherwise, of the various features of
autism spectrum disorders.

Broader Phenotype

Folstein and Rutter’s twin study provided the first clear-cut
evidence that the genetic liability for autism extended
beyond the traditional diagnosis (Folstein and Rutter 1977;
Le Couteur et al. 1996). Since then, many studies con-
firmed the extension of the traditional diagnosis to a
broader phenotype, using data from family studies as well
as twin studies (Bailey et al. 1998; Bailey and Parr 2003).
In recent years there have been various attempts to develop
measures of this broad autism phenotype. Thus, Losh et al.
(2008) used a mixture of measures to assess broader phe-
notype features. The findings showed that the features were
significantly more common in multiple incidence autism
families than in single incidence autism families and both
of these had higher rates than Down syndrome families.
The findings were surprising in that three-quarters of the
individuals in multiplex families showed at least one such
feature, half of those in single incidence families also
showed the same, but even in the Down syndrome families
the rate was 22%. If the assumption is that the Down
syndrome families involved no predisposition to show the
broader phenotype, the implication is that the false positive
rate in the general population would be very high. Dawson
et al. (2007) developed a new instrument that combined
interview and observational measures and for which sys-
tematic training of the professionals using this measure was
provided. The findings showed reasonable inter-rater reli-
ability and internal consistency but only moderate corre-
lations between the observational and interview measures.
There was no measure of test—retest reliability to assess the
temporal stability of the measures.

It may be concluded that some limited progress has been
made in the measurement of the broader phenotype using
informant report, self-report and observation but there is no
agreed set of measures as yet. The available evidence
suggests that broader phenotype differs from traditional
autism in that it is not associated with either intellectual
disability or with epilepsy. The existence of the broader
phenotype raises the query of how it becomes transformed
into ‘autism proper’. Is this simply a measure of the
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severity of the genetic liability or is there some kind of
two-hit mechanism and, if there is, what is the other
influence? We do not as yet know.

Prodromal Features in Infancy

About a third to a half of parents of a child with an autism
spectrum disorder recall abnormalities dating back to the
first year and, similarly, early home videos have also
identified early manifestations of autism by 12—-18 months
although the indications are often quite subtle (Rutter
2005a; Yirmiya and Charman 2010). Screening question-
naires for autism work reasonably well at 18 months and
above, but are not particularly useful below that age when
parents have no clinical concerns (Dietz et al. 2006). It
became clear that if there was to be early detection of
autism in the infancy period, much more detailed obser-
vational measures would be required. The way forward
arose from the recognition that siblings of a child with
autism have a much increased risk of developing autism.
This has led to multiple international ‘baby-sibling’ studies
in which siblings are studied prospectively from early in
life to identify and delineate precursors of autism (Bryson
et al. 2007; Landa et al. 2007; Zwaigenbaum et al. 2005).
In the best of these studies observational and clinical
measures are being combined with biological assessments
(Elsabbagh and Johnson 2010). Preliminary data suggests
that these studies are going to yield important findings
because differences have been found between the siblings
of children with autism and controls but it remains uncer-
tain how far the findings can be used for individual pre-
dictions. Possible preventive interventions have been
suggested but, necessarily, they remain speculative at the
moment.

Adult Functioning

Long term follow-up studies have all shown substantial
variability in outcome among individuals with autism
(Howlin et al. 2004). Two factors that have been consis-
tently associated with prognosis are language development
and IQ. Very few children who have not developed some
useful communicative speech by the age of 5-6 years have
a positive outcome and, conversely, individuals who were
either cognitively untestable as children or who had non-
verbal scores below 50 were almost invariably reported as
highly dependent. Best outcomes have been found for
individuals with an IQ of at least 70 in childhood. Never-
theless, even in this higher-functioning group (of whom a
third had a good or very good outcome in the Howlin et al.
(2004) study but just over two-fifths had a ‘poor’ or ‘very
poor’ outcome) it remains quite unclear why that was the
case. Did it reflect the inadequacy of services in childhood,
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the inadequacy of services in adult life, or did it reflect a
basic biological handicap? We do not know. The other
query with respect to adult outcome concerns the func-
tioning of individuals with the Asperger syndrome or the
broader phenotype. Howlin and her colleagues have a
current ongoing study to investigate this further but the
small number of participants with a ‘broader phenotype’ is
likely to mean that we will still lack adequate under-
standing of how they fare in adult life.

Cognitive Patterns

There are well replicated findings on impairments in theory
of mind (Frith 2003); joint attention (Mundy and Burnette
2005); central coherence (Happé 2005); and executive
functions (Ozonoff et al. 2005). A range of queries remains
(Rutter and Bailey 1993; Happé 2003). There is now no
doubt that specific cognitive deficits play a major role in
the liability to autism. Progress has come particularly from
a greater use of experimental designs, the application of
eye-tracking methodology (Klin et al. 2005), the use of
functional brain imaging (Frith and Frith 2008) and the
baby-sibling prospective studies. The hope had been that it
would be possible to identify a single modular cognitive
deficit that fully accounted for autism, but that now seems
less likely. Rather, the imaging studies suggest atypical
connectivity as the basic feature, although there is incon-
sistency across studies in the details (Frith and Frith 2008).
It has to be added, too, that it is not yet clear what atypical
connectivity means in terms of neural functioning.

Subclassification

Both DSM IV and ICD 10 subdivided autism spectrum
disorders (previously called pervasive developmental dis-
orders) into several subcategories. The DSM V Child and
Adolescent Psychiatry Working Party has recently sug-
gested that all subdivisions be removed, leaving a single
broad category of autism spectrum disorders (see Rutter, in
press). They rightly argued that the sub-classification has
not worked in practice. However, the removal of all sub-
categories presents difficulties. First, no one doubts that
Rett syndrome constitutes a distinct condition as a virtue of
both its progressive course and its origin in a single genetic
mutation. Although not clearly spelled out, it seems that
what is supposed to happen is that the overall undivided
ASD category should be used for the period when children
with Rett syndrome show features similar to autism. The
recognition of Rett syndrome as a specific cause would be
picked up by its diagnosis as a type of neurological
disorder.

There are two problems with that. First, it was included
as a sub-category of ASD purely because the neurological



J Autism Dev Disord (2011) 41:395-404

399

section of ICD 10 did not make any mention of Rett syn-
drome. It is not known what is happening with ICD 11. As
far as DSM V is concerned, the difficulty is that, unlike
ICD, it does not form part of an overall medical classifi-
cation and hence the designation of Rett syndrome is more
problematic. Second, there is the category of disintegrative
disorder. The problem here is that it has been subject to so
little research that we simply do not know whether it
constitutes an unusual variant of autism or something quite
different. It would seem important to keep it in the clas-
sification somewhere in order that it may be subject to
further research. Third, there is the uncertainty as to whe-
ther Asperger syndrome does, or does not, differ mean-
ingfully from high-functioning autism. The published
studies comparing the two are quite unhelpful because
Asperger syndrome has been dealt with in such varied
ways. When, however, there has been a focus on the one
key feature of the presence or absence of competence in
language structure, developmental trajectory, although
similar in shape to that found with autism, is different in
being associated with a better outcome (Szatmari et al.
2009). There may be a dispute on whether or not that is
most appropriately equated with the syndrome as outlined
by Asperger but the distinction does seem worthwhile. It
seems that the DSM V working party envisage the dis-
tinction being picked up by dimensional codings and, if
those can be made to work, that may well be a suitable
solution. All that can be concluded firmly at the moment is
that it is highly likely that there are meaningful sub-cate-
gories of autism spectrum disorders but that these are not
well identified by the behavioral diagnoses in the existing
classification systems.

Quasi-Autism

The UK study of English and Romanian adoptees (Rutter
and Sonuga-Barke 2010) showed that the profound insti-
tutional deprivation that lasted beyond the child’s age of
6 months was associated in about one in six children with a
clinical picture that was similar to autism, but atypical in
some features. The mechanism is not well understood, but
the implication is that autism may develop on the basis of
an external environmentally imposed restriction of stimuli,
as well as an internal genetically influenced impairment in
the processing of stimuli. It remains to be determined
whether abuse and neglect in the family can have the same
effect, but the limited available evidence suggests not.

Lack of a Marked Response to Medication
Numerous studies have documented that autism stands out

from almost all other psychiatric disorders in showing no
marked benefits of psychotropic medication on core

symptoms (such as impaired social reciprocity and social
communication). (Buitelaar 2003; Scahill and Martin
2005). Why? One possible implication is that the basic
deficit does not involve neurotransmitters; if not, what does
it involve? It is important to pose the question, not so much
because of the implications for treatment today, but rather
because a satisfactory answer could have important
implications for the neural basis of autism. For the
moment, medication is of some value for associated
problems, but the enigma is why that seems to be all.

Genetic Findings

Twin and family studies undertaken over a period of sev-
eral decades have been consistent in showing that ASDs
have an overall heritability of about 90% (Rutter 2005b).
The falloff rate from MZ to DZ twins, together with that
from first degree to second degree relatives, was used by
Pickles et al. (1995) to estimate the number of genes that
were likely to be involved (Pickles et al. 2000). The find-
ings indicated that there were likely to be at least three or
four genes involved in susceptibility to autism but the
number could be substantially greater than that. On the
other hand, a single-gene Mendelian disorder would not
account for the bulk of the findings. The third important
finding was that the genetic liability for autism extended to
include a broader phenotype (Bailey et al. 1995; Le Cou-
teur et al. 1996). Fourthly, examination of MZ pairs con-
cordant for autism showed that there was enormous clinical
heterogeneity even when pairs shared exactly the same
segregating genetic alleles (Le Couteur et al. 1996). Over
the same period of time, numerous studies showed that
Autism Spectrum Disorders were associated with chro-
mosomal abnormalities or genetically determined medical
conditions in at least 10% of cases (Rutter et al. 1994). All
of these findings still stand today but, during the last dec-
ade, there has been no particular progress with respect to
these aspects of genetics. Rather, attention has shifted to
molecular genetic studies; see Abrahams and Geschwind
(2008), Geschwind and Levitt (2007), Folstein and Rosen-
Sheidley (2001) and Bacchelli and Maestrini (2006) for
reviews of findings.

Rare Pathogenic Gene Mutations

There are multiple replicated findings that autism is asso-
ciated with rare pathogenic gene mutations such as neu-
roligins, neurexin and SHANK 3 (Persico and Bugeron
2006; Durand et al. 2007; Bourgeron 2007; Geschwind and
Levitt 2007; Jamain et al. 2008). They account for a tiny
proportion of cases (circa 1%) but it has been claimed
that they are, nevertheless, true ‘causes’ of autism. The
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dilemma is that, although the clinical picture associated
with these genes includes autistic features, intellectual
disability often dominates. Of course, genes do not code for
specific psychiatric categories and pleiotropic effects are to
be expected. Nevertheless, the lack of specificity raises
doubts on the extent to which the findings are informative
with respect to most cases of Autism Spectrum Disorder.

Copy Number Variations (CNVs)

It is now possible to detect tiny sub-microscopic chromo-
somal deletions or duplications (known as copy number
variations). Several studies have shown that CNVs, espe-
cially those involving chromosomal deletions, are found in
some 5% of cases of autism—a rate significantly higher
than that in controls (Cook and Scherer 2008; Szatmari
et al. 2007; Sebat et al. 2007; Marshall et al. 2008). The
evidence indicates a causal role for CNVs in both autism
and schizophrenia (International Schizophrenia Consor-
tium 2008), and also ADHD (Williams et al. 2010) but
important queries remain. Most CNVs arise de novo and,
therefore, cannot account for familiality. Also, when
inherited, the CNVs may be present in family members
who are unaffected by autism; thus the causal effect is not
necessarily determinative. It is also striking that the rele-
vant CNVs seem frequently to be different in different
families (Pinto et al. 2010). Also, it is necessary to ask
what causes the raised frequency of CNVs; one possibility
is raised parental age (see below). The same question
applies to major chromosome anomalies, which are also
more frequent in individuals with autism than in the gen-
eral population.

Genome-Wide Association Studies (GWAS)

It is now possible to undertake genome-wide association
studies instead of relying on candidate genes to direct the
search for susceptibility genes. GWAS require huge sam-
ples and, inevitability, will give rise to many false positives
(Dodge and Rutter, in press). GWAS have the important
advantage of being able to detect novel genetic associations
but the findings so far have been unimpressive in the field
of multifactorial mental disorders. Moreover, because the
identified susceptibility genes have been found to have
very weak effects, it remains uncertain whether the findings
will be very informative on biological causal pathways.

Epigenetics
There is now great interest in the possibility that many
genetic effects derive from epigenetics rather than changes

in gene sequence. Epigenetics refers to neuro-chemical
changes that influence gene expression (Meaney 2010).
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Expression is both tissue-specific and developmental
phase-specific. It involves multiple DNA elements, chance
effects, and environmental influences. There is limited
evidence that epigenetic mechanisms might be involved in
autism but so far their role remains uncertain (Gregory
et al. 2009).

Why Doesn’t Autism Become Extinct?

It is known that both autism and schizophrenia are asso-
ciated with a markedly reduced fecundity (ability to
reproduce). Accordingly, why doesn’t autism die out?
What enables it to persist in the population? (Uher 2009).
No convincing answer is available, but the findings suggest
that the genetic influences on autism and on schizophrenia
may well involve mechanisms that are different from those
that apply to other mental disorders (possibly involving a
greater role for rare pathogenic gene mutations or CNVs—
see above).

Why Haven’t the Susceptibility Genes for Autism Been
Identified?

As noted above, twin and family studies have been con-
sistent in indicating that autism has a very high heritability
(circa 90%); why, therefore, has it proved so difficult to
find the specific genes responsible? We do not really know
what the answer should be but, in addition to the likelihood
of genetic heterogeneity and the very small effects of
individual genes, the explanation may lie in epigenetics, or
in gene environment correlations and interactions, or in
synergistic effects among genes.

Environmental Findings
MMR and Thimerosal

Claims have been made that either the Measles, Mumps,
Rubella (MMR) vaccine or Thimerosal (a mercury pre-
servative used in some vaccines), or both, were responsible
for an epidemic of autism. So far as MMR is concerned,
epidemiological research has been consistently negative
with respect to that claim (Rutter 2008); most decisively,
the evidence from Japan that when MMR was totally
withdrawn, there was no effect on the overall rise in the
rate of diagnosed autism (Honda et al. 2005). Moreover,
well conducted studies have also shown that the measles
virus in tissue claims were mistaken (Baird et al. 2008b;
Hornig et al. 2008; D’Souza et al. 2006; Afzal et al. 2006).
The situation with respect to Thimerosal is somewhat more
complicated in that there is no doubt that mercury is a
proven neurotoxin. Nevertheless, the same types of
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epidemiological research have also failed to support the
claim that this has led to an epidemic of autism. In par-
ticular, the withdrawal of Thimerosal from all vaccines in
Scandinavia, at a time when such use was continuing in the
rest of the world, provides convincing evidence against the
‘epidemic’ notion (Atladoéttir et al. 2007). A broader range
of research has examined the effects of mercury toxicity in
humans and has also examined putative Thimerosal effects
in various different ways. Findings are rather consistently
negative so far as Thimerosal is concerned (particularly as
a risk factor for autism) but it is clear that, in moderately
raised dosages, there can be significant effects from
mercury toxicity.

Raised Parental Age

There are now replicated findings that children born to
older fathers have an increased rate of autism (Reichenberg
et al. 2006; Croen et al. 2007; Cantor et al. 2007). Less
certainly, this may also apply to older mothers. The likely
explanation is that the older father effect reflects the
increased likelihood of genetic mutations with an increas-
ing number of cell divisions, but the association has been
too little investigated in humans to be certain about this
mechanism. Little is known on the effects of older fathers
on the risk for other mental disorders, apart from schizo-
phrenia for which a meta-analysis suggested that late
fatherhood increased the risk (Wohl and Gorwood 2007).

Maternal Immigration

There are now several studies (Keen et al. 2010 for
example), showing that maternal immigration is associated
with an increased risk of autism in the children. Earlier
studies had examined the possibility that rates of autism
might be higher among immigrants (see Fombonne 2005)
with results that were inconsistent, but largely unsupportive
of the suggestion. Newer findings refer specifically to
immigration of the mother and these appear to be sound.
Nevertheless, the evidence remains scanty, the effect is
weak, and it remains uncertain whether this association
represents a causal effect and, if it does, the mechanism
remains obscure.

Other Pre-Natal and Early Post-Natal Influences

The evidence that autism spectrum disorders (ASD) are
multifactorial in nature means that some environmental
factors are likely to be implicated in causation. Increase
over time in the rate of diagnosis of ASD, if it reflects a
true rise in incidence (which remains uncertain), would
also point to some environmental effect. Prospective lon-
gitudinal studies of very large samples starting during

pregnancy, and including good biological measures, are
needed to test the possibility. The Norwegian mother and
baby study (MoBa) of some 100,000 children is one such
investigation (Magnus et al. 2006; Rgnningen et al. 2006;
Stoltenberg et al. 2010).

Psychological Treatments

There have been no major developments during the last
3 years in our understanding of autism derived from psy-
chological treatments, but there is continuing controversial
discussion over claims that very intense, very early
behavioral treatment can lead to ‘recovery’. That such
treatment can bring worthwhile benefits is not in doubt
(Medical Research Council 2001; National Research
Council 2001). Equally, it is known that, even in the
absence of such early treatment, huge gains in functioning
can sometimes occur. Whether or not there is complete
recovery is much less certain (Helt et al. 2008). Also, the
claims of the necessity for very early treatment and high
intensity for some 40 h a week for at least 2 years remain
very questionable (Howlin 2003, 2005). What is new is the
accumulation of better evidence deriving from well plan-
ned randomized controlled trials.

An important new randomized controlled trial of early
intensive behavioural intervention provides possibly the
best evidence to date (Dawson et al. 2009). Findings showed
that there was a significant increase in IQ (albeit of modest
size) in the treated group but not in controls. However, what
this means is uncertain because there was no increase in
social functioning as measured by the Vineland scale at
12 months. Also, the results showed that there was no effect
of the treatment on core features of autism as assessed by the
autism diagnostic observation schedule. Accordingly, the
study certainly does not support the Lovaas claims (Lovaas
1987; McEachin et al. 1993) about the huge benefits of early
treatment leading to recovery.

What is also very new is the introduction of methods of
treatment focused on improving parental sensitivity and
responsiveness. The randomized controlled trial undertaken
by Green et al. (2010) provide an excellent model of
how RCTs should be undertaken. The findings are encour-
aging in showing substantial significant positive changes in
parental sensitivity/responsivity but disappointing in that
there was only a very small improvement (relative to the
control group) in the children’s autistic features.

Conclusions

Looking back over the last 50 years (Feinstein 2010) it is
clear that the understanding of autism has been transformed
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in numerous different ways. The substantial gains in
knowledge during the last few years have been equally
impressive. There have been many important findings,
some of which have been rather unexpected, but major
puzzles remain. We should be hopeful of even greater
gains in the years ahead, but both prevention and cure
remain elusive.
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Background: Picky eaters in the general population form a heterogeneous group. It is important to differentiate
between children with transient picky eating (PE) and persistent PE behavior when adverse outcomes are studied. We
analyzed four PE trajectories to determine the associations with child mental health prospectively. Methods: From a
population-based cohort, 3,748 participants were assessed for PE at 1.5, 3, and 6 years of age using maternal
reports. Four trajectories were defined: persistent (PE at all ages); remitting (PE before 6 years only); late-onset (PE at
6 years only); and never (no PE at any assessment). Child’s problem behaviors were assessed with the Teacher’s
Report Form at 7 years of age. We examined associations between picky eating trajectories and emotional problems,
behavioral problems and pervasive developmental problems using logistic regressions. Analyses were adjusted for
child, parental, and socioeconomic confounders. We also adjusted for maternal-reported baseline problem behavior
at age 1.5 years; the never picky eating group was used as reference. Results: Persisting PE predicted pervasive
developmental problems at age 7 years (OR = 2.00, 95% CI: 1.10-3.63). The association remained when adjusted for
baseline pervasive developmental problems at 1.5 years (OR = 1.96, 95% CI: 1.10-3.51). Persistent PE was not
associated with behavioral (OR = 0.92, 95% CI: 0.53-1.60) or emotional problems (OR = 1.24, 95% CI: 0.74-2.07).
Other PE trajectories were not related to child behavioral or emotional problems. Conclusions: Persistent PE may be
a symptom or sign of pervasive developmental problems, but is not predictive of other behavioral problems. Remitting
PE was not associated with adverse mental health outcomes, which further indicates that it may be part of normal
development. Keywords: Picky eating; emotional problems; behavioral problems; pervasive developmental
problems.

picky eating, that is, as a major cause of concern
(Cerro, Zeunert, Simmer, & Daniels, 2002; Goh &
Jacob, 2012; Mascola et al., 2010; Wright, Parkin-
son, Shipton, & Drewett, 2007). Parents often seek
medical help for their child’s picky eating (Wright
et al., 2007), and express frustration with physi-
cians for dismissing their concerns (McKee, Maher,
Deen, & Blank, 2010). Our previous report within
the Generation R Study on picky eating trajectories,
confirmed that the majority of children’s picky eating
problems in the preschool age remitted before the
age of 6 years (Cardona Cano et al., 2015b). How-
ever, we also found a small group of children with
persisting picky eating problems who had a lower
birth weight, were more often male and from a non-
Dutch and low socioeconomic background, com-
pared with nonpicky eaters (Cardona Cano et al.,
2015b).

In previous studies, picky eating was associated
with higher levels of behavioral, emotional, and
pervasive developmental problems in childhood
(Jacobi, Schmitz, & Agras, 2008; Micali et al.,
2011a; Nicholls et al., 2001) and was suggested to
be a precursor for anorexia nervosa (Marchi &
Conflict of interest statement: No conflicts declared. Cohen, 1990). The most recent studies concluded

Introduction

Picky eating is a frequent eating problem in early
childhood, characterized by food refusal, eating a
limited variety of food, an unwillingness to try new
food (food neophobia) (Dovey, Staples, Gibson, &
Halford, 2008) and aberrant eating behaviors, such
as low enjoyment of food, slowness in eating and
higher satiety responsiveness (Cardona Cano, Hoek,
& Bryant-Waugh, 2015a). The prevalence of picky
eating is highest (14-50%) in preschool children
(Carruth, Ziegler, Gordon, & Barr, 2004; Dovey
et al., 2008; Mascola, Bryson, & Agras, 2010), and
declines (7-27%) in later childhood (Mascola et al.,
2010; Micali et al., 2011a). Incidence also declines
after preschool age (Mascola et al., 2010). The high
prevalence and incidence are an indication that
picky eating in the preschool age is often part of
normal development (Mascola et al., 2010). Indeed
many health professionals tend to regard picky
eating as a normal phase which eventually passes
(Nicholls, Christie, Randall, & Lask, 2001). However,
this is in contrast to how many parents experience
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that picky eating in children of school age must be
seen as a risk factor or marker for general psy-
chopathology, rather than a precursor of eating
disorders (Jacobi et al., 2008; Micali et al., 2011a).
However, picky eating problems are also specifically
associated with pervasive developmental disorders
(Bandini et al., 2010). The prevalence of picky eating
in children with autism was found to be as high as
90% (Sharp et al., 2013) and often present from
early age onwards (Emond, Emmett, Steer, & Gold-
ing, 2010). In addition, feeding problems and eating
disorders are associated with anxiety problems
(Galloway, Lee, & Birch, 2003; Swinbourne & Touyz,
2007), and distorted child-parent interactions are
suggested to play an important role in feeding
problems (Davies et al., 20006).

However, most picky eating studies have some
important limitations. First, most studies were lim-
ited by their cross-sectional design. Second, they did
not differentiate between different trajectories, clus-
tering remitting and persistent picky eaters. Third, a
lack of correction for baseline differences makes
temporal inferences difficult. Also, most studies did
not adjust or only poorly adjusted for confounders.
Only a few studies included child, parental, and
socioeconomic characteristics (Cardona Cano et al.,
2015b; Hafstad, Abebe, Torgersen, & von Soest,
2013; Jacobi et al., 2008). Gender, weight at birth,
parental income, maternal ethnicity and age, birth
order, higher levels of child emotionality and mater-
nal negative affectivity were found to predict picky
eating at later age (Cardona Cano et al., 2015b;
Hafstad et al., 2013). Lastly, the majority of studies
in the field of eating disorders research rely on one
informant to report both the determinant and out-
come. However, this practice of using a single infor-
mant can lead to spurious associations, that is,
information bias (shared method variance) (Ringoot
et al., 2015). Typically, mothers’ reports are used to
assess picky eating as well as emotional and behav-
ioral problems, possibly introducing this type of bias.

It is important to study the course and outcome of
picky eating in the general population to determine
which children are at high risk for adverse mental
health outcomes. Furthermore, this should be eval-
uated in the context of the child’s age. First, we
hypothesize that remitting picky eating problems in
the preschool age (0-4 years) are part of normal
development and are not associated with an
increased risk of any adverse mental health prob-
lems. Second, we hypothesize that children with
persisting picky eating problems have a higher risk
for adverse mental health outcomes. In particular,
we expect that persistent picky eating is associated
with more pervasive developmental problems and
anxiety problems. Third, we will test whether late-
onset picky eating is associated with emotional or
behavioral problems; however, there are insufficient
studies to date to formulate a specific hypothesis for
this item.

Methods
Study design and population

This study was embedded within the Generation R Study
(Jaddoe et al., 2012). The Generation R Study is a prospective
population-based cohort in Rotterdam (the Netherlands), that
aims to identify environmental and genetic causes of normal
and abnormal growth, development, and health from fetal life
onward. Pregnant women residing in Rotterdam with an
expected delivery date between April 2002 and January 2006
were invited to participate. Written informed consent was
obtained from all participants. The Medical Ethical Committee
of the Erasmus Medical Center, Rotterdam, approved the
study. Information about child and family characteristics was
obtained by postal questionnaires filled out by parents, and
from the medical records of hospitals, midwives, and commu-
nity Child Health Centers.

Picky eating was assessed by parental report questionnaires
when children were 1.5, 3, and 6 years old. Children who were
not assessed for picky eating at any of these time points, or
with an inconsistent picky eating pattern, were excluded from
the study. Behavioral outcomes were determined using the
Teacher Report Form (TRF) when the child was 7 years old
(mean 6.7, SD 1.3 years; N = 4,696). A total of 3,748 (78.8%)
children were included in the present study.

Measures

Trajectories of picky eating. Picky eating was assessed
with two questions of the Child Behavioral Checklist (CBCL) at
age 1.5, 3, and 6 years. The detailed methodology is described
elsewhere (Cardona Cano et al., 2015b). In short: at each
assessment wave, mothers indicated whether their child ‘did
not eat well’ and ‘refused to eat’ on a 3-point Likert scale.
Based on the sum score of these two items (sum range 2-0)
children with a score of sometimes and/or often (score of >4)
were identified as a picky eater. This method approximates the
concept of picky eating as defined by Dovey et al. (2008), with
reduced caloric intake, lower variety of foods, higher food
fussiness, less enjoyment of food, higher satiety response, and
slowness in eating (Cardona Cano et al., 2015b). It is impor-
tant to note that our method aims to determine picky eating
problems in the general population, including (but not limited
to) clinically significant ‘picky eating disorders’. Four main
picky eating trajectory groups were created: never picky eaters
— those who were never identified as picky eaters; remitting
picky eaters — those who were picky eaters at 1.5 and/or
3 years, but not at 6 years of age; late-onset picky eaters —
those who were picky eaters at 6 years of age only; and
persistent picky eaters — those who were picky eaters during all
assessment waves (1.5, 3, and 6 years). The remaining 242
children with an inconsistent pattern (i.e., children assessed
as picky eaters at 1.5 and 6 years, but not at 3 years, and
children that were picky eaters at 3 and 6 years, but not at
1.5 years) were excluded from further analysis for two main
reasons: the accurate categorization would depend strongly on
future follow-up of picky eating status with the possibility that
these children would then be categorized into remitting, late-
onset, or persistent picky eaters; and analyses of this group
revealed a different pattern compared to the other trajectories
and did not differ from the never picky eaters (results not
shown).

Child’s problem behavior. To determine children’s
problem behavior the Dutch translation of the TRF (Verhulst,
van Ende, & Koot, 1997) was used. The TRF is the teacher
version of the CBCL, comprising 120 problem items that can be
scored on a 3-point Likert scale (i.e., not true, sometimes true,
or often true). The TRF has the following six DSM-Oriented
Scales: affective problems, anxiety problems, pervasive
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developmental problems, attention deficit hyperactivity prob-
lems, oppositional defiant problems, and conduct problems.
The DSM-Oriented Scale problems were defined using the
established borderline clinical cut-offs (Achenbach & Rescorla,
2001); however, linear regression analyses with continuously
modeled outcomes are also presented to demonstrate that our
findings do not depend on choice of cut-off (see Table S1).
Three main groups of problems were formed in line with Micali
et al. (2011a): ‘emotional problems’ consisting of the summed
anxiety and affective problems; ‘behavioral problems’ consist-
ing of attention hyperactivity and oppositional defiant prob-
lems; and pervasive developmental problems. Conduct
problems were excluded from the behavioral problem group
since, at a young age, the diagnosis of conduct disorder has a
low prevalence (Ford, Goodman, & Meltzer, 2003). The Dutch
TRF has good reliability and validity (Verhulst et al., 1997).

Baseline problem level was assessed by the mother using the
CBCL/1.5-5 when the child was 1.5 years of age. The CBCL
(Tick, van der Ende, & Verhulst, 2007) is a 99-item parent
report questionnaire that assesses child emotional and behav-
ioral problems in a manner similar to the TRF. The Dutch
CBCL is reported to have good reliability and validity (Tick
et al., 2007). Three main problem groups (as described above)
were formed. However, in contrast to the TRF, the CBCL scale
scores were used continuously with a higher score indicating
more problems. One of the items used to assess picky eating
was also present in the emotional problems scale. To avoid
bias, this item was excluded from the emotional problems scale
score.

Child, parental, and sociodemographic informa-

tion. Based on previous studies (Cardona Cano et al.,
2015b; Dubois, Farmer, Girard, Peterson, & Tatone-Tokuda,
2007; Hafstad et al., 2013; Micali, Simonoff, Stahl, & Treasure,
2011b), we defined several child, family, and socioeconomic
characteristics as confounders. Information about child gender,
birth weight, and gestational age at birth was obtained from
midwife and hospital registries. Maternal ethnicity, family
income, and child’s birth order were assessed by postal ques-
tionnaire. Maternal educational level was coded as high (some
college or university education), middle (secondary education),
or low (primary education or none). Family income per month
was coded as high or middle (above median income >2200 euro),
low (1200-2200 euro), or very low (<1200 euro). Birth order was
defined as firstborn or later born. Maternal ethnicity was coded
as Dutch, Moroccan, Turkish, a combined code (Sur/Ant/Cape)
for mothers with a Surinamese, Dutch Antillean or Cape Verdian
ethnicity, other Western, and other non-Western. Birth weight is
given in grams, gestational age at birth in weeks, and BMI in
bodyweight/height? (kg/m?).

Maternal psychiatric symptoms were assessed with the Brief
Symptom Inventory (BSI) during pregnancy. The BSI is a
validated self-report questionnaire (de Beurs & Zitman, 2006;
Derogatis & Melisaratos, 1983) that consists of 53 items scored
on a 5-point Likert scale. It assesses a spectrum of psychiatric
problems such as anxiety, depression, somatization, and
hostility problems. The global severity index is the mean of
all subscales and is an appropriate measure of general
psychopathology (Derogatis & Melisaratos, 1983; Skeem et al.,
2006); that overall mean score was used as a continuous
measure, with higher scores indicating more problems.

Statistical analysis

To examine the relationship between picky eating and child’s
behavioral problems separate logistic regressions were carried
out with emotional problems, behavioral problems, and per-
vasive developmental problems as outcome, and the trajecto-
ries of picky eating as the independent variable. The never
picky eating group was used as the reference group. First

© 2016 Association for Child and Adolescent Mental Health.

Picky eating and behavioral problems 3

(Model 1), a univariate logistic regression was performed. In
the second analysis (Model 2) many of the confounder vari-
ables found to predict picky eating (Cardona Cano et al.,
2015b; Hafstad et al.,, 2013) were added. These included
gender, weight at birth, maternal ethnicity and income, birth
order and maternal psychopathology. Because maternal age
did not predict picky eating in our earlier study (Cardona Cano
et al., 2015b), it was not included as a confounder in the
present study. Finally (Model 3), to address the temporal
sequence of the relation, we corrected for baseline child
behavioral problems. For this, we also adjusted for maternal-
reported child behavioral problem using the CBCL at age
1.5 years. In addition, we reran all analyses using maternal-
reported emotional, behavioral, and pervasive developmental
outcomes using the CBCL at 6 years of age, to enable
comparison with other studies. These additional analyses are
presented in Table S2 and are contrasted with analyses using
teacher reports in the same sample and also highlight possible
informant bias. Except for the dependent variables, missing
values were estimated using multiple imputation techniques.
As the CBCL data included some missing values (<30% per
assessment wave), proportions of trajectories of picky eating
were based on multiple imputation if one or more scores were
obtained. The pervasive developmental problems group was
the only dependent variable (outcome) with missing data
(V= 3734, missings n = 14). The presented results are based
on pooled estimates of five imputed datasets. Analyses were
performed using STATA/SE 12.0.

Results
Study population

General child and family characteristics of the study
population are presented in Table 1. The amount of
boys and girls was almost equal. The majority of the
mothers were of Dutch ethnicity (57.9%), and from a
higher socioeconomic status (56.5% higher educa-
tion). The majority of the children never had picky
eating problems (51.4%; n = 1926). Approximately
5.5% (n=206) were persistent picky eaters, while
31.9% (n = 1197) were remitting picky eaters. These
numbers are best estimates (variation <4% of sam-
ple) as they are based on imputed data.

Picky eating trajectories and associations with child
behavioral problems

No associations were found between remitting, late-
onset, persistent picky eaters and never picky eaters,
and behavioral problems (Table 2).

In the unadjusted analyses (Model 1), remitting
and persistent picky eaters showed more emotional
problems than the reference group (Table 3). No
difference in emotional problems was found between
late-onset picky eaters and never picky eaters. After
adjusting for child, family, and sociodemographic
variables (Model 2), no differences in emotional
problems were found.

Persistent picky eating was associated with more
pervasive developmental problems, unadjusted
(Model 1; OR =2.41, 9% CI: 1.37-4.22), and after
adjusting for confounders (Model 2; adjusted
OR =2.00, 95% CI: 1.10-3.63) (Table 4). After
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Table 1 Population characteristics

N= 3,748
Child characteristic
Gender
Boy, % 50.6
Girl, % 49.4
Birth weight
Normal weight, % 88.6
Underweight, % 4.3
Overweight, % 7.2
Gestational age at birth
Aterm, % 87.5
Preterm, % 4.9
Postterm, % 7.6
Parental characteristic
Age mother ?, in years 30.9 (5.0)
Mean (SD)
Age father?, in years 33.7 (5.7)
Mean (SD)
Maternal ethnicity
Dutch, % 57.9
Moroccan, % 5.5
Turkish, % 8.5
Sur/Ant/Cape®, % 12.3
Other Western, % 8.1
Other non-Western, % 7.7
Maternal educational level®
High?, % 56.5
Middle, % 38.8
Low, % 4.7
Family income
High or middle, % 59.6
Low, % 15.3
Very low, % 25.1
Birth order
Firstborn, % 55.15
Later born, % 44.85
Smoking during pregnancy
No, % 75.7
Stopped at pregnancy, % 8.8
Yes, % 15.5
Picky Eating Trajectories®
Never 1,926
Remitting 1,197
Late-onset 177
Persistent 206
2At intake

PSuriname / Antillean / Cape Verdean

“Highest followed

dLow =none or primary, middle = secondary
high = higher vocational education/ university

°n is based on imputed trajectory groups. The inconsistent
group (n = 242) was excluded.

school,

additionally adjusting for baseline pervasive devel-
opmental problems at 1.5 years, persistent picky
eating remained associated with a higher risk of
pervasive developmental problems (Model 3;
adjusted OR = 1.96, 95% CI: 1.10-3.51; data not in
table). None of the other picky eating trajectories
were associated with pervasive developmental prob-
lems.

Discussion
In this population-based study, we found that per-
sistent picky eating was longitudinally associated

Table 2 Longitudinal association® between trajectories of
picky eaters and borderline behavioral problems

Behavioral problems

Picky eating Model 1 Model 2
trajectories NP OR (95% CJ) OR (95% CI)
Never 1,926  Reference Reference
Remitting 1,197 1.07 (0.74-1.55)  1.03 (0.66-1.61)
Late-onset 177 1.42 (0.64-3.13) 1.05 (0.42-2.61)
Persistent 206 0.92 (0.53-1.60)  0.66 (0.38-1.15)

Behavioral problems; attention-deficit hyperactivity and oppo-
sitional defiant problems.

Model 2: adjusted gender, weight at birth, gestational age at
birth, maternal ethnicity, household income, birth order, and
maternal psychopathology.

“Logistic regression.

PN is based on imputed trajectory groups. The inconsistent
group (n = 242) was excluded.

Table 3 Longitudinal association® between trajectories of
picky eaters and borderline emotional problems

Emotional problems

Picky eating Model 1 Model 2
trajectories NP OR (95% CIJ) OR (95% CI)
Never 1,926 Reference Reference
Remitting 1,197 1.54* (1.01-2.36) 1.47 (0.92-2.33)
Late-onset 177 1.53 (0.67-3.51) 1.21 (0.56-2.64)
Persistent 206 1.71* (1.01-2.91) 1.24 (0.74-2.07)

Emotional problems; anxiety and affective problems.

Model 2: adjusted gender, weight at birth, gestational age at
birth, maternal ethnicity, household income, birth order, and
maternal psychopathology.

The bold values are given to accentuate that these values are
significant findings.

#Logistic regression.

PN is based on imputed trajectory groups. The inconsistent
group (n = 242) was excluded.

*p < .05.

with pervasive developmental problems at age
7 years as reported by teachers, even after adjust-
ment of baseline pervasive developmental problems
at 1.5 years. Remitting and late-onset picky eating
were not associated with adverse mental health
outcomes.

In line with our first hypothesis, this study demon-
strates that remitting picky eating was not prospec-
tively associated with adverse mental health
outcomes. This suggests that remitting picky eating
in preschool children can be seen as part of normal
development in the general population (Nicholls
et al., 2001); a behavior that might be considered
as age-appropriate and will eventually remit without
behavioral or emotional consequences. This is fur-
ther strengthened by the fact that our findings are
based on a longitudinal design. However, in the
present study we did not include somatic health
measures and other adverse outcomes cannot be
ruled out (Drewett, Corbett, & Wright, 2006; Wright
et al., 2007).
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Table 4 Longitudinal association® between trajectories of
picky eaters and borderline pervasive developmental problems

Pervasive developmental problems

Picky

eating Model 1 Model 2
trajectories NP OR (95% CI) OR (95% CJ)
Never 1,920 Ref Ref

Remitting 1,192 1.02 (0.64-1.61) 0.97 (0.59-1.59)
Late-onset 176 0.70 (0.21-2.24) 0.57 (0.16-2.05)
Persistent 205 2.41** (1.37-4.22) 2.00* (1.10-3.63)

Model 2: adjusted gender, weight at birth, gestational age at
birth, maternal ethnicity, household income, birth order, and
maternal psychopathology.

The bold values are given to accentuate that these values are
significant findings.

ALogistic Regression.

PN is based on imputed trajectory groups. The inconsistent
group (n = 241) was excluded.

*p < .05; **p < .01.

Second, we hypothesized that persistent picky
eating would be prospectively associated with per-
vasive developmental problems. In line with clinical
studies reporting more picky eating problems among
children with autism spectrum disorders (ASD)
(Bandini et al., 2010), our study suggests that per-
sistent picky eating is also more common in children
from the general population with elevated pervasive
developmental problems. Importantly, when we cor-
rected for baseline pervasive developmental prob-
lems, persistent picky eating remained related to
pervasive developmental problems at age 7 years.
Thus, the finding cannot be explained by develop-
mental problems early in life. This assessment was
based on maternal reports, as parents usually rec-
ognize signs of autism in an early stage (Ozonoff
et al., 2009). Potentially, picky eating can help to
detect pervasive developmental problems earlier, as
picky eating in young children is easily noticed by
parents. In the study of Emond et al. (2010), parents
reported that difficulty in eating is often present in
children with autism from infancy (6 months)
onwards and persists throughout early childhood,;
our finding that persistent picky eating can be an
early symptom or sign for pervasive developmental
problems extends this observation and suggests that
in the general population picky eating can precede
other pervasive developmental problems symptoms.

However, the median age of the first ASD diagnosis
remains older than age 4 years (Centers for Disease
Control and Prevention, 2014; Maenner et al., 2013).
Persistent picky eating trajectories in our study are
based on assessments from 1.5 to 6 years of age,
thus a majority of children with ASD would already
be diagnosed before persistent picky eating can be
defined. However, as the age at which ASD is
diagnosed is inversely associated with the number
of symptoms observed (Maenner et al., 2013), per-
sisting picky eating can be used to detect ASD in a
minority of children in those with less severe or clear
symptoms. Future studies are needed to evaluate if a
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persistent picky eating trajectory can be delineated
earlier, that is at age 4-5 years. Since parents often
seek medical help for their child’s eating behavior
(Wright et al., 2007), clinicians should pay attention
to children who persist in having picky eating
behavior, as these children are at higher risk of
pervasive developmental disorders. Some caution is
warranted as the CBCL assesses pervasive develop-
mental problems and is not a diagnostic instrument;
however, several studies have demonstrated that the
CBCL pervasive developmental problem scale can be
used to screen for ASD, but has a particularly high
specificity in the assessment of pervasive develop-
mental disorders (Ooi, Rescorla, Ang, Woo, & Fung,
2011; Sikora, Hall, Hartley, Gerrard-Morris, & Cagle,
2008; So et al., 2013).

We did not confirm our hypothesis that persistent
picky eating was also prospectively associated with
anxiety problems. Rather, persistent picky eating
was not associated with problems other than per-
vasive developmental problems. This is in contrast
with an earlier report of the ALSPAC study that
found strong associations of picky eating with
behavioral and emotional problems (Micali et al.,
2011b). In our study, the existing association
between persistent picky eating and emotional
problems disappeared when confounders were con-
trolled for. Also, the present study found lower odds
ratios compared with Micali et al. in the UK
(2011b). The differences between the two studies
might be explained by the design of our study
(cross-sectional vs. longitudinal and repeated mea-
sures design) and, most importantly by a different
informant (a teacher report vs. a mother report) as
a measure for outcome. An earlier study showed
that, when maternal reports are used for both the
determinant and the outcome measure, the associ-
ations were strongly inflated (Ringoot et al., 2015).
Thus, when mothers report both picky eating and
problem behavior of the child, any observed asso-
ciation of picky eating with behavior and emotional
problems is prone to reporter bias. Furthermore,
mothers who are overconcerned about their child’s
wellbeing might rate their child’s behavior as prob-
lematic in general. Our results suggest that the
associations of picky eating with emotional and
behavior problems may be inflated when mothers’
reports of emotional and behavior problems are
used (see Table S2). However, others may argue
that teachers underreport (which would probably
reduce precision) or more often incorrectly report,
which would reduce the estimated effect of the
associations.

Some caution is required when interpreting these
results. First, because the concept of picky eating has
not been fully operationalized (Dovey et al., 2008) and
the boundaries between picky eating, food neophobia
and eating disorders are not yet well defined. Also, in
the present study, we defined trajectories of picky
eating to differentiate subgroups across time that
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might have distinct outcomes. Although we found no
association between picky eating and emotional prob-
lems, picky eating persisting from early to late child-
hood might predict eating disorders in adolescence
(Marchi & Cohen, 1990) or might be a risk factor for
other severe psychopathology. However, this was
beyond the scope of the present study and more
research is required on this topic.

Our results emphasize the importance of differen-
tiating between trajectories of picky eaters, as picky
eating comprises distinct groups with different
symptom clusters ranging from mild symptoms to
clinical disorders such as Avoidant/Restrictive Food
Intake Disorder (ARFID). ARFID can be considered
an extreme form of picky eating and is associated
with more pervasive developmental disorders com-
pared with other eating disorders in a clinical setting
(Nicely, Lane-Loney, Masciulli, Hollenbeak, & Orn-
stein, 2014). Therefore, we cautiously speculate that
persistent picky eaters are at a higher risk for the
development of ARFID.

Finally, we tested whether late-onset picky eating
was associated with emotional or behavioral prob-
lems. Although late-onset picky eating was not
longitudinally associated with any adverse mental
health outcome, a study by Micali et al. (2011a)
found more emotional, behavioral, and pervasive
problems, as described above. It is possible that our
study was underpowered to detect minor differences,
given the relatively small group of late-onset picky
eating to find differences when comparing them to
children without picky eating problems. In the
present study, late-onset picky eaters tended to have
more emotional and behavioral problems, but only in
the unadjusted models; after correcting for con-
founders the odds ratios were strongly attenuated.
This implies that the observed effect of picky eating
behavior in early childhood is partially explained by
socioeconomic differences between groups.

Strengths and limitations

This study had several strengths including the large
sample size, its population-based longitudinal
design and inclusion of a large amount of con-
founders. Additional strengths are the use of the
teacher report (as an independent measurement for
child psychopathology) and correction for baseline
problems.

Some limitations should also be discussed. First,
the TRF reports on the DSM-Oriented Scales and is
not equivalent to a DSM diagnosis. Thus, some
caution is necessary interpreting these results, more
so as the borderline clinical cut-off was used. Second,
we had no measurements at 4 and 5 years of age in
order to better determine picky eaters with a persis-
tent pattern or late-onset. Also, parents might have
adjusted eating regimes to compensate for their
child’s pickiness (Farrow & Blissett, 2006), resulting
in a misclassification of the remitting group. However,

maternal reports for the assessment of picky eating
have been validated (Carruth & Skinner, 2000). We
used ‘my child refuses to eat’and ‘my child doesn’t eat
well’ to assess picky eating status. However, previous
analyses (Cardona Cano et al., 2015b) found that this
method correlates well with measures of picky eating,
including a lower variety of food, lower caloric intake,
more food fussiness, slowness in eating, and lower
enjoyment of food. This indicates that our definition is
a valid approximation of the concept. Lastly, a small
group of picky eaters was excluded from further
analysis due to having an inconsistent picky eating
pattern. Follow-up of this group is needed to deter-
mine whether children in this group should be
classified as remitting or persistent picky eaters,
and whether picky eating is associated with adverse
mental health outcomes.

Clinical implications

Persistent picky eating was found to be an early
symptom for pervasive developmental problems,
whereas remitting picky eating was not associated
with adverse mental health outcomes. We cautiously
propose to regard remitting picky eating as part of
normal development and, in line with consensus-
based professional health guidelines, suggest a
watchful waiting approach to picky eating problems
in preschool age. However, health professionals
should be aware of the possible mental health
implications of persisting picky eating and, if neces-
sary, perform additional testing.

Supporting information

Additional Supporting Information may be found in the
online version of this article:

Table S1. Associations between trajectories of picky
eaters and continuously modeled child’s behavioral
problems.

Table S2. Possible informant bias in the association
between trajectories of picky eating and problem
behavior: using teacher versus mother-reported out-
come.
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Key points

eaters.

pervasive developmental problems.

eating is part of normal development.

e Picky eating is a major concern for many parents, although picky eating problems between 1 and 4 years
generally remit. Child outcome studies are needed to evaluate the prognosis of persistent and remitting picky

e Previous studies associated picky eating with more behavioral, emotional, and pervasive developmental
problems in childhood, and characterized it as a symptom for general psychopathology.

e In this study, persistent picky eating, but not late-onset or remitting picky eating, was an early sign for

e Remitting picky eating was not associated with child behavior problems, suggesting that remitting picky
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Foreword

The inclusion of a chapter on pediatric autoimmune neuropsychiatric disorders associated with
streptococcal infections (or PANDAS) is essential to provide a history of the disease and provide
current information about its association with Streptococcus pyogenes (group A streptococci), tics,
obsessive compulsive disorder (OCD) and its relationship to Sydenham chorea (SC), which is the
neurologic manifestation of acute rheumatic fever. PANDAS has been misunderstood and
confusing to doctors since its discovery, but the original group of the first 50 cases as described by
Dr Susan Swedo (Swedo, et al., 1998) has a similarity to Sydenham chorea that distinguishes this
initial group from tic and OCD cases. As this chapter will examine, the acute onset is an important
feature of these disorders, as are their piano-playing choreiform movements, enuresis, night-time
fears, separation anxiety, learning regression, and handwriting disabilities.

The most current literature, which has been recently published in the Journal of Child and
Adolescent Psychopharmacology (Murphy, et al., 2015b; Murphy, Parker-Athill, Lewin, Storch, &
Mutch, 2015a; Toufexis, et al., 2015; Gerardi, Casadonte, Patel, & Murphy, 2015; Chang, et al.,
2015), provides new insight into the clinical phenotype of PANDAS; namely, a subgroup of
pediatric acute-onset neuropsychiatric syndrome (PANS), which has been proposed to have
multiple etiologies, including those that are genetic and immunologic, and that present either with
or without preceding infections, such as with Streptococcus pyogenes (Toufexis, et al., 2015).
PANS is a subtype of obsessive compulsive disorder (OCD) that presents with an abrupt onset or
exacerbation of neuropsychiatric symptoms (Murphy, et al., 2015b), including moderate or severe
OCD. Elevated anti-streptococcal antibody titers tended to have higher OCD severity and the
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symptoms tended to lead to sudden and severe impairment, due to comorbidities, such as anxiety,
behavioral regression, depression, and suicidality. Comorbid tics in PANS were associated with
decline in school performance, visuomotor impairment, eating disorders, deterioration of
handwriting skills, and lower quality of life, as compared to children without tics (Murphy, et al.,
2015b). In addition, clinical evaluation of youth with PANS and PANDAS and recommendations
for diagnosis were reported from the 2013 PANS conference held at Stanford University where a
group of clinicians and researchers who were academicians with clinical and research interest in
PANDAS and PANS (Chang, et al., 2015). PANDAS is clearly a subtype of PANS (Murphy, et
al., 2015b; Murphy, Parker-Athill, Lewin, Storch, & Mutch, 2015a; Chang, et al., 2015) and not
all PANS cases have an underlying streptococcal infection—but all PANDAS cases are associated
with streptococcal infections, at least temporally.

When these diseases appear, treatment with antibiotics can be successful, and a treatment trial of
cefdinir by Murphy and colleagues indicated that therapy with cefdinir, a § lactam antibiotic,
provided notable improvements in tic symptoms rated by the Yale Global Tic Severity Scale
(YGTSS) and OCD symptoms rated by the Children’s Yale-Brown Obsessive Compulsive Scale
(CY-BOCS). However, the differences within the groups as a whole were not significant. B-lactam
antibiotics have been proposed to be neuroprotective above and beyond their antibiotic efficacy
(Murphy, Parker-Athill, Lewin, Storch, & Mutch, 2015a). Anti-neuronal autoantibodies against
the brain in SC and PANDAS react with brain antigens including dopamine receptors (Cox, et al.,
2013; Brimberg, et al., 2012), lysoganglioside (Kirvan, Swedo, Heuser, & Cunningham,

2003; Kirvan, Swedo, Snider, & Cunningham, 2006a), and tubulin (Kirvan, Cox, Swedo, &
Cunningham, 2007), as well as the activation of the calcium calmodulin-dependent protein kinase
I1 (CaM KII) in human neuronal cells (Kirvan, Swedo, Heuser, & Cunningham, 2003). Human
anti-brain antibodies expressed in Tg mice targeted dopaminergic neurons and signaled the
dopamine D2 receptor (D2R) (Cox, et al., 2013). Evidence strongly suggests that human anti-brain
autoantibodies induced by Streptococcus pyogenes infections target the dopamine receptors (Cox,
et al., 2013; Brimberg, et al., 2012) and that animal models immunized with the S. pyogenes
antigen develop obsessive behaviors and movement problems, along with antibodies that react
with the dopamine receptors and signal the CaMKII, similar to antibodies found in humans with
SC and PANDAS (Brimberg, et al., 2012; Lotan, et al., 2014a).

Introduction and Background

In the last half of the 1990s, a group of clinical researchers, including Swedo et al. (Swedo,
et al., 1998; Snider, et al., 2002) at the National Institutes of Mental Health (NIMH)
described a subgroup of children who presented with obsessive-compulsive disorder (OCD)
and/or tic disorders following an infectious illness, in particular after streptococcal
infections, and proposed the term pediatric autoimmune neuropsychiatric disorders
associated with streptococcal infections (PANDAS) for this subgroup (Swedo, et al., 1998).

The background information for this proposal stems from different sources: some anecdotal
reports on the relationship between OCD or tic symptoms and infectious illness (Selling,
1929; von Economo, 1931; Kondo & Kabasawa, 1978; Kiessling, Marcotte, & Culpepper,
1993); the observation of OCD, as well as tic symptoms, in patients with Sydenham chorea
(SC) (Langlois & Force, 1965; Kerbeshian, Burd, & Pettit, 1990; Swedo, et al., 1989); and
the observation of a fluctuating, infectious-related course of OCD in some patients without
choreoathetoid movements of SC (Allen, Leonard, & Swedo, 1995; Swedo, 1994).

The original working criteria established by the NIMH group for the diagnosis of PANDAS
included: 1) the presence of OCD and/or a tic disorder; 2) a pediatric onset; 3) an episodic
course of symptom severity; 4) an association with streptococcal infections; 5) an
association with neurological abnormalities, including piano-playing choreiform movements

Pediatric Autoimmune Neuropsychiatric Disorders Associated with Streptococcal Infections (PANDAS)
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of the fingers and toes, which suggests that PANDAS may be similar to SC. Moreover,
besides these core features, the first 50 cases described in the original series showed
emotional lability (66%), deteriorated school performance (60%), personality changes
(54%), separation anxiety (46%), nightmares (18%), bedtime rituals (50%), deterioration in
handwriting (36%), oppositional behaviors (32%), and motoric hyperactivity (50%), as seen
in Table 1.

During the following years, the concept of PANDAS has become very popular and at the
same time has sparked a heated debate among researchers and clinicians. To date, a large
number of studies on different aspects of PANDAS have been published, as well as some
comprehensive and recent reviews (Murphy, 2013; Macerollo & Martino, 2013).

Several researchers have examined two main critical aspects of PANDAS: the difficulty in
establishing a tight link between the inciting streptococcal infection/exposure and the onset/
recrudescence of OCD or tic symptoms, and the lack of reliable biological markers. These
difficulties have led to a recent revision of the diagnostic criteria and to the proposal of a
new clinical entity, the pediatric acute-onset neuropsychiatric syndromes (PANS), in which
the key clinical feature is “‘acute and dramatic symptom onset.”” There are some changes in
the presenting symptoms (with special relevance to OCD and anorexia, and loss of
prominence of tics) without any reference to their relationship with streptococcal infections
(Swedo, Leckman, & Rose, 2012), although PANDAS would be included under a broader
PANS group (Figure 2).

In this chapter, we will review some clinical, microbiological, and immunological aspects of
PANDAS. Because tics and OCD symptoms are the main clinical features of PANDAS, a
short review on their prevalence, appearance, and natural history will be provided first.

A brief review of tic disorders

Tics are rapid, recurrent, non-rhythmic, and stereotyped movements or vocalizations that
can be simple or complex; they are usually suggestible, may be preceded by premonitory
urges, and may be suppressed voluntarily. The last edition of the Diagnostic and Statistical
Manual of Mental Disorders (DSM-5) categorizes tic disorders in three main groups, based
on the length of the disorder (a duration of more or less than 1 year) and on the signs of
symptoms (motor or phonic): “provisional tic disorder,” with motor or phonic tics that last
less than 1 year); “persistent tic disorder,” with motor or phonic tics that last more than 1
year; and “Tourette’s disorder” (or TS), with motor and phonic tics that last more than 1
year.

Tics are considered the most prevalent movement disorder in childhood, even if their exact
prevalence in the general population is unknown. In fact, many cases of tics don’t come to
clinical attention, probably because of mild symptoms, they cause little functional or
psychosocial impairment, or that the tics don’t cause parental concern in parents. This is true
for all the clinical forms of tics, including the chronic ones. Moreover, the epidemiological
studies on the incidence and the prevalence of tic disorders are biased by different factors,
such as sampling methods, sample sizes, rate of subject participation, assessment methods,
and diagnostic thresholds used to define cases. With these cautions, the prevalence of
transient tics in school-age children is estimated to be from 11 to 20% (Snider, et al.,

2002; Cubo, et al., 2011; Kurlan, et al., 2001; Linazasoro, Van Blercom, & de Zarate, 2006),
while the prevalence of TS in school-age children is likely to fall somewhere between 5 and
7 cases per 1,000. For all tic disorders, there is a clear male prevalence, with the male-to-
female ratio ranging from 2 to 1 to as high as 3.5 to 1.

Pediatric Autoimmune Neuropsychiatric Disorders Associated with Streptococcal Infections (PANDAS)
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Tic disorders are mainly a childhood and adolescent disturbance. In persistent or chronic
forms, the onset of tics occurs between 2 and 7 years; the worst period of tic expression
usually peaks around pre-adolescence (9-12 years); then there is a phase of stabilization and
attenuation of symptoms during adolescence and early adulthood. Some studies report that
more than around 40% of the TS children have no more tics during adult life; another 40%
have minimal or mild tics that cause no interference in their lives; and only 20% continue to
show moderate or even severe symptoms.

From a symptomatic point of view, in the majority of cases, the first tics are motor tics, eye
tics (Martino, Cavanna, Robertson, & Orth, 2012) or facial movements. However, in some
cases, vocal tics (shouts or vocalizations) and other motor tics (arm jerking, trunk spasms or
other more complex movements) can be the first sign of the disorder, and can often pose
problems of differential diagnosis with other movement disorders, particularly if their
appearance is abrupt.

Typically, the onset of symptoms is sub-acute: the tics tend to slowly increase in frequency
and intensity during months or years, and parents often have difficulties in recalling a
precise date when tics began. The tics rarely appear acutely (seemingly overnight), though
when this occurs, their intensity and frequency are very high from the beginning. This can
often cause a great deal of anxiety in parents, who turn to emergency departments for
consultations.

The severity of tic symptoms generally varies over time, and the waxing and waning course
of chronic tic disorders is an universally recognized feature. Beside the natural course of
chronic tic disorders, as described before, this variation of severity occurs over a period of
weeks to months, and can even occur over the same day. A relationship between tics and
environmental contingencies or emotional factors has been proposed: in particular, psycho-
social stress (Lin, et al., 2010) or abnormalities in the cortisol circadian rhythm (Corbett,
Mendoza, Baym, Bunge, & Levine, 2008) have been reported to affect the modulation of tic
severity, but for many tics, it is difficult to establish a link between these fluctuations and a
specific situation or environmental cause.

However, in the absence of a general agreement on the cut-off that defines a true
exacerbation from the “normal” fluctuation of symptoms, the notion of tic exacerbation is
quite vague. In a few studies, including those on some PANDAS patients (Lin, et al.,
2002; Luo, et al., 2004; Kurlan, Johnson, Kaplan, & Tourette Syndrome Study Group,
2008; Leckman, et al., 2011; Martino, et al., 2011), tic exacerbation thresholds that
incorporated the change score from the previous month and the current symptom score were
estimated by using state-of-the-art bootstrap methods. Such methods agreed with the
judgement of clinical experts. A seven-points increase of the global score (without
impairment score) at the Yale Global Tic Severity Scale (YGTSS) has been considered in
some studies to be a reliable cut-off that defines an exacerbation. Unfortunately, in an
attempt to provide such a crucial definition, little help has come from the
psychopharmacological studies on anti-tic medications, in which the definition of
responsiveness or refractoriness to a single drug is quite vague.

Brief Review of OCD

OCD is a disorder with a lifetime prevalence of 1-3% in the general population. The
disorder is characterized by the presence of obsession (i.e., recurrent and persistent thoughts,
urges, or images that are experienced as intrusive and unwanted) and/or compulsions (i.e.,
repetitive behaviors or mental acts that an individual feels driven to perform in response to
an obsession or according to rules that must be rigidly applied).

Pediatric Autoimmune Neuropsychiatric Disorders Associated with Streptococcal Infections (PANDAS)
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In children and adolescents, OCD shows a bimodal age of onset: the first one peaks around
8-12 years, which is the so-called “early onset OCD” that is characterized by a frequent
comorbidity with tics/TS, a male prevalence (nearly 25% of males with the disorder have an
onset before 10 years), a different content of obsessions/compulsions or the presence of
compulsions without obsessions, a different and reduced response to the pharmacological
treatment, and a poorer prognosis. The second one peaks after puberty and is characterized
by a slight female prevalence, a content of obsessions/compulsions similar to those seen in
adulthood, a good response to treatment, and a better prognosis.

The bimodal age of the onset of OCD suggests some different etiological factors. In
particular, patients with an early onset are likely to have a stronger genetic or biological
component than patients with a late onset. In particular, family studies revealed higher
familial aggregation among relatives of early-onset subjects (Geller, 2006).

The abrupt overnight onset of initial OCD symptoms reported in cases of PANDAS or
PANS is characteristic of these disorders. However, in typical OCD, the onset of symptoms
is more gradual. OCD is described as a chronic disorder with a fluctuation of symptoms
(waxing and waning), even if an episodic course is described in some cases. Notably, in
some longitudinal studies when both tic and OCD symptoms were present, there was a
significant degree of covariation (Lin, et al., 2010; Luo, et al., 2004; Leckman, et al., 2011).

Pathophysiology of tics, TS, and OCD

In the last twenty years, a growing number of studies have investigated the neural and
pathophysiological underpinnings of tics, TS, and OCD. Given the known role of the basal
ganglia in motor control and in other movement disorders, these structures have been the
primary focus of many studies that have investigated the neurobiology of these disorders.

The basal ganglia comprise a set of subcortical nuclei that include the caudate nucleus,
putamen, globus pallidus, subthalamic nucleus, and substantia nigra. Their functional
connections to several cortical regions have led to the conceptualization of the
corticostriatal-thalamo-cortical (CSTC) circuits; namely, multiple parallel, segregated
feedback circuits with outputs from striatum that target primary motor areas, and specific
pre-motor and prefrontal cortical areas. The primary function of the CSTC circuits is to
control and select goal-directed motor, cognitive and motivational behavior. Further, CSTC
circuits are involved in inhibitory control (Aron, Behrens, Smith, Frank, & Poldrack, 2007)
and habit formation (Graybiel, 2008).

Even if a clear explanation for the occurrence of tics hasn’t yet emerged, the most
compelling finding so far is increased supplementary motor area (SMA) activity just prior to
tic onset (Hampson, Tokoglu, King, Constable, & Leckman, 2009), which suggests that the
SMA plays a role in the sensory phenomena that precede the execution of tics (premonitory
urges).

Structural MRI studies have revealed reduced caudate volumes in children and adults with
TS (Peterson, et al., 1993), with a negative correlation between caudate volume in childhood
and the severity of symptoms later in life (Bloch, Leckman, Zhu, & Peterson, 2005).

The sensorimotor cortices are intuitive candidate cortical areas for investigation in TS due to
the motor nature of tics and the sensory disturbances that frequently accompany them. MRI
studies that have measured cortical thickness and grey matter volume in sensorimotor
cortices in TS are limited in number, but they have provided consistent results. In

particular, Sowell et al. (2008) found cortical thinning in sensorimotor cortex, along with
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other regions (ventral frontal cortex, dorsal parietal cortex), in children with pure TS
(Sowell, et al., 2008).

To date, neuroimaging studies of TS (and especially functional MRI studies) are limited and
many study results are inconsistent. These inconsistencies could be due to the large
heterogeneities in the samples that have been studied.

With regard to OCD, in recent years, a growing number of studies have identified the CSTC
circuits as centrally implicated in the pathophysiology of the disorder (Saxena & Rauch,
2000). Most especially, the limbic or orbitofrontal circuit (orbitofrontal cortex, anterior
cingulate cortex, and caudate nucleus) has consistently been shown to be involved in OCD
symptoms. Imaging research (which concerns structural, functional, and connectivity
investigations) have shown a particularly high degree of concordance across the studies and
have led to the conceptualization of the CSTC model of OCD. This model has received
further support through neuropsychological and treatment studies (Menzies, et al., 2008).

PANDAS phenotype

Most of the studies published on PANDAS investigated a possible relationship between the
onset or recrudescence of symptoms—mainly tics—and clinical or biological signs of S.
pyogenes infections in different populations (such as tics or TS patients) observed in cross-
sectional or longitudinal ways; furthermore, other research was conducted to search for
possible markers of the proposed autoimmune process. In most of these studies, the
definition of PANDAS cases was made after a retrospective review of clinical records. As a
matter of fact, up until now, little attention has been paid to the clinical signs that could
differentiate PANDAS from tics, TS, or OCD patients, besides the inclusion criteria. To
date, four studies reported data that was useful for a comparison.

In 2008, Kurlan et al. compared 40 PANDAS patients with 40 OCD or chronic tic disorder
matched subjects, followed for a period of 24 months. From a clinical point of view, the
groups were comparable, with the exceptions that the PANDAS case subjects seemed to
more often have a psychiatric diagnosis other than tic disorder or OCD (Leckman, et al.,
2011).

In 2010, Bernstein et al. compared 21 PANDAS children with a control group of 19 children
with non-PANDAS OCD, with respect to ancillary symptoms, types of obsessions and
compulsions, symptom severity, and co-morbid DSM-IV diagnoses. Both groups were
retrospectively defined by reviewing their medical records. PANDAS children were
significantly more likely to present with separation anxiety, urinary urgency, hyperactivity,
impulsivity, deterioration in handwriting, and decline in school performance during their
initial episode of neuropsychiatric illness, as compared with children with non-PANDAS
OCD. The total number of tics was higher and the vocal tics were more severe in PANDAS
children. Separation anxiety disorder and social phobia were more prevalent in non-
PANDAS OCD children, and children with non-PANDAS OCD were significantly more
likely to include others in their rituals (Bernstein, Victor, Pipal, & Williams, 2010).

In 2011, Leckman et al. conducted a multi-centric longitudinal study that compared 31
children who met the criteria for PANDAS with 53 TS or OCD non-PANDAS subjects.
Both groups showed a similar severity of symptoms and a similar rate of tic or OCD
symptom exacerbations. Only a quarter of exacerbations identified in the PANDAS group
were associated with a simultaneous sudden acute onset with increase in anxiety, depression,
and/or attention deficit and hyperactivity disorder (ADHD) symptoms (Martino, et al.,
2011).

Pediatric Autoimmune Neuropsychiatric Disorders Associated with Streptococcal Infections (PANDAS)
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Finally, in 2012, Murphy et al. examined 109 children showing tics, TS, or OCD; the
assignment to the PANDAS (41 subjects) or the non-PANDAS (68 subjects) group was
based on the presence of PANDAS operational criteria, as developed by Swedo et al. in
1998. The clinical assessment didn’t show any clinical difference between groups. Children
classified as PANDAS had a high rate of dramatic symptoms onset and clumsiness;
however, it should be noted that these are two of five criteria for PANDAS (Murphy, Storch,
Lewin, Edge, & Goodman, 2012). (A subset of the non-PANDAS group would have met the
criteria for PANS, but did not have the temporal association normally found with
streptococcal infections).

Although these studies did not provide overwhelming evidence for the existence of
““PANDAS-specific’’ phenomenological features, PANDAS is similar to SC and shows the
choreiform movements of fingers and toes that may not have been observed in earlier
comparative studies. The presence of these movements may constitute a red flag that signals
a PANDAS diagnosis. However, a lack of choreiform movements does not exclude
PANDAS, and these signs have to be regarded with caution, as they are also present in
typically developing children and in children with other childhood disorders, such as ADHD
and developmental coordination disorders.

Sydenham chorea

Sydenham chorea (SC) has provided a model for the conceptualization of PANDAS, and
Swedo and the NIH group have shown that PANDAS is similar to SC and is characterized
by choreiform piano-playing movements of the fingers and toes (Snider & Swedo, 2004).
Both PANDAS and SC have immunological similarities, as a later section will show.
Human sera studies in immunoassays suggest that human dopamine D2 receptor (D2R) is
the target of autoantibodies that are produced in both SC and PANDAS (Cox, et al., 2013).
Tics or OCD symptoms are often present in the early prodromal phases of SC, with
choreoathetoid movements following. Deterioration in handwriting and irritability, often
seen in early phases of SC, are also accompanying symptoms of PANDAS. However, the
clinical course of PANDAS vs. SC is different: SC often is a monophasic illness, even if
recurrent or persistent cases have been described (Cardoso, Vargas, Oliveira, Guerra, &
Amaral, 1999). In contrast, the recurrence of tics or OCD symptoms after streptococcal (or
other) infections has been one of the basic criteria for a PANDAS diagnosis. Finally,
echocardiographic abnormalities (valvular incompetencies) are present in nearly 80% of SC
patients, and they constitute a feature that often leads to the right diagnosis in the anamnestic
or clinical doubtful cases. Conversely, PANDAS patients don’t generally show signs of
cardiac involvement (Snider, Sachdev, MacKaronis, St Peter, & Swedo, 2004); however,
minimal echocardiographic abnormalities have been described in some patients with S.
pyogenes related tics disorders (Cardona, et al., 2007) and in some children with PANDAS
(Segarra & Murphy, 2008).

of S. pyogenes infections with tics/OCD

To fully understand the different studies published on the relationship between S. pyogenes
and some neuropsychiatric disorders (such as tics, TS, or OCD) is not an easy task and has
often raised more questions than answers. Some of these studies strongly support this
association (Lin, et al., 2010; Murphy, Storch, Lewin, Edge, & Goodman, 2012; Cardona &
Orefici, 2001; Leslie, et al., 2008; Mell, Davis, & Owens, 2005; Murphy & Pichichero,
2002) while others firmly deny it (Macerollo & Martino, 2013; Luo, et al., 2004; Kurlan,
Johnson, Kaplan, & Tourette Syndrome Study Group, 2008; Leckman, et al., 2011), but all
agree on the necessity of more research for a definitive demonstration of the existence/
absence of this relationship and of the basic cellular and immune mechanisms involved.
Table 2 provides a list of these studies.

Pediatric Autoimmune Neuropsychiatric Disorders Associated with Streptococcal Infections (PANDAS)
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The difficulty of having definitive results partially reflects the complexity and the possibly
multifactorial nature of neuropsychiatric disorders. Animal models used (generally mice and
rats) are not completely satisfactory and should be interpreted with caution; since humans
are the only natural reservoir for S. pyogenes , these animal models may not exactly
reproduce a human disorder. However, animal models in mice and rats have been very
instructive in PANDAS and SC, with several studies indicating that immunization of rats
and mice leads to behavioral alterations similar to SC and PANDAS (Brimberg, et al.,

2012; Hoffman, Hornig, Yaddanapudi, Jabado, & Lipkin, 2004). In addition, passive
transfer of anti-streptococcal antibodies to naive rats or mice led to behavioral changes
(Lotan, et al., 2014a; Hoffman, Hornig, Yaddanapudi, Jabado, & Lipkin, 2004).

After reviewing human studies, it is clear that many are looking at heterogeneous human
populations; as a result, it may not be appropriate to analyze these data, which can be
misleading when considered together. In some cases, the population studied is not in
prepubertal age (Bencivenga, Johnson, & Kaplan, 2009; Schrag, et al., 2009; Morshed, et
al., 2001); in others, there is a larger than usual presence of females; other studies are
enhanced with more tic spectrum patients than acute onset OCD patients (Kurlan, Johnson,
Kaplan, & Tourette Syndrome Study Group, 2008; Leckman, et al., 2011), which indicates
some bias in the selection of patients; in others the original population with tics/OCD
described by Swedo for PANDAS (Garvey, Giedd, & Swedo, 1998) is enlarged by the
inclusion of ADHD cases (Swedo, et al., 1998). In some studies, the involvement of S.
pyogenesis investigated only through the detection of antibodies against one or two S.
pyogenes antigens, without looking for the presence of the bacterium. It is important to note
these differences when considering the results.

Streptococcus pyogenes is known to be a complex organism with a vast repertoire of
virulence factors produced for bacterial adhesion and invasion, for evasion of phagocytosis,
or for modulating host defenses (Sjoéholm, Karlsson, Linder, & Malmstrom, 2014). It is able
to change over time by the acquisition of new mechanisms and structures to avoid host
defenses (Bryant, et al., 2014; Hertzén E. , et al., 2012) or to have long intracellular
persistence (Wang, Li, Southern, & Cleary, 2006; Hertzén E. , et al., 2010; Kaplan,
Gastanaduy, & Huwe, 1981; Kaplan, Chhatwal, & Rohde, 2006). The same strain may cause
suppurative diseases, hon-suppurative sequelae, toxic shock, or may colonize carriers
without provoking an infection.

Many human studies have focused more on clinical findings or on host immune responses to
specific antigens than on the bacterium itself, and as a result, only the presence or absence of
S. pyogenes is reported. Microbiologists often act as simple blinded operators, and no
information is reported on the methods used for taking specimens or isolating the strain.
This result is evident from differences in the percentage of S. pyogenes positive samples
found in different studies, or in multicenter studies, by the different microbiology results
between participating centers.

Unfortunately, while a S. pyogenes -positive sample demonstrates the real presence of the
bacterium in the infected or carrier host throat, a negative swab is not really informative; in
particular, a swab that contains just a few colonies may be not detected as positive by
routine laboratory methods. Since a true infection may be accompanied by very few colonies
in the throat swab (Johnson, Kurlan, Leckman, & Kaplan, 2010), the percentage of positive
samples found largely depends on the methods used to detect them. In our experience, at the
time of their first visit for tics, children rarely present clinical signs of pharyngitis, and a
percentage of them often carry even fewer than 10 colonies/plate in their throat swabs. That
requires great care in taking the swab, to avoid S. pyogenes being covered by a too large
amount of saprophytic flora present in the sample, and the use of selective media and careful

Pediatric Autoimmune Neuropsychiatric Disorders Associated with Streptococcal Infections (PANDAS)
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methods in processing the swab, even different from those routinely in use for pharyngitis. If
samples of children with tics but without clinical signs of pharyngitis are processed in the
same way as those of children with sore throats, there are strong possibilities that the result
will be below the threshold of detection and that the culture will be considered negative. S.
pyogenes colonizing tonsillar criptae have been found in greater than 30% of children
undergoing tonsillectomy for recurrent S. pyogenes tonsillopharyngitis and in children with
no history of previous frequent infections who underwent surgery for different reasons, who
were selected as healthy controls (Roberts, et al., 2012). These percentages are higher than
all those found in PANDAS studies or in carriers, which indicates that even with accurate
methods, many positive subjects are not detected; but, in the studies on the association
between S. pyogenes infection/exposure and neuropsychiatric symptoms, false negative
results can result in the true differences in positivity between cases and controls being
entirely undetectable.

A second important point to consider is that S. pyogenes is not only an extracellular
pathogen, but can survive to phagocytosis inside the cells. M-protein—expressing S.
pyogenes strains can survive after phagocytosis by human neutrophils (Staali, Mérgelin,
Bjorck, & Tapper, 2003) and the surface M-anchored protein has been identified as the
pivotal factor that affects the phagosomal maturation in macrophages (Hertzén, et al.,

2012; Hertzén, et al., 2010). During the intracellular phase, the expression of many genes—
namely, the majority of those involved in cell wall synthesis and energy production—is
significantly altered; after a replicative phase, S. pyogenes egress after having destroyed the
host cells, and are fit to infect new cells and may persist in the throat for a long time,
releasing any type of streptococcal antigens and causing the permanence of high-antibody
titers even in the absence of overt disease. This may also account for the intermittent
presence of the same serotype in the throat of tic patients and for the high percentage of
carriers seen in some studies after treatment (Pichichero, et al., 1999). Host cells are a useful
niche to escape many antibiotic drugs used against S. pyogenes (such as penicillin, for
instance), and microorganisms during carriage or infection are selected on the basis of their
capacity to enter and survive the treatment (Kaplan, Gastanaduy, & Huwe, 1981; Sela,
Neeman, Keller, & Barzilai, 2000; Park, Francis, Yu, & Cleary, 2003).

The last point to consider concerns the level of antibodies (Anti Streptolysin O, or ASLO,
and Anti DnaseB, or ADB) used to indicate the infection. In several cases (Johnson, Kurlan,
Leckman, & Kaplan, 2010), a true infection causes a moderate increase in this level, though
it remains below the threshold considered the upper limit of normal titers (ULN) and, in the
absence of an accurate monitoring of the subject, it is disregarded. On the other hand,
choosing a too low level of antibodies as the ULN may result in undetectable differences
between cases and controls.

All these considerations show the difficulties in studying the association between S.
pyogenes infection/exposure and neuropsychiatric symptoms and in explaining why, despite
the large number of studies published, the demonstration of PANDAS following the original
definition given by Swedo et al. (Garvey, Giedd, & Swedo, 1998) is debated. Initially,
studies of the association of SC with streptococcal infection determined that chorea can
occur anywhere from several weeks to nine months following a streptococcal infection
(Cardoso, Vargas, Oliveira, Guerra, & Amaral, 1999).

Epidemiologic evidence for some S. pyogenes involvement in tic disorders comes from
administrative data from a health maintenance organization in the Seattle area where 144
new cases of TS and OCD/tics were matched with 609 controls (Mell, Davis, & Owens,
2005). A significant association was found (13-fold more for TS) with prior S. pyogenes
infections diagnosed either 3 months or 1 year before the onset of disturbance. The presence
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of multiple S. pyogenes infections in the previous 12 months significantly increased the risk
of TS, which indicates a sort of threshold of anti-streptococcal antibodies to be reached
before the onset of the manifestation.

A strong association with a prior S. pyogenes infection was also found in an USA national
health insurance study where 479 cases of OCD, tics, and TS were matched with 3647
controls, but the results of the study did not include a rigorous ascertainment of tic or OCD
from consistent diagnostic criteria (Leslie, et al., 2008).

In a retrospective study, 80 consecutive children (15-17 years) were investigated through a
structured clinical interview to establish if infection and an abrupt onset of symptoms could
be identified; 53% of the patients reported such an abrupt onset and 21% of this subset had it
within 6 weeks of infection (Singer, Giuliano, Zimmerman, & Walkup, 2000). It was
suggested that in some cases, the abrupt onset might have been exaggerated by a biased
memory of parents.

In the UK, Schrag et al. (Schrag, et al., 2009), on the contrary, were unable to support an
association with S. pyogenes infection through a database analysis. However, in this case,
both the mean age of their patients (16 years instead of prepubertal age) and the lack of
established analysis parameters to determine the time between streptococcal infection and
onset of tics/OCD (up to 3 years) could have accounted for the temporal association and thus
the different results.

The age of the population studied is very important: in a large study that included 3006
school children, the percentage with motor or vocal tics was 22.3% for preschool children,
7.8% for elementary school, and 3.4% for secondary school, with the male/female ratio of
3.8/1 in the elementary school group and 6.1/1 for the secondary school group (Gadow,
Nolan, Sprafkin, & Schwartz, 2002). Therefore, results using patients not in prepubertal age
or with a too low rate of male/female subjects need to be carefully evaluated, since the
population may be different from that of other studies.

Many of the studies performed on tic disorders are cross-sectional: clinical, serological, and
microbiological data are collected at the time of the neuropsychiatric manifestation, onset, or
increase of tics /OCD, but are not monitored over the time. This type of study may give
useful insights (and they often do) to demonstrate that patients with tics differ from healthy
normal people for a higher exposure to S. pyogenes antigens, but these studies are
inadequate to demonstrate the overall PANDAS concept (S. pyogenes clinical infection with
the subsequent or antecedent rise of antibodies associated with onset /recrudescence of
symptoms in a pediatric population), which can be only assessed through sequential
observations.

In a case-control study performed between March 1996 and November 1998, 150 children
were examined for sudden onset, recrudescence, or protracted duration of their tic disorders
(Cardona & Orefici, 2001). The controls were 150 healthy children without tics. In this
study, 38% of the cases (in comparison with 2% of the controls had ASLO titers higher than
500 IU with a mean ASLO titer of 434 U, in comparison with 155 1U in controls (p <0.01).
Moreover, 58% had a family history of tics and frequent upper respiratory tract infections
and 17% had a throat swab positive for S. pyogenes . At the time of the visit, none of the
patients had clinical evidence of pharyngitis and, if analyzed by standard methods, the rate
of S. pyogenes positive specimens was very low, with only a few colonies per plate; as a
result, an old pour plate method was used (Taranta & Moody, 1971) that gave better results
than the one routinely used for pharyngitis (Johnson, et al., 1997), which made it easier to
detect and isolate every single colony (see Figures 1A and B).

Pediatric Autoimmune Neuropsychiatric Disorders Associated with Streptococcal Infections (PANDAS)
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In several studies, the increase of the immune response to those streptococcal antigens
(ASLO and ADB) generally used as indicators of S. pyogenes infection is considered to be
evidence of infection. It is interesting that when studying more or less the same matter (i.e.,
the possible involvement of S. pyogenes in tic disorders), the results and the conclusions
produced by different groups were different. Loiselle et al. (Loiselle, Wendlandt, Rohde, &
Singer, 2003) were unable to confirm differences in ASLO, anti-DNase B, and anti-basal
ganglia (ABGA) titers in 41 children with TS and ADHD and 38 controls, even if ASLO
titers were significantly higher in children with ADHD, as compared to the non-ADHD

group.

In another study, sera from 30 children with PANDAS, 30 with TS, and 30 controls were
examined for ABGA. Though more antibody positivity and a higher immunofluorescence
against human striatum samples were found in samples from children with PANDAS and TS
in comparison with controls, no statistically significant association was found between
immunofluorescent reactivity and the diagnosis (Morris, Pardo-Villamizar, Gause, & Singer,
2009).

In a cross-sectional study on 100 British patients with TS (50% children), Church et al.
(Church, Dale, Lees, Giovannoni, & Robertson, 2003) found that 64% of children and 68%
of adults had a significantly higher ASLO titer, as compared to 15% of children with recent
uncomplicated streptococcal pharyngitis, but no attempts to study the presence of S.
pyogenes was reported.

A higher ASLO titer in comparison with controls was also found in an American study on
81 patients with TS (Morshed, et al., 2001); antistreptococcal higher titers (ASLO, ADB,
anti-M12 and anti-M19) were also found in a sample of German patients (Corbett, Mendoza,
Baym, Bunge, & Levine, 2008).

In a cross-sectional case-control study on 69 Italian TS children, Martino and Rizzo et al.
found that 59% of the patients had significantly high ASLO titers (> 400 IU), in comparison
with 19% of the controls (Martino, et al., 2011); a high percentage of children with high
ABGA was also found. Finally in another cross-sectional study (Geller, 2006), the mean
ASLO titers (246 1U vs 125 1U, p>0.01), the number of positive S. pyogenes throat cultures
(8%, compared with 2%; p=0.009) and the positivity of anti-basal ganglia antibodies
(ABGA) (23% in comparison with 8%; p >0.001) were significantly higher in TS patients
than in controls, but no difference in ASLO titers was detected between ABGA-positive and
ABGA-negative children

These are just some examples that show the elusiveness of the matter and the difficulty in
reaching firm conclusions from published studies. Retrospective studies from health
maintenance data may be a good source of information, even if they are not wholly collected
with an ad hoc questionnaire.

Longitudinal studies to demonstrate the relationship between new infections and
recrudescences of symptoms: the problem of carriers

The main difficulty in demonstrating the concept of PANDAS is showing the association of
a new S. pyogenes infection with a sudden exacerbation of tics or OCD. In fact, this
association can’t be demonstrated by cross-sectional studies and requires monitoring the
microbiological and serological parameters of patients and controls for a long time, both to
detect infections and to establish that these infections are new and are caused by S. pyogenes
types that were not previously present. Longitudinal studies (in particular, those that follow
patients from the initial tic manifestation) are informative, but are much more difficult to
perform, and only a limited number of patients can be followed.

Pediatric Autoimmune Neuropsychiatric Disorders Associated with Streptococcal Infections (PANDAS)
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A prospective microbiology study analyzed the data of 160 children with tics enrolled in two
clinical studies with identical protocols (Johnson, Kurlan, Leckman, & Kaplan, 2010). The
goal of the study was to provide a description of the long-term kinetics of the immune
response in patients with tics, either with S. pyogenes infections or who were carriers. The
presence of S. pyogenesin the throat samples, M types, and the variation of antibody
responses to ASLO and ADB were reported without specific attempts to correlate S.
pyogenes infection with the concurrent recrudescences of tics. Pharyngeal swabs were taken
every month for 120 weeks, and blood was examined approximately every three months.
The study was very accurate, and shows that a true rise in anti-streptococcal antibodies may
occur at levels below the ULN used in many studies. It stresses the need to use at least two
antibodies (ASLO and ADB) for the diagnosis of new infection (since sometimes only a
single antibody titer increases) and clarifies that a true infection with a significant antibody
response may be associated with cultures with <10 colonies per plate, which demonstrates
that many infections would be unidentified without a longitudinal observation. Obviously,
only a limited number of example cases were reported; therefore, not much detailed
information is available on the total population studied (number of S. pyogenes positive
children, total number of infections seen during the entire study, characteristics of all S.
pyogenes isolated) to enable comparisons to other large studies.

The conclusions of this research are convincing. Unfortunately, the same accuracy is
difficult to reach in clinical practice, where the clinician is not necessarily informed on the
basal level of anti-streptococcal antibody titers before the onset of the clinical manifestation
or on the previous microbiology of S. pyogenes in the throat.

S. pyogenes throat infections and carriage are rather common in school-age children: several
previous studies (Kaplan E. L., 1980) and in a recent meta-analysis (Shaikh, Leonard, &
Martin, 2010) found 37% S. pyogenes positivity in children with sore throat and a 12%
positivity in healthy children. In the Johnson study (Johnson, Kurlan, Leckman, & Kaplan,
2010) and in other studies, patients bearing the same emm type for a long time without
changes in antibody levels were considered “carriers,” since the presence of S. pyogenesin
these cases could not be considered a new infection. Nevertheless, the status of a “carrier” is
difficult to define: historically, carriage was defined as the prolonged permanence of S.
pyogenes in the pharynx without evidence of immune or inflammatory response (Kaplan,
1980; Tanz & Shulman, 2007). Carriage is a very complex phenomenon, in which the S.
pyogenes strain, the host immune response, and environmental factors all play roles, as
demonstrated by the fact that the same strain can provoke pharyngitis, invasive disease, or
simply be carried by a healthy population. We agree with Kaplan (Kaplan, 1980) in that
“antibody titers remain elevated as long as the organism is present in the upper respiratory
tract,” and that “in many so-called prolonged carriers, there was a continual anti-
streptococcal immune response.”

In Johnson’s study and other examples, there are some cases where the same strain was
repeatedly isolated and the antibody titers remained high for a long time (therefore, correctly
defined as “no new infection”), which made it difficult to differentiate a true carriage from a
persistent infection. In these cases, it would be interesting to see if these “carriers” are more
frequent in the tic population, and to characterize these strains to evaluate if this long
presence of S. pyogenes (either simply as carriage or as a persistent infection), together with
other environmental factors, may be associated with a higher frequency of tic
recrudescences. The model of colonization followed by a long “carriage” with a rise in
antibody titers without evidence of clinical infection has been described by Ashbaugh in
baboons (Ashbaugh, et al., 2000), and had already been described by Kaplan in humans
(Kaplan, 1980). In any case, patients with tics and long-lasting antibody titers should be
carefully studied, even if the patients have negative swabs. If that does not change anything
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for the clinical treatment of a single patient, it may nevertheless give new insights into the
role played by S. pyogenes in these movement, tic, and neuropsychiatric disorders. In 2007,
Murphy et al., a school study showed that those with repeated S. pyogenes infections had
higher rates of behavioral and movement findings. Although the strains were not
characterized, the findings suggest that a carrier state could contribute to neuropsychiatric
symptoms (Murphy, et al., 2007).

In other longitudinal studies, patients were followed for a long time for clinical and
immunological findings to verify if recrudescences may be temporally associated with a S.
pyogenes infection, as described in the PANDAS definition. In a 3-year prospective study,
12 children with new-onset PANDAS were followed (Murphy & Pichichero, 2002). All
tested throat-positive for S. pyogenes , and had neuropsychiatric symptoms along with signs
of tonsillo-pharyngitis with rises in antibody titers. Antibiotics were effective in both
eradicating S. pyogenes and suppressing tics at the first episode and at recurrences.

In another prospective longitudinal study on 47 patients and 19 controls, S. pyogenes
infection rate in children with TS and/or OCD was 0.42 per year, as compared with 0.28 per
year in non-tic patients, but the association of symptom exacerbations and new S. pyogenes
infections was not higher than those on the basis of chance. Therefore, the study suggested
no clear relationship between exacerbations and new S. pyogenes infections (Luo, et al.,
2004). Since school-aged children may have a higher rate of S. pyogenes positivity or
carriage due to classroom exposures, it may be difficult to demonstrate new infection and its
association with exacerbation in some studies.

Murphy et al. (Murphy, et al., 2004) investigated the relationship between S. pyogenes
infections and symptom fluctuations in 25 children followed for 9—22 months with visits
every 6.2 weeks on average for each subject. Authors reported that a part of their patients
named ESC (episodic/sawtooth course) closely approximated the criteria described for
PANDAS. In this study, beside ASLO and ADB titers, antibodies against the streptococcal
capsular polysaccharide (ACHO) were measured. The typical pattern reported for one of
these patients showed that, unlike ASLO and ADB, ACHO antibodies that target the group
A streptococcus carbohydrate after a rapid increase remain elevated for a long time;
moreover, a positive correlation between YGTSS and ACHO (p=0.063) or CYBOCS and
ACHO (p=0.013) was found. This observation is interesting since in tic, TS, OCD or
PANDAS studies, only the variation of antibody titers against protein antigens (ASLO and
ADB) is usually considered, while ACHO is known from studies in SC to be a key antigen
in rheumatic disease (Martins, et al., 2008; Cunningham, 2012). Moreover, it has been
observed that for many patients with PANDAS, symptoms appeared only after repeated S.
pyogenes infections.

Mell also reported this higher risk of tic development in children with frequent infections
(Mell, Davis, & Owens, 2005), who noticed that for some PANDAS patients, symptoms
emerged only after repeated S. pyogenes infections and that increases in behavioral and
motor symptoms were found in children with repeated S. pyogenes infections (Murphy, et
al., 2007); these findings suggest that a threshold of antibodies is needed to trigger
symptoms. It is still unclear and unproven whether a true S. pyogenes clinical infection is
really needed to develop symptoms, or whether repeated exposure to S. pyogenes antigens
(maybe together with other external agents such as stress or a concomitant viral infection)
may stimulate recrudescences on its own.

An accurate analysis was used to validate the PANDAS entity in a longitudinal study
(Kurlan, Johnson, Kaplan, & Tourette Syndrome Study Group, 2008) which followed a
group of 40 PANDAS cases, matched to 40 controls with TS without any documented
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association of recrudescences with S. pyogenes infection, for two years. Results showed that
even if not statistically significant, the group of PANDAS had more exacerbations than
controls (65 clinical exacerbations in total: 40 in PANDAS, 25 in the control group).
Moreover, among the 43 definite or probable S. pyogenes infections, 31 were in 22
PANDAS cases and 12 were in 9 subjects of the control group. The number of exacerbations
associated with S. pyogenes infections (defined as hits) was outside the 95% confidence
limit for the mean number of hits, which suggests that PANDAS exacerbations are
significantly associated with an antecedent S. pyogenes infection. On the other hand, 75% of
exacerbations had no observed temporal relationship with S. pyogenes infection. After
noting that the number of recrudescences was lower and milder than expected, the authors
concluded that the vast majority of PANDAS clinical recrudescences could not be linked to
S. pyogenes infections, and that children with PANDAS represented a subgroup of patients
with TS or OCD who are susceptible to S. pyogenes infections as part of their initial
symptoms. An interesting note is that 22.5% of the PANDAS cases (compared with 5.3% of
the controls) have a family history of rheumatic fever, which might indicate a special genetic
predisposition in PANDAS cases that perhaps makes them more prone to develop S.
pyogenes infections. Similar data were also reported by other authors (Cardona & Orefici,
2001).

Following the same study design and the same protocol, Leckman et al. (Leckman, et al.,
2011) did not find an increase in exacerbations in the group of PANDAS, but on the
contrary, a higher number was detected in the non-PANDAS group. As in the Kurlan study
(Kurlan, Johnson, Kaplan, & Tourette Syndrome Study Group, 2008), the total number of
recrudescences and S. pyogenes infections reported was lower than previously estimated,
which raises suspicions that the study was underpowered; in contrast to what had been
described in the definition of PANDAS, only a small number of recrudescences was
associated with a sudden increase of tic /OCD severity. Again, 20 out of 31 children in the
PANDAS group (in comparison to 8 of 53 in the non-PANDAS group) had a family history
positive for rheumatic fever, which suggests some genetic predisposition and susceptibility
to S. pyogenes sequelae. It should be noted that in both these latter studies, patients could
continue to have their usual tic medications and that based on laboratory results, physicians
were free to prescribe antibiotics. In particular, 28% of the controls (in comparison with
60% of the PANDAS group) were treated with antibiotics. This might partially account for
the results achieved, and could be an unintentional indirect support for antibiotic treatment
to suppress recrudescences.

In another multicenter longitudinal study on TS patients (Martino, et al., 2011), S. pyogenes
infections ASLO titers, ADB, and anti-basal ganglia antibodies (ABGA) antibodies were
compared among 168 children with TS, and 177 matched controls with epileptic or sleep
disorders without tics. Seven definite (2%) and 32 possible (10%) infections were reported
with a rise in ASLO titers in 26 (18%) of the subjects and in 11 (8%) of the ADB titers; 14%
of patients had ABGA test persistently positive over at least 2 consecutive visits, and 20%
became ABGA positive throughout the study. Nevertheless, it was not possible to correlate
S. pyogenes infections with exacerbations, and the occurrence of a new identification of
ABGA did not predict the occurrence of an exacerbation. Authors concluded that children
and adolescents with TS show an increased exposure to and immune response against S.
pyogenes and increased expression of antineuronal antibodies. This supports the view that
patients with TS, independently of the PANDAS definition, may be more prone to S.
pyogenes infections and may develop stronger immune responses against streptococcus,
possibly as a result of immune dysregulation.
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Other infections

S. pyogenes is not the only pathogen thought to be associated with the onset or
recrudescence of tics. Other pathogens, such as intracellular microorganisms with the
capacity of living and replicating inside host cells (Riedel, Straube, Schwatz, Wilske, &
Mdiller, 1998; Miiller, et al., 2004; Krause, et al., 2010), have been described as possibly
being involved in these movement disorders, and particularly associated with
recrudescences, but no strict observance of common parameters have been reported.
Hoekstra (Hoekstra, Manson, Steenhuis, Kallenberg, & Minderaa, 2005) found a
recrudescence association with the common cold, but it is difficult to evaluate this report
because of the vague assessment of “common cold” and of the low isolation of S. pyogenes
from patients.

Since the involvement of S. pyogenesin PANDAS has never been completely demonstrated,
and there is no complete evidence of which S. pyogenes antigen(s) (if any) could be
associated with tics, it is also impossible to define the way in which these other
microorganisms are related to tics: could they be the causes, or could they collaborate with
S. pyogenes in triggering symptoms? Are some of their antigenic determinants common
with S. pyogenes ? Or are none of them really associated with tics? In any case, even if
some reports have been published, they could support the hypothesis that the genetic
background of these patients (including any immunodeficiencies) may generally make them
more susceptible to certain infectious organisms and more prone to develop antibodies
against microbial and brain antigens.

Plurality of antigens involved

This last hypothesis stated above seems to be supported by the results of a study (Bombaci,
et al., 2009) that used a protein array to test the antibody responses of children with tics to a
panel of more than 100 recombinant S. pyogenes antigens. These patients had chronic tic
disorders, but no overt pharyngitis and no previous rheumatic diseases; their results were
compared with those of healthy control children without tics and with children with
microbiologically demonstrated S. pyogenes pharyngitis. The results showed that a group of
25 antigens were recognized by sera of all three groups; 21 antigens reacted with sera of tic
and pharyngitis patients, but poorly with control sera; and 5 antigens were preferentially
recognized by sera from children with chronic tics. Moreover, the overall response to the
tested antigens appeared to be stronger in tic patients than in pharyngitis cases. What is most
interesting is that this strong response to streptococcal antigens in the absence of clinical
evidence of pharyngitis was independent of ASLO titers or an S. pyogenes positive throat
culture. The results of the study indicated that a subgroup of tic patients show a typical
profile of subjects who mount a broad, specific immune response to S. pyogenes antigens in
the absence of clinical pharyngitis, and suggests that in genetically predisposed patients, a
strong anti- S. pyogenes response due to a lengthy exposure to streptococcal antigens (like in
long-term carriers or children with frequent pharyngitis) may produce a cumulative
threshold of antibodies that are needed to produce recrudescences. The effect of other
environmental factors (stress or other concomitant infections) may help in triggering the
disorder in the absence of overt infection. The results show how ASLO, ADB, and the
positive S. pyogenes throat swab may be sufficient to predict children who are at risk of
developing neuropsychiatric movement or tic-like symptoms.

The high number of proteins tested in the study, and the strong preferential response by the
tic sera to five of them, does not necessarily mean that these antigens are involved in tics,
since only protein antigens have been examined, and because of the broad plasticity
demonstrated by S. pyogenes in switching on or off the genes (Hertzén, et al., 2012) on the
basis of the intracellular or extracellular environment. However, the stronger response in the
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children with tics suggests that they responded more strongly to streptococcal antigens than
did children with pharyngitis or children in the control group. This could be due to repeated
streptococcal infections, as is believed to occur with rheumatic fever.

Characterization of the strains

No attempts to characterize the strains from tic patients for their possible specific virulence
factors or antibiotic resistance have been made, nor have studies been attempted of M
proteins (the fundamental antigens of S. pyogenes), which are involved in pathogenicity and
used in characterization of the strains. Could M proteins play any role in the development of
tics, or are specific M types more frequently found in these movement disorders? In one
study (Mdiller, et al., 2001), Mueller detected antibodies against M1 and M 23, and in the
Johnson study (Johnson, Kurlan, Leckman, & Kaplan, 2010) some M types of the strains
isolated from swabs are reported, but not many studies that specifically examine the M types
of the S. pyogenesisolated in these patients have been published.

Creti et al. (Creti, et al., 2004) examined 100 strains collected from 368 children with tics
during years 1996-2001. Strains were typed by M protein agglutination and emm molecular
typing. Sixty-seven children (18%), 53 males and 14 females had one or more throat swab
test positive for S. pyogenes . Notably, while no problems were found with the molecular
typing, 35% of the isolates resulted in being non-typable by anti M-protein sera even after
repeating the typing in 3 centers (Rome, Prague, and Minneapolis), which indicates a very
scarce presence of M protein on the surface.

No specific emm types associated with these patients were found, but 5 types, namely M12
(11.40%), M22 (11.40%), M5 (8.86%), M3 (6.32%), and M89 (6.32%) accounted for 44.3%
of the strains, while M4, M2, and M1 accounted for 5.06% each. A large number of different
types was found, and in some cases, a type was represented by only one or two isolates. M3
and M5 were generally associated with ASLO titers higher than 407 1U, but the numbers
were too small to make a comparison to other M types. It is interesting that, even if the rank
order appeared different from that of strains from pharyngitis (Dicuonzo, et al., 2001) or
invasive disease (Creti, et al., 2007) isolated from the same area in the same period, the
same M types presented the same “virulence and antibiotic string” (spe A, spe C, mefA,
erm A, erm B), independent from the source of isolation (tic, pharyngitis or invasive
disease). In Italy, M12 is the M type most frequently isolated from carriers, and M4 is
frequently associated with scarlet fever epidemics; the M types typical for rheumatic
disease, like M1, M3, M5, and M18 (Shulman, Stollerman, Beall, Dale, & Tanz, 2006),
when found, were never related to previous histories of rheumatic fever.

Even when taken with caution (due to the small amount of data available), the M types
found represent the serotypes present in a “normal” population with no specific M types or
particular virulence factors. In this sense, the observation of the scarce typability by anti-M
protein sera, the fact that different ernm types were isolated in strains in the following years
(2002-2007)—as happens in the natural selection of the strains—and that strongly mucoid
strains, which are traditionally “rheumatogenic,” were never found, all support the
hypothesis that the strains found were those that circulate in the normal population. On the
other hand, changes in the rank of frequency can be expected when a limited number of
strains are studied; this possibly reflects the normal epidemiological relationship between
circulating types and the population immunological condition and dynamics (when
antibodies have been raised against one serotype among the population, this type decreases
its frequency). Nevertheless, this finding could be important, along with immunologic and
genetic study of these patients, to determine why individuals are more prone to streptococcal
infections, to improve the knowledge about these isolated strains, and to detect if there is
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any specific reason that facilitates their colonization or their long-term residence in the
throat.

The effect of a genetic predisposition for rheumatic disease has already been described by
Bryant et al. (Bryant, et al., 2014), who investigated whether any difference in immune
response detectable by gene expression can be found between individuals susceptible to
ARF and those who are not. The authors found that 34 genes were significantly and
differentially expressed between ARF-susceptible and ARF-resistant subjects, 7 of which
were involved in immune response genes, chemotaxis, and apoptosis.

Kotb et al. (Kotb, et al., 2008), used S. pyogenes as a model to demonstrate in cell cultures
and in animal models (including transgenic mice) how the host’s genetically determined
response may be modulated by environmental factors and how the response to some
streptococcal superantigens may account for the different severity of the invasive disease
determined. The same type of study might be useful for PANDAS and for tics in general.

The role of stress

Studies on TS/OCD report the relevance of psychosocial stress, which suggests that these
disorders are sensitive to stress and show a high stress response (Corbett, Mendoza, Baym,
Bunge, & Levine, 2008; Chappell, et al., 1994; Buse, Kirschbaum, Leckman, Miinchau, &
Roessner, 2014); these findings offer further evidence that many different factors contribute
to these movement disorders. A cohort of 86 children diagnosed with TS/OCD and 41
matched controls were followed in a longitudinal study to verify if TS/OCD patients showed
higher levels of psychosocial stress, as compared to the healthy population (Lin, et al.,
2007). Notably, while levels of psychosocial stress were modest but were significant
predictors of future tic symptom severity, current tic severity was not a significant predictor
of psychosocial stress.

The same group in a longitudinal study monitored 45 cases (with 11 defined as PANDAS)
and 41 healthy controls for 2 years with thrice-yearly visits and monthly telephone
conversations to examine the impact of new S. pyogenes infections and psychosocial stress
on future fluctuations of tic/OCD and the severity of depressive symptoms. PANDAS cases
had higher (even if not significant) number of S. pyogenes infections compared to normal
controls or non-PANDAS cases. Psychosocial stress and newly defined (or possible
diagnosed) S. pyogenes infections were significant predictors of future symptom severity:
newly diagnosed S. pyogenes infections increased by a factor of more than three, which
indicates the power of psychosocial stress to predict future symptom severity. The study
suggests that a minority of children with tics or OCD are sensitive to antecedent S. pyogenes
infections, and that psychosocial stress is a potent factor associated with future worsening of
tics (Lin, et al., 2010).

Clinical trial in PANDAS

Another source of information on the relationship between S. pyogenes and neuropsychiatric
symptoms comes from clinical trials. Based on experience with acute rheumatic fever
(ARF), in which secondary prophylaxis with penicillin reduced recurrences of ARF or SC
by preventing S. pyogenes infections, some studies were conducted on patients with
PANDAS.

The first one was an 8 month, double-blind, balanced cross-over study (Garvey, et al.,
1999). Thirty-seven children who met the five classical criteria for PANDAS, were
randomized to receive either 4 months of the active compound (twice daily oral 250 mg
penicillin V) followed by 4 months of a placebo, or a placebo followed by penicillin V.
Subjects were evaluated monthly for eight consecutive visits in order to assess the clinical
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features (ratings of tics, obsessive compulsive symptomatology, anxiety, and depression) as
well as undergo laboratory evaluation (including serum titers of antistreptolysin-O (ASLO),
anti-deoxyribonuclease B (anti-DNaseB) and throat cultures). These results showed no
significant difference between the two phases in the number of both streptococcal infections
and symptom exacerbations. The authors reported a lack of compliance by 26 of the
children, which they attributed to an overall failure to achieve the aims of the study.

Some years later, the same group conducted another double-blind, randomized controlled
trial (Snider, Lougee, Slattery, Grant, & Swedo, 2005); in this study, 23 subjects with
PANDAS received an antibiotic prophylaxis with penicillin or azithromycin for 12 months.
In particular, subjects were randomized in a double-blind fashion to receive either penicillin
V-K 250 mg two times a day, or azithromycin 250 mg capsules two times a day, on one day
of the week and placebo capsules taken two times a day on the other six days. The rate of
streptococcal infections and symptom exacerbations were assessed during the study year by
monthly visits and laboratory evaluation (ASLO and Anti-DNase B titers) and were then
compared with those of a baseline year (for which subjects/parents were asked to
retroactively recall the number of clinical exacerbations and streptococcal infections;
medical records were also reviewed). Results showed a significant reduction (96%) of the
rate of streptococcal infections, as well as of neuropsychiatric symptoms (64%) in both
groups.

The authors concluded that both penicillin and azithromycin are effective in preventing S.
pyogenes infections, and that both penicillin and azithromycin may be effective in
preventing S. pyogenes -triggered neuropsychiatric exacerbations in children in the
PANDAS subgroup. However, they also suggest great caution when interpreting the data,
due to the small number of patients and the lack of a placebo. It should be mentioned that
this study received several criticisms, including from the Tourette’s Syndrome Study group
(Budman, et al., 2005), about many of the study’s methodological aspects. Most recently, a
report published by Murphy et al. suggested that a reduction of symptoms using the p-
lactam antibiotic cefdinir was observed in PANS (Murphy, Parker-Athill, Lewin, Storch, &
Mutch, 2015a), which supports the potential usefulness of antibiotics in these diseases.

To our knowledge, apart from the above-mentioned studies and a case series report (Murphy
& Pichichero, 2002), no other data have been published to establish a treatment protocol for
antibiotic therapy or prophylaxis in PANDAS subjects. Caution is advised against the over-
use of antibiotic treatments of PANDAS or PANS patients, as well as of subjects that show
only a single exacerbation of neuropsychiatric (tics or OCD) symptoms, which has been
reported in the US (Gabbay, et al., 2008) and in other countries.

Anti-Neuronal Autoantibodies in Sydenham Chorea and Pediatric Autoimmune
Neuropsychiatric Disorder Associated with Streptococci (PANDAS)

Sydenham chorea (SC) is well established as the neurologic manifestation of acute
rheumatic fever (Taranta & Stollerman, 1956), and is characterized by antibodies found in
the cytoplasm of neurons in the caudate and putamen regions of the human brain (Husby,
van de Rijn, Zabriskie, Abdin, & Williams, Jr., 1976). Little was known about the antibodies
and how they affected the brain until human mAbs were derived from SC (Kirvan, Swedo,
Heuser, & Cunningham, 2003) and were found to react with the group A streptococcal
carbohydrate epitope N-acetyl-beta-D-glucosamine and brain antigens lysoganglioside
(Kirvan, Swedo, Heuser, & Cunningham, 2003) and tubulin (Kirvan, Cox, Swedo, &
Cunningham, 2007). Evidence from studies of human chorea-derived mAbs strongly
suggests that autoantibody crossreactivity between streptococci and brain is an important
feature in Sydenham chorea (Kirvan, Swedo, Heuser, & Cunningham, 2003; Kirvan, Cox,
Swedo, & Cunningham, 2007; Kirvan, Swedo, Kurahara, & Cunningham, 2006b). Human
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mAbs and antibodies in sera or cerebrospinal fluid from the SC-activated calcium
calmodulin dependent protein kinase 1l (CaMKII) in human neuronal cells (Kirvan, Swedo,
Heuser, & Cunningham, 2003) and led to an increase in dopamine release from the human
neuronal cell line using tritiated dopamine assays (Kirvan, Swedo, Kurahara, &
Cunningham, 2006b). Further study indicated that chorea-derived mAb (24.3.1) induced
tyrosine hydroxylase activity in dopaminergic neurons after the intrathecal transfer of
purified human mAb 24.3.1 (Kirvan, Swedo, Heuser, & Cunningham, 2003) into a Lewis rat
brain (Kirvan, Swedo, Kurahara, & Cunningham, 2006b). The removal of 1gG from serum
caused a loss of neuronal cell-signaling activity (Brimberg, et al., 2012; Kirvan, Swedo,
Heuser, & Cunningham, 2003), and plasmaphoresis was found to improve chorea symptoms
(PerImutter, et al., 1999; Garvey, Snider, Leitman, Werden, & Swedo, 2005). Therefore,
antibody-mediated neuronal cell signaling was induced by IgG antibodies in serum or
cerebrospinal fluid from SC, and the presence of these signaling autoantibodies were
associated with symptoms (Kirvan, Swedo, Heuser, & Cunningham, 2003; Ben-Pazi, Stoner,
& Cunningham, 2013). Antibody-mediated neuronal cell signaling in SC is a novel
pathogenic mechanism which is important in the movement and neuropsychiatric disorder of
acute rheumatic fever (Kirvan, Swedo, Heuser, & Cunningham, 2003). SC may be a model
for other movement and neuropsychiatric disorders associated with infections, such as
PANDAS (Swedo, et al., 1998).

To further the studies of the antibodies in SC and related diseases, a novel transgenic mouse
model expressing an SC-derived brain autoantibody was developed to gain insight into /n
vivo functional antibody targets that may be involved in the mechanisms of SC, and to test
the hypothesis that autoantibodies from movement and behavioral disorders target neurons
and possibly the dopamine D2 receptor (D2R) in the brain (Cox, et al., 2013). Transgenic
mice expressed chorea-derived, human mAb 24.3.1, heavy and light chain variable region
(VH and V) genes as part of a chimeric (human V gene/mouse constant region) 1gG12
antibody construct (Figure 3). Mice transgenic for mAb 24.3.1 V genes were validated by
characteristic cross-reactive anti-neuronal antibody specificities in serum, and of mAbs
produced from lymphocytes from spleens of transgenic mice. In our SC transgenic mouse
model, chimeric 24.3.1 antibody expressed in mouse B cells and serum penetrated the brain
and dopaminergic neurons in the basal ganglia of transgenic mice. Expression of the V
genes of SC mAb 24.3.1 (Cox, et al., 2013) in transgenic mice demonstrated that the SC
antibody V gene expression in the serum of transgenic mice targeted dopaminergic tyrosine
hydroxylase positive neurons in the basal ganglia of the transgenic mice (Cox, et al., 2013),
as shown in Figure 2. These results were consistent with evidence seen in human SC
(Husby, van de Rijn, Zabriskie, Abdin, & Williams, Jr., 1976). In addition, human mAb
24.3.1 from SC was shown to react with and signal the human dopamine D2 receptor
expressed in transfected cell lines (Cox, et al., 2013). Evidence using a flag-tagged D2
receptor, as well as signaling of the human D2 receptor in transfected cell lines,
demonstrated that human mAb, as well as human SC sera IgG, targeted the dopamine D2
receptor (Cox, et al., 2013). In addition, antibodies (IgG) were also present in serum against
the human D1 receptor, and further studies suggested that the ratio of the anti-D1R/D2R
antibodies correlated with symptoms (Ben-Pazi, Stoner, & Cunningham, 2013). The studies
also showed that anti-D1 receptor and anti-D2 receptor antibodies (IgG) were significantly
elevated in serum from SC, as well as PANDAS, as described by Cox et al. (Cox, et al.,
2013).

PANDAS shares similar antibodies against the dopamine receptors, as does SC (Cox, et al.,
2013). The symptoms of PANDAS, as originally reported, appear as small choreiform
piano-playing movements of the fingers and toes which were reported in the first 50 cases
by Swedo et al. (Swedo, et al., 1998). PANDAS is characterized by tics and OCD; which, in
addition to the fine choreiform movements, are not as obvious as those movements seen in
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SC (Garvey, Snider, Leitman, Werden, & Swedo, 2005; Garvey & Swedo, 1997). The fine
choreiform movements of lower amplitude than chorea may go unnoticed in PANDAS and
can lead to poor handwriting associated with learning and behavioral regression, enuresis,
separation anxiety and night-time fears, and anorexia in approximately 17 percent of cases
(Swedo, et al., 1998). The appearance of PANDAS is very striking because the onset is very
sudden, such as overnight behavioral changes.

For years the focus of research on SC was primarily on the chorea and involuntary
movements, with little attention given to the neuropsychiatric obsessive-compulsive
symptoms which predate the chorea and characterize the neurological manifestations of
acute rheumatic fever (Ben-Pazi, Stoner, & Cunningham, 2013). These manifestations may
be seen in other types of infections, and in these cases, is termed pediatric acute onset
neuropsychiatric syndrome or PANS (Swedo, Leckman, & Rose, 2012). There have been
many questions about PANDAS/PANS, which current research is attempting to answer.
Clearly, the original PANDAS group has many similarities to SC, including a previous S.
pyogenes infection; however, unlike SC, PANDAS has a male predominance (Swedo, et al.,
1998; Murphy, Parker-Athill, Lewin, Storch, & Mutch, 2015a; Swedo, et al., 1989; Swedo,
1994; Swedo, Leckman, & Rose, 2012; Snider & Swedo, 2004). PANS and more chronic
types of tics and OCD are not always associated with S. pyogenes infections. More chronic
tics and OCD may not display the small choreiform piano-playing movements of the fingers
and toes, and are not similar to SC in their anti-neuronal antibody patterns of antibodies
against the dopamine D2 receptor (Cox, et al., 2015; Singer, et al., 2015). More chronic
forms of tics and OCD do not have the 1gG antibodies against the D2 receptor (Cox, et al.,
2015; Singer, et al., 2015; Morris-Berry, et al., 2013). PANDAS with small choreiform
piano-playing movements of the fingers and toes (Swedo, et al., 1998) share the antibodies
against both D1 and D2 receptors with SC (Cox, et al., 2013; Brimberg, et al., 2012; Ben-
Pazi, Stoner, & Cunningham, 2013) and also have elevated antibodies against tubulin and
lysoganglioside (Cox, et al., 2013; Brimberg, et al., 2012; Kirvan, Cox, Swedo, &
Cunningham, 2007; Ben-Pazi, Stoner, & Cunningham, 2013). Both tics and OCD, including
the original PANDAS (Swedo, et al., 1998) and the more chronic tics and OCD are both
temporally associated with S. pyogenes infection and have a significantly elevated abnormal
CaMKII (Kirvan, Swedo, Snider, & Cunningham, 2006a; Cox, et al., 2015; Singer, et al.,
2015). More studies of PANS are required to study children who have OCD and tics that are
not associated with S. pyogenes infection.

Animal models of movement and obsessive compulsive symptoms have been studied in a
mouse model and Lewis rat model, where both models show positive evidence that
symptoms are associated with anti-streptococcal antibodies. Immunization of a mouse model
(Hoffman, Hornig, Yaddanapudi, Jabado, & Lipkin, 2004) with streptococcal components in
Freund’s complete adjuvant led to behavioral alterations and compulsions, and a subset of
mice with antibody deposits in several brain regions, including deep cerebellar nuclei
(DCN), globus pallidus, and the thalamus (Hoffman, Hornig, Yaddanapudi, Jabado, &
Lipkin, 2004). Group A streptococcal immunized mice with increased deposits of 1gG in the
deep cerebellar nuclei exhibited increased rearing behavior, as compared to controls. These
data suggested that immune responses against S. pyogenes were associated with motoric and
behavioral disturbances, and suggested anti- S. pyogenes antibodies that cross-react with
brain components may lead to symptomatology (Hoffman, Hornig, Yaddanapudi, Jabado, &
Lipkin, 2004). Passive transfer of anti-streptococcal antibodies from the immunized mice
into naive mice led to autoantibody deposits in the brain, as well as behavior changes
(‘YYaddanapudi, et al., 2010).

Another animal model of SC, and potentially PANDAS, was created in the Lewis rat
(Brimberg, et al., 2012), which demonstrated that exposure to group A streptococcal
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antigens during immunization led to behaviors characteristic of SC and PANDAS. After at
least two immunizations, rats were not able to hold a food pellet as well as control rats, and
also could not traverse a narrow beam as well as control rats (Brimberg, et al., 2012). In
addition, the rats demonstrated a compulsive grooming behavior. Antibody 1gG deposits
were observed in the Lewis rat striatum, thalamus, and frontal cortex, and concomitant
alterations in dopamine and glutamate levels in the cortex and basal ganglia were observed,
which were consistent with SC and its related neuropsychiatric disorder. In the rat model,
serum from group A streptococcal immunized rats activated CaMKII in SKNSH neuronal
cells (Brimberg, et al., 2012) like that observed for sera from acute SC (Kirvan, Swedo,
Heuser, & Cunningham, 2003). The expression of SC mAb V genes in transgenic mice
demonstrated that antibody in SC most likely targets the dopamine receptors on
dopaminergic neurons, since the antibody was observed in the cytoplasm of dopaminergic
neurons in the basal ganglia (Cox, et al., 2013) and was found to signal the dopamine D2
receptor, as well as associate with the flag-tagged D2 receptor on transfected cells (Cox, et
al., 2013). The reactivity of chorea-derived mAb 24.3.1 or SC 1gG with D2R was also
confirmed by the blocking of Ab reactivity by an extracellular D2R peptide (Cox, et al.,
2013).

To summarize, the anti-neuronal antibodies present in SC and PANDAS with fine
choreiform piano-playing movements include anti-lysoganglioside (Kirvan, Swedo, Snider,
& Cunningham, 2006a), anti-tubulin (Kirvan, Cox, Swedo, & Cunningham, 2007), anti-
dopamine D2 receptor (D2R) (Cox, et al., 2013; Brimberg, et al., 2012; Ben-Pazi, Stoner, &
Cunningham, 2013), and anti-dopamine D1 receptor (D1R) (Ben-Pazi, Stoner, &
Cunningham, 2013) antibodies. In SC, the ratio of the anti-dopamine D2 receptor / anti-
dopamine D1 receptor antibodies correlated with the UFMG-Sydenham's-Chorea-Rating-
Scale (USCRS) clinical rating scale of neuropsychiatric symptoms (Ben-Pazi, Stoner, &
Cunningham, 2013). Most importantly, these antibodies in both SC and PANDAS signaled
the SKNSH human neuronal cell line and activated calcium calmodulin-dependent protein
kinase 1l (CaMKII) (Kirvan, Swedo, Heuser, & Cunningham, 2003; Kirvan, Swedo, Snider,
& Cunningham, 2006a), which may have led to excess dopamine release (Kirvan, Swedo,
Kurahara, & Cunningham, 2006b). Figure 4 shows a model diagram from a recent review
(Cunningham, 2012).

In our most recent studies of tics and OCD, anti-neuronal autoantibodies were investigated
as well as antibody-mediated neuronal cell signaling activity as previously reported for SC
and PANDAS to determine immunological profiles for a large cohort (n=742) of children
with tics and/or OCD (Cox, et al., 2015). The goal of this study was to expand upon these
earlier observations and to investigate whether sera from patients with OCD, tics, or both
resulted in higher CaMKII induction, as compared to healthy controls, and also to see if sera
from patients with OCD, tics, or both showed elevated reactivity to previously tested
neuronal antigens, tubulin and lysoganglioside, and to dopamine D1 and D2 receptors,
which appeared to be targets of autoantibodies in an animal model as well as human sera
IgG from PANDAS sera (Brimberg, et al., 2012). In addition, the link between streptococcal
infection and OCD, tics, or both was investigated. The study focused on 311 of the 742
participants who had a history of neuropsychiatric illness with streptococcal infections or
not, and tics, OCD, or both. Not all 311 subjects fell into every category studied, which
resulted in only 261 of the 311 participants with confirmed tics, OCD, or both. Of the 311
individuals, 222 (71%) had evidence of a confirmed group A streptococcal infection, which
was associated with tics and/or OCD status (p=0.0087) (Cox, et al., 2015). In our study, the
presence of OCD and/or tics was associated with positive streptococcal infection status (p =
0.0087). It was also found that subjects who were positive for streptococcal infection were
more likely to have both OCD and tics (51%), as opposed to those who were negative for
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streptococcal infection (30%), while there was no significant association when tics or OCD
were considered alone, relative to streptococcal infection.

Individuals with tics and/or OCD (n=261) had evidence of elevated serum 1gG antibodies
against human D1R (p<0.0001) and lysoganglioside (p=0.0001), and higher activation of
CaMKI|I activity (p<0.0001) in a human neuronal cell line, as compared to healthy controls
(n=16). Furthermore, children with tics and/or OCD had significantly increased activation of
CaMKI|I activity, as compared to children with only tics or only OCD (p<0.033 for each)
(Cox, et al., 2015).

Our new study also revealed two important correlations that involved CaM kinase 11
activation: one, the presence of OCD and/or tics was positively associated with CaM kinase
Il activation (n = 261, p = 0.0008); and two, CaM kinase Il activation was elevated for
children with OCD and/or tics (n=261), with the median percentile of CaMKII increased
values ranging from 149 to 162 percentile units above the baseline enzyme activity, while
CaMKII activation remained unaffected in healthy controls, with a median of 94 (equivalent
to baseline CaMKI| activity at approximately 100) (n = 16, p < 0.0001) (Cox, et al., 2015).
The difference in the median value for CaMK Il activation between patient samples and
healthy controls is similar to what was found for PANDAS sera and hon-PANDAS sera in
previous studies (Kirvan, Swedo, Snider, & Cunningham, 2006a).

Our study showed that sera IgG from cases with OCD, tics, or both reacted more
significantly with human D1 receptor antigen, as compared to healthy controls in direct
ELISA (p <0.0001) (Cox, et al., 2015). Clearly, serum IgG from our tics and OCD cohort
did not react significantly above normal values with the human D2 receptor and were
determined to be more chronic, since the symptoms were present for >1 year or longer in our
cohort. Reactivity of the original acute onset PANDAS and SC sera IgG as tested in direct
ELISA reacted more significantly with the dopamine D2 receptor antigen, as compared to
healthy controls, while and PANDAS sera reacted more significantly with both the D1 and
D2 receptor antigens when compared with healthy controls. Additionally, when the sera of
261 patients diagnosed with OCD, tics, or both was found to react in a direct ELISA with
lysoganglioside as the antigen, sera IgG had statistically significant higher titers than healthy
controls (p = 0.0001) (Cox, et al., 2015). The direct ELISA with tubulin as the antigen did
not show a statistically significant difference between sera from tics, OCD, or both, versus
healthy controls.

To summarize this study, the presence of OCD and/or tics was associated with positive
streptococcal infection status (p = 0.0087). It was also found that subjects who tested
positive for streptococcal infection were more likely to have both OCD and tics (51%)
versus those who tested negative for streptococcal infection (30%), while there was no
significant association when tics or OCD were considered alone, relative to streptococcal
infection. As a result, it is possible that subjects that present with both OCD and tics are
more likely to have had streptococcal infections. Presentations of OCD and tics alone are
potentially manifestations of disorders not associated with S. pyogenes . The study also
suggested a significant correlation of streptococcal associated tics and OCD with elevated
anti-D1R and anti-lysoganglioside anti-neuronal antibodies concomitant with the higher
activation of CaMKII in human neuronal cells. The statistically significant correlation
between a history of chronic tics/fOCD with anti-neuronal antibodies against the D1R and
lysoganglioside and functional activation of CaMKII suggests that at least some pediatric
neuropsychiatric disorders may be associated with autoimmunity against the brain. The
functional activity of the autoantibodies which signal CaMKII in human neuronal cells
suggests that antibodies could target receptors in the brain and alter dopamine
neurotransmission, which could lead to neuropsychiatric symptoms.
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The mechanisms and effects of anti-neuronal antibodies on the brain include alterations in
dopamine transmission, including the release of excess dopamine from neuronal cells.
Excess dopamine was released from the SKNSH cell line when treated with a human mAb
from SC (Kirvan, Swedo, Kurahara, & Cunningham, 2006b) and human mAb from
PANDAS was found to cause alterations in the sensitivity of the receptors to dopamine
(Zuccolo, 2015). Evidence in animal models and humans strongly suggest that antibodies
mediate inflammatory consequences in SC, PANDAS, and PANS (Brimberg, et al.,

2012; Lotan, et al., 2014a; Perlmutter, et al., 1999; Lotan, Cunningham, & Joel, 2014b).
There may be other brain antigens targeted by autoantibodies in PANDAS/PANS and
related autoimmune diseases that may affect memory and behavior (Hoffman, Hornig,
Yaddanapudi, Jabado, & Lipkin, 2004; Yaddanapudi, et al., 2010; Huerta, Kowal,
DeGiorgio, Volpe, & Diamond, 2006; Kowal, et al., 2004; DeGiorgio, et al., 2001).

Finally, molecular mimicry between S. pyogenes and the brain is supported by evidence
from studies of human mAbs and serum 1gG antibodies from rheumatic fever (Kirvan,
Swedo, Heuser, & Cunningham, 2003; Galvin, Hemric, Ward, & Cunningham, 2000). The
investigation of human mAbs from SC has supported the hypothesis that antibodies against
the S. pyogenes carbohydrate epitope GIcNAc (Kirvan, Swedo, Heuser, & Cunningham,
2003) recognize crossreactive structures on neuronal cells in the brain, which may lead to
the onset of SC. In the brain, antibody-mediated neuronal cell signaling may be a
mechanism of antibody pathogenesis in SC. The emerging theme in mimicry suggests that
crossreactive autoantibodies target intracellular antigens—but for disease pathogenesis, the
antibodies must target the surface of neuronal cells by affecting the signaling pathways in
neurons. These mechanisms of molecular mimicry lead to the effects seen in acute
rheumatic fever and related autoimmune sequelae associated with S. pyogenes infections.
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Figurel.
A. 300 S. pyogenes colony-forming units (CFUs) were suspended in 5 mL Todd Hewitt broth in an 0.1mL plated (pour plate)

in blood Columbia agar. The recovery was about 50%. B. 500 S. pyogenes CFUs put in 5 mL Todd Hewitt Broth. 0.1mL and
0.2 ml were pour plated in blood Columbia agar and compared to 0.1 mL directly streaked on the surface.
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Figure 2.

Evolution criteria of PANDAS and PANS (modified from (Swedo, Leckman, & Rose, 2012)

Expressed 24.3.1 IgG12 Ab binds dopaminergic neurons in vivo

Co-localization of anti-mouse IgG12(FITC-labeled) and
Tyrosine Hydroxylase (TH) Ab (TRITC-labeled) in Tg mouse brain

A. (24.3.1)1gG12 C. Merged

Conjugate controls

(20x)

Figure 3.
Human Sydenham chorea 24.3.1 V gene expressed as a human V gene-mouse IgGla constant region in Transgenic(Tg) mice

targets dopaminergic neurons in the basal ganglia (most likely substantia nigra, based on location). Chimeric Tg24.3.1 VH
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IgGla Ab expressed in Tg mouse sera penetrated dopaminergic neurons in Tg mouse brain in vivo. Colocalization of Tg 24.3.1
lgG1la (anti-lgGla Ab, green Left Panel) and Tyrosine Hydroxylase Antibody (anti-TH Ab, yellow Middle Panel). TH is a
marker for dopaminergic neurons. Left panel shows IgG1la (FITC labeled), center panel shows TH Ab (TRITC labeled), and
right panel is merged image (FITC-TRITC). Brain sections (basal ganglia) of VH24.3.1 Tg mouse (original magnification 320),
showing FITC labeled anti-mouse IgG1la (A), TRITC-labeled anti-TH Ab(B), and merged image (C). Controls treated with
secondary antibody are negative. Figure 3 is similar to the figure shown in Cox et al. (Cox, et al., 2013).

CaM Kinase Il AutoantibOdy

|

Tyrosine Hydroxylase

Dopamine

Synaptic
vesicle T
oy — Sydenham chorea
Autoreceptor PANDAS
Figure 4.

Simplified illustration of a potential pathogenic mechanism of antibody mediated neuronal cell signaling in Sydenham chorea
and PANDAS. Antineuronal antibody (IgG) may bind to receptors (blue triangle) on the surface of neuronal cells and trigger
the signaling cascade of CaMKI|, tyrosine hydroxylase, and dopamine release, which may potentially lead to excess dopamine
and the manifestations of Sydenham chorea. Similar to figure shown in Cunningham 2012 review (Cunningham, 2012).

Table 1:
Historical PANDAS diagnostic criteria (from (Swedo, et al., 1998))

All five criteria must be met

Presence of obsessive-compulsive disorder (OCD) and/or a tic disorder

Prepubertal symptom onset

Acute symptom onset and episodic (relapsing remitting) course

Temporal association between S. pyogenes infection and symptom onset /exacerbation

Associated with neurologic abnormalities (choreiform movements, motoric hyperactivity)
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Studies to establish the association of S. pyogenes and other infections or stress situation with some
neuropsychiatric disorder (tics/fOCD, TS)

Pros/Conclusive

Cong/Inconclusive

Anti-S. pyogenes antibodies and
neuropsychiatric behaviors in animal
models of group A streptococcal
immunization and passive antibody
transfer

(Hoffman, Hornig, Yaddanapudi, Jabado, & Lipkin, 2004)
(Yaddanapudi, et al., 2010)

(Brimberg, et al., 2012)

(Lotan, et al., 2014a)

(Lotan, Cunningham, & Joel, 2014b)

Retrospective studies associate
S. pyogenes with tics and OCD

(Mell, Davis, & Owens, 2005)
(Singer, Giuliano, Zimmerman, & Walkup, 2000)
(Cox, et al., 2015)

(Schrag, et al., 2009)

Cross sectional studies associate
S. pyogenes with tics and OCD

(Swedo, et al., 1998)

(Cardona & Orefici, Group A streptococcal infections and tic disorders
in an Italian pediatric population, 2001)

(Cardona, et al., 2007)

(Garvey, Giedd, & Swedo, 1998)

(Macerollo & Martino, 2013)

Longitudinal studies associate
S. pyogenes with tics and OCD

(Murphy & Pichichero, 2002)
(Murphy, et al., 2004)
(Martino, et al., 2011)
(Murphy, et al., 2007)
(Singer, et al., 2015)

(Luo, et al., 2004)

(Kurlan, Johnson, Kaplan,
& Tourette Syndrome
Study Group, 2008)
(Leckman, et al., 2011)
(Morris-Berry, et al., 2013)

Antibodies against streptococcal
antigens in tics and OCD

(Morshed, et al., 2001)

(Midller, et al., 2001)

(Church, Dale, Lees, Giovannoni, & Robertson, 2003)
(Lin, et al., 2010)

(Martino, et al., 2011)

(Bombaci, et al., 2009)

(Loiselle, Wendlandt,
Rohde, & Singer, 2003)

Antibodies against anti-basal ganglia in
S. pyogenes sequelae, tics and OCD

(Dale, et al., 2001)

(Kirvan, Swedo, Heuser, & Cunningham, 2003)
(Kirvan, Swedo, Snider, & Cunningham, 2006a)
(Martino, et al., 2011)

(Dale, et al., 2012)

(Cox, et al., 2013)

(Loiselle, Wendlandt,
Rohde, & Singer, 2003)
(Morris, Pardo-Villamizar,
Gause, & Singer, 2009)

Other pathogens associated with tics and
ocD

(Riedel, Straube, Schwatz, Wilske, & Miller, 1998)

(Midiller, et al., 2004)

(Hoekstra, Manson, Steenhuis, Kallenberg, & Minderaa, 2005)
(Krause, et al., 2010)

Involvement of psychosocial stress in
tics and OCD

(Chappell, et al., 1994)

(Lin, et al., 2007)

(Corbett, Mendoza, Baym, Bunge, & Levine, 2008)

(Buse, Kirschbaum, Leckman, Miinchau, & Roessner, 2014)
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Abstract

Context—Attention-deficit/hyperactivity disorder (ADHD)—characterized by symptoms of
inattention and hyperactivity-impulsivity—is the most prevalent childhood psychiatric disorder that
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frequently persists into adulthood, and there is increasing evidence of reward-motivation deficits in
this disorder.

Objective—To evaluate biological bases that might underlie a reward/motivation deficit by imaging
key components of the brain dopamine reward pathway (mesoaccumbens).

Design, Setting, and Participants—We used positron emission tomography to measure
dopamine synaptic markers (transporters and D,/D receptors) in 53 nonmedicated adults with
ADHD and 44 healthy controls between 2001-2009 at Brookhaven National Laboratory.

Main Outcome Measures—We measured specific binding of positron emission tomographic
radioligands for dopamine transporters (DAT) using [1C]cocaine and for D,/D3 receptors using
[1C]raclopride, quantified as binding potential (distribution volume ratio —1).

Results—For both ligands, statistical parametric mapping showed that specific binding was lower
in ADHD than in controls (threshold for significance set at P<.005) in regions of the dopamine
reward pathway in the left side of the brain. Region-of-interest analyses corroborated these findings.
The mean (95% confidence interval [CI] of mean difference) for DAT in the nucleus accumbens for
controls was 0.71 vs 0.63 for those with ADHD (95% Cl, 0.03-0.13, P=.004) and in the midbrain
for controls was 0.16 vs 0.09 for those with ADHD (95% CI, 0.03-0.12; P <.001); for D,/D3
receptors, the mean accumbens for controls was 2.85 vs 2.68 for those with ADHD (95% ClI, 0.06—
0.30, P=.004); and in the midbrain, it was for controls 0.28 vs 0.18 for those with ADHD (95% Cl,
0.02-0.17, P=.01). The analysis also corroborated differences in the left caudate: the mean DAT for
controls was 0.66 vs 0.53 for those with ADHD (95% Cl, 0.04-0.22; P=.003) and the mean D,/D3
for controls was 2.80 vs 2.47 for those with ADHD (95% ClI, 0.10-0.56; P=.005) and differences in
D,/Dj3 in the hypothalamic region, with controls having a mean of 0.12 vs 0.05 for those with ADHD
(95% ClI, 0.02-0.12; P=.004). Ratings of attention correlated with Do/Ds3 in the accumbens (r =0.35;
95% Cl, 0.15-0.52; P =.001), midbrain (r=0.35; 95% CI, 0.14-0.52; P=.001), caudate (r=0.32; 95%
Cl, 0.11-0.50; P=.003), and hypothalamic (r=0.31; CI, 0.10-0.49; P=.003) regions and with DAT
in the midbrain (r=0.37; 95% CI, 0.16-0.53; P <.001).

Conclusion—A reduction in dopamine synaptic markers associated with symptoms of inattention
was shown in the dopamine reward pathway of participants with ADHD.

Attention-deficit/hyperactivity disorder (ADHD) is characterized by symptoms of inattention,
hyperactivity, or impulsivity that produce impairment across cognitive, behavioral, and
interpersonal domains.! Although for many years it was believed to be a disorder of childhood
and adolescence, it is now recognized to also occur in adulthood. It is estimated that ADHD
affects 3% to 5% of the US adult population,? which makes it one of the most prevalent of all
psychiatric disorders.

Genetic and environmental etiologies that implicate the neurotransmitter dopamine have been
proposed for ADHD.3 Genetic studies have identified a few genes with polymorphisms
associated with ADHD, with the most replicated being 2 dopamine genes (eg, DRD4 and DAT
1 genes),® and environmental studies have identified important non-genetic risk factors (eg,
maternal smoking during pregnancy and lead levels) that also may affect the dopamine systems
of the brain. Evidence from brain imaging studies have shown that brain dopamine
neurotransmission is disrupted in ADHD®~9 and that these deficits may underlie core
symptoms of inattention® and impulsivity.®

There is also increased awareness that patients with ADHD may have reward and motivation
deficits.10-12 Although defined in different way sacross studies, this reward-motivation
deficitis typically characterized by abnormal behavior change following conditions of reward
and punishment. For example, compared with nondiagnosed children, those with ADHD do
not modify their behavior in the face of changing reward conditions.1® The mesoaccumbens
dopamine pathway, which projects from the ventral tegmental area (VTA) in the midbrain to
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the nucleus accumbens is critically involved in reward and motivation4 and has been
hypothesized to underlie the reward and motivational deficits observed in ADHD.11:15 Indeed
recent functional magnetic resonance imaging (fMRI) studies showed decreased nucleus
accumbens activation with processing of reward in participants with ADHD.16:17 However, to
our knowledge no study has directly measured synaptic dopamine markers in the accumbens
region of individuals with ADHD.

Based on this, we hypothesized abnormalities in the mesoaccumbens dopamine pathway
(composed of dopamine cells in the midbrain and their projections to the accumbens) in ADHD.
Totest this hypothesis, we evaluated dopamine D,/D3 receptor(dopamine postsynaptic marker)
and DAT (dopamine presynaptic marker) availability in these brain regions in 53 adult
participants with ADHD (never medicated) and 44 non-ADHD controls using positron
emission tomography (PET) and both [*1C]raclopride and [11C]cocaine (D,/Dj receptor and
DAT radioligands respectively).18:19

The PET imaging was carried out at Brookhaven National Laboratory and patient recruitment
and evaluation occurred at Duke University, Mount Sinai Medical Center, and University of
California, Irvine, from 2001-2009. Institutional review board approval was obtained from all
participating institutions. Written informed consent was obtained from all participants after the
study had been fully explained to them. Participants were paid for their participation. We
studied 53 never-medicated ADHD patients (including 20 described in a prior report of striatal
DAT and dopamine release®:8) and 44 healthy controls. Participants with ADHD were recruited
from clinical referrals to the ADHD programs at each institution.

To minimize confounding from prior drug exposures or comorbidity, participants were
excluded if they had a prior history of substance abuse (other than nicotine) or with positive
urine drug screen results, prior or current treatment with psychotropic medications (including
stimulants), psychiatric comorbidities (axis | or Il diagnosis other than ADHD), neurological
disease, medical conditions that may alter cerebral function (ie, cardiovascular,
endocrinological, oncological, or autoimmune diseases), or head trauma with loss of
consciousness (>30 minutes). These rigorous exclusion criteria contributed to the length of the
study (from 2001 to 2009).

Two clinicians interviewed the patients to ensure that Diagnostic and Statistical Manual of
Mental Disorders(Fourth Edition) (DSM-1V) diagnostic criteria were met, including the
presence of at least 6 of 9 inattention symptoms (with or without 6 of 9 hyperactive or impulsive
symptoms) as ascertained with a semi-structured psychiatric interview using modifications for
adult prompts of ADHD behaviors. The Clinical Global Impressions Severity scale® was used
to assess over all impairment. For diagnosis, ADHD participants were required to have atleast
a moderate severity level of 4 or greater. In addition, evidence was required from each
participant’s history that some symptoms of ADHD started before age 7 years. Controls were
recruited from advertisements in the local newspapers and met the same exclusion criteria but
not the inclusion criteria for diagnosis of ADHD. Controls were excluded if they described
symptoms of inattention or hyperactivity that interfered with everyday activities. Table 1
provides demographic and clinical characteristics of the participants.

Clinical Scales

The DSM-1V ADHD items were assessed using the Strengths and Weaknesses of ADHD-
symptoms and Normal-behavior (SWAN) rating scale, which uses a positive scale for
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symptoms (1 to 3) and a negative scale for the opposite of the symptoms (-1 to —3) ranging
from far below average to far above average.2! This allows one to assess the full range of
functioning in the 2 domains of ADHD defined as dimensions in the population (ie, attention
and activity or reflectivity) to be assessed rather than the severity of psychopathology related
to presence of inattention and hyperactivity-impulsivity symptoms in those with ADHD. The
range for the scores of the SWANIs-3 to 3. The psychometric properties of the SWAN rating
scale are superior to those of truncated symptom-severity ratings scales.2? Ratings on the
SWAN were completed on 46 ADHD participants and 38 controls and were used to assess the
correlations between these dimensions across all participants and the PET dopamine measures
(Table 1).

Also obtained was the Conners Adult ADHD Rating Scale long version, which provides self-
assessment of severity of ADHD symptoms on a 4-point scale (not at all, 0; just a little, 1;
pretty much, 2; and very much, 3). Eight scores are provided (range of possible scores): A,
inattention/memory problems (0-36); B, hyperactivity/restlessness (0-36); C, impulsivity/
emotional lability (0-36); D, problems with self-concept (0-18); E, DSM-IV inattentive
symptoms (0-27); F, DSM-IV hyperactive-impulsive symptoms (0-27); G, DSM-IV symptom
total (0-54); and H, ADHD index (0-36).23 This rating system has been widely used in clinical
and research settings and has well-established factor structure, reliability, and validity (Table
1)_24

A Siemens HR* tomograph was used (Siemens/CTIKnoxville, Tennessee; resolution 4.5 x 4.5
x 4.5 mm full width half-maximum). Dynamic scans were started immediately after injection
of 4 to 10 mCi of [L1C]raclopride (specific activity 0.5-1.5 Ci/uM at end of bombardment) and
after injection of 4 to 8 mCi of [11C]cocaine (specific activity >0.53 Ci/umol at end of
bombardment) and were obtained for a total of 60 minutes as previously described.18:19 Arterial
blood was obtained to measure the concentration of unchanged [11C]raclopridel® and [11C]
cocaine? inplasma. Forth is study,[*1C]cocaine was chosen as the DAT radioligand because
its specific binding is selective for DAT (its binding is inhibited by drugs that block the DAT
but not by drugs the block the norepinephrine or the serotonin transporters)2>; it provides with
reproducible measures when participants are tested on separate occasions'® and its kinetics are
ideal for in vivo quantification.26 Moreover, its synthesis is very reliable, which is important
when conducting complex multitracer studies like those performed in this study.

Image Analysis and Statistics

The[11C]raclopride and the[11C]cocaine images were transformed into distribution volume
ratio images by computing the total distribution volume in each pixel and then dividing it by
the distribution volume in the cerebellum. To obtain the distribution volume, circular regions
in the cerebellar hemispheres were extracted in 2 planes located at —28 mm and —36 mm from
the intercommissural plane. The cerebellar regions were then projected to the dynamic scans
to obtain concentrations of 11 C vs time, which along with the concentration of unchanged
tracer in plasma were used to calculate the distribution volume in the cerebellum, using a
graphical analysis technique for reversible systems.28 Ba,/Kg (distribution volume ratio —1,
for which Ky and By, are the effective in vivo constants in the presence of endogenous
neurotransmitter and nonspecific binding) was used as the measure of D,/D3 receptor and DAT
availability.26 The ratio Bpyax/Kg measured in this way is referred to as the binding potential,
BPnp- Also measured was the plasma-to-tissue transfer constant (K1) in striatum and
cerebellum for both radioligands using the graphical analysis technique.28

Statistical parametric mapping 27 was used to assess the differences in the distribution volume
ratio images (for both [11C]raclopride and [*1C]cocaine images) between controls and
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participants with ADHD without an a priori selection of anatomical brain regions. For this
purpose the distribution volume ratio images were spatially normalized using the Montreal
Neurological Institute template provided in the statistical parametric mapping 99 package
(Wellcome Trust Centre for Neuroimaging, London, England) and subsequently smoothed
with a 16-mm isotropic Gaussian kernel. Independent samples t tests were performed to
compare the differences between groups. Significance was set at P<.005 (cluster corrected >
100 voxels) and statistical maps were overlaid on an MRI structural image.

Significance detected by statistical parametric mapping was corroborated with independently
drawn region-of-interest analyses using templates from the Talairach Daemon database.28
Figure 1 shows the location of the region of interest used for this analysis. Differences in D,/
D3 receptor and DAT availability were assessed with independent samples t tests (2 tailed).

Pearson product-moment correlations were used to assess the relationship between the DAT
and D,/D3 receptors and the 2 dimensions of the SWAN rating score (attention and activity or
reflectivity).

Definitions for significant difference for the outcome measures! were that statistical parametric
mapping comparisons for the DAT and the D,/D3 images had to be significant at P<.005
(cluster corrected > 100 voxels) and the regional findings had to be corroborated by
independently drawn region of interestsZ; comparisons for these corroborative measures had
to be significant at P<.053; correlations analyses had to be significant at P<.006, which was
chosen to maintain an overall significance level of P<.05 based on a Bonferroni correction for
4 regions and 2 clinical measures (attention and activity or reflectivity). The statistical package
used was Statview, version 5.0.1 (Abacus Concepts, Berkeley, California).

Sample-size calculation for this study was based on our preliminary studies (with smaller
sample sizes) on DATS and D,/Dj5 receptors,® which revealed a difference in caudate between
groups at an effect size (ratio between the mean difference and the pooled standard deviation)
between 0.65 and 0.80. For such effect sizes, to achieve a power of at least 80% using the
independent samples t test with a significance level of .05 (2 sided), we needed to recruit at
least 40 participants per group. The eventual sample sizes of 53 in the ADHD and 44 in the
control groups allowed the detection of the estimated mean differences with a power between
88% and 97% via the independent samples t test at the significance level of .05 (2 sided).

Dopamine Dy/D3 Receptors

Statistical parametric mapping analysis of the [11C]raclopride distribution volume ratio images
revealed 1 cluster with lower D,/D3 availability in ADHD participants than controls in the left
hemisphere. This cluster included brain regions of the dopamine reward pathway-ventral
caudate, accumbens, and midbrain regions, as well as the hypothalamic region (Figure 2 and
the eTable available at http://www.jama.com). These findings were confirmed by
independently drawn region of interest, which also showed ADHD-control differences in left
accumbens, midbrain, caudate, and in hypothalamic regions(Table 2). There were no regions
that were higher in ADHD participants than in controls. In contrast the K; measures for [11C]
raclopride (transport of radioligand from plasma to tissue) did not differ either in left caudate
with the both groups having a mean 0.11 (95% confidence interval [CI], —0.01 to 0.006 mean
difference) or in left accumbens region with the controls having a mean of 0.12 vs a mean of
0.11 for those with ADHD (95% ClI, —0.01 to 0.005).
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Dopamine Transporters

Statistical parametric mapping analysis of the [11C]cocaine distribution volume ratio images
revealed a cluster in the same location as manifested in the [11C]raclopride images. This cluster
included the left ventral caudate, accumbal, midbrain, and hypothalamic regions, and in these
regions the mean DAT availability was lower in ADHD participants than controls (Figure 2
and eTable). There were no regions that were higher in ADHD participants than in controls.
Independently drawn region of interest corroborated significantly lower DAT availability in
left accumbens, midbrain, and caudate among participants with ADHD than among controls,
but the reductions in left hypothalamic region were not significantly different (Table 2). The
mean (95% CI for mean difference) of the K measures for [11C]cocaine did not differ in the
left caudate with 0.49 among the controls vs 0.48 among those with ADHD (95% CI, —0.05
to 0.03) or in left accumbens region with a respective difference of 0.49 vs 0.51 among those
with ADHD (95% Cl, —0.02 to 0.07).

Correlation With ADHD Symptoms Dimensions

The dimension of attention (from the SWAN) was negatively correlated with D,/D3 receptor
availability in the left accumbens region (r=0.35; 95% ClI, 0.15-0.52; P=.001), left midbrain
(r=0.35; 95% Cl, 0.14-0.52; P = .001), left caudate (r = 0.32; 95% Cl, 0.11-0.50; P=.003),
and left hypothalamic region (r=0.31; 95% CI, 0.10-0.49; P=.003) and with DAT availability
in left midbrain (r=0.37; Cl, 0.16, 0.53; P<.001; Figure 3). Because the SWAN scale rates
symptoms with a positive scale (from 1 to 3) and the opposite of symptoms with a negative
scales (from —1 to —3) the negative correlation indicates that the lower the dopamine measures,
the greater the symptoms of inattention. None of the correlations with the dimension of activity
or reflectivity was significant.

COMMENT

This study provides evidence in favor of the predicted disruption in the mesoaccumbens
dopamine pathway in ADHD. With PET imaging, lower D,/D3 receptor and DAT availability
in those with ADHD than in the control group was documented in 2 key brain regions for
reward and motivation (accumbens and midbrain).2? It also corroborates disruption of synaptic
dopamine markers in caudate in adults with ADHD and provides preliminary evidence that the
hypothalamus may also be affected.

The lower than normal Do/D3 receptor and DAT availability in the accumbens and midbrain
regions supports the hypothesis of an impairment of the dopamine reward pathway in ADHD.
30 Because measures of reward sensitivity were not measured, we can only infer that the
impairment in the dopamine reward pathway could underlie the clinical evidence of abnormal
responses to reward in ADHD. The reward deficits in ADHD are characterized by a failure to
delay gratification, impaired response to partial schedules of reinforcement, and preference for
small immediate rewards over larger delayed rewards.3! Consistent with this important clinical
feature of the ADHD syndrome, a recent fMRI study reported decreased activation of the
ventral striatum (wherein nucleus accumbens is located) for both immediate and delayed
rewards in adult participants with ADHD compared with controls.1’

In our study, the D,/D3 receptor measures in accumbens were correlated with the dimension
of attention, which would implicate the dopamine reward pathway in the symptoms of
inattention in ADHD. This could provide an explanation of why the attentional deficits in
individuals with ADHD are most evident in tasks that are considered boring, repetitive, and
uninteresting (ie, tasks or assignments that are not intrinsically rewarding).32 Finally, because
a low number of dopamine D,/D3 receptors in the nucleus accumbens have been associated
with a greater risk for drug abuse,33 future work should determine if the lower than normal
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D,/D3 receptor availability in the accumbens region in ADHD underlies the higher
vulnerability for substance abuse in this population.3*

The lower D,/D3 receptor and DAT availability in the midbrain, which contains most of the
dopamine neurons in the brain, is consistent with findings from prior imaging studies of
children and adolescents with ADHD documenting midbrain abnormalities.>+3° This could
underlie the decreased dopamine release reported in adults with ADHD® because firing of
dopamine neurons in the midbrain is responsible for release of dopamine in striatum. Moreover,
the negative correlation between dopamine markers in the midbrain and the dimension of
attention (DAT and D receptors) suggests that impaired signaling from dopamine cells may
contribute to severity of symptoms of inattention in ADHD.

Lower than normal D,/D3 receptors and DAT availability in ADHD in the caudate was also
demonstrated. Prior imaging studies had reported smaller caudate volumes36—40 and caudate
functional under activation#1:42 in ADHD participants compared with controls. In contrast,
DAT findings in striatum (including caudate) have been inconsistent in studies of participants
with ADHD vs controls, with some studies reporting high,*3 others low,® and others no
differences.** Reason(s) for the discrepancies have been outlined else where® and could reflect
differences in radiotracers, the methods used (radiotracers; PET vs single photon emission
computed tomography), differences in patients characteristics (including prior medication
histories; comorbidities, and age of participants), and sample sizes, which vary from 6 to 53
(in this study). These findings differ from those reported in adolescents with ADHD, which
showed higher D,/D3 receptor availability in the left striatum (including caudate) than in young
adults, that was interpreted to reflect deficient dopamine occupancy of these receptors.” In
these adolescents with ADHD, the largest increases in striatal D,/D3 receptor availability were
seen in those patients who at birth had the lowest cerebral blood flow measures, which was
;nterpreted to reflect the adverse consequences of neonatal distress on dopamine brain function.

The preliminary finding reported herein of lower than normal dopamine D,/D3 receptor
availability in the hypothalamic region of ADHD participants is intriguing because if
replicated, it could hypothetically provide a neurobiological basis for the high co-morbidity of
ADHD with signs and symptoms suggestive of hypothalamic pathology*® such as sleep
disturbances,* overweight or obesity,” and abnormal responses to stress.*8 Multiple
hypothalamic nuclei express dopamine D, receptors,*® but the limited spatial resolution of a
PET scan does not allow for localizing where the differences between the groups occurred.
Relevant to the role of the hypothalamus in ADHD is the association of a mutation in the
melanocortin-4-receptor (MC4R) gene, expressed in several hypothalamic nuclei that results
in obesity, with ADHD.%0

Our findings of an association of the mesoaccumbens dopamine pathway with ADHD
inattention symptoms may have clinical relevance. This pathway plays a key role in
reinforcement-motivation and in learning stimuli-reward associations,® and its involvement
in ADHD supports the use of interventions to enhance the saliency of school and work tasks
to improve performance. Both motivational interventions and contingency management have
been shown to improve performance in ADHD patients.>? Also stimulant medications have
been shown to increase the saliency of a cognitive task (motivation, interest) in proportion to
the drug-induced dopamine increases in striatum.>3

[11C] Raclopride measures are influenced by extracellular dopamine (the higher the
extracellular dopamine, the less the binding of [11C]raclopride to D,/D5 receptors), and thus
low-binding potential could reflect low D,/Ds receptor levels or increased dopamine release.
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54 However, the latter is unlikely since we had previously reported that dopamine release in a
sub-group of our ADHD participants was lower than in controls.8 Also although [11C]cocaine’s
binding to DATSs is minimally affected by competition with endogenous dopamine,®> DAT
availability reflects not only the density of dopamine terminals but also synaptic dopamine
tone, because DAT up-regulates when synaptic dopamine is high and down-regulates when
dopamine is low.56 Thus low DAT availability could reflect fewer dopamine terminals or
decreased DAT expression per dopamine terminal.

The relatively low affinity of [11C]raclopride and [*1C]cocaine for their targets makes them
better suited to measure regions with high Do/D3 receptor or DAT density (ie, caudate,
putamen, and accumbens) and less sensitive to regions with lower levels such as the
hypothalamus and midbrain. However, despite this limitation, significant differences in the
latter regions between controls and participants with ADHD was shown.

Another study limitation was that measures of reward sensitivity were not performed. Thus,
we can only infer that the decreases in the dopamine markers in the accumbens region could
underlie the reward deficits that have been reported in patients with ADHD.

Morphological MRI images were not obtained and thus whether volumetric differences in
striatum in those with ADHD that could account for these findings could not be ascertained
since volumetric differences in striatum have been reported in ADHD.36—40 However, that
there were no group differences in measures of K; (transport of radiotracer from plasma to
tissue) in striatum, which would have also been affected by volumetric changes, indicates that
these findings reflect decreased availability of DAT and D,/Ds receptors rather than decreases
secondary to partial volume effects.

The correlations with reflectivity or impulsivity and the PET dopamine measures were not
significant, which could reflect that the scores were low and thus the sensitivity to observe
such a correlation was lacking. Alternatively it could reflect the involvement of frontal regions
in impulsivity,>” which could not be measured with current PET radioligands; D,/D5 receptors
and DAT levels in frontal regions are very low.

Although the significant findings in this study are restricted to the left hemisphere, low
statistical power may have contributed to the lack of significant ADHD-normal differences in
the right brain regions. Moreover, because an a priori laterality hypothesis was lacking and, to
our knowledge, no solid evidence exists in the literature to support laterality for reward, the
laterality effects should be interpreted as preliminary and in need of replication.

This study was not initially designed to evaluate hypothalamic dopamine involvement in
ADHD. Thus, this finding is preliminary and in need of replication. Moreover, future studies
designed to evaluate hypothalamic pathology in ADHD and its potential clinical significance
should assess sleep pathology and should not exclude obese participants, as was the case for
the current study.

In conclusion, these findings show a reduction in dopamine synaptic markers in the dopamine
reward pathway midbrain and accumbens region of participants with ADHD that were
associated with measures of attention. It also provides preliminary evidence of hypothalamic
involvement in ADHD (lower than normal D/Ds receptor availability).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Axial (z=—4 mm) Coronal (y=8 mm)
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Figure 1. Regions of Interest Used to Extract the Do/D3 Receptor and Dopamine Transporter
Measures

The regions of interest for the midbrain are obtained in several planes, and the shadow is

projected to the axial image shown in the figure, which explains why the third ventricle is
covered by the region. The x coordinate maps the left-right position; they coordinate, the

anterior-posterior position; and the z coordinate, the superior-inferior position.
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Figure 2. Regions in the Brain in Which Dopamine Measures Were Lower in Participants With
ADHD Than in Controls

A, Regions showed significantly lower dopamine D,/D3 receptor availability in participants
with attention-deficit/hyperactivity disorder (ADHD) than in controls (obtained from [11C]
raclopride images). B, Regions showed significantly lower dopamine transporter availability
in the participants with ADHD than in controls (obtained from [11C]Jcocaine images).
Significance corresponds to P<.005, cluster >100 voxels. The yellow regions identify the areas
in the brain for which the measures differed between controls and participants with ADHD.
The location of the region that differed was similar for the dopamine D/D3 receptor and for
the dopamine transporter and included the locations of the left ventral striatum (including
accumbens and ventral caudate), left midbrain, and left hypothalamus. The z coordinate maps
the superior-inferior position.
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Figure 3. Regression Slopes Between Dopamine Dy/D3 Receptor and Dopamine Transporter
Availability and Scores on Attention

The Dimension of the Strengths and Weaknesses of Attention-Deficit/Hyperactivity Disorder
(ADHD)-symptoms and Normal-behavior (SWAN) rating scale uses a positive scale for
symptoms (1 to 3) and a negative scale for the opposite of the symptoms (—1 to —3) ranging
from “far below average” to “far above average.” The negative numbers in some of the regions
show that the ratio of the specific to nonspecific binding of the radioligand is very low for these
regions. The solid line in each scatter plot corresponds to the regression line (line of best fit).

JAMA. Author manuscript; available in PMC 2010 October 21.



1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Volkow et al. Page 15

Table 1

Demographic and Clinical Characteristics of Participants

Controls (n=44) ADHD (n =53)

Age, mean (SD), y 31 (6) 32 (8)

Body mass index 25 (5) 25 (3)

Sex, No. (%)

Men 30 (68) 27 (51)
Women 14 (32) 26 (49)
Education, mean (SD), y 15 (2) 15 (4)

Smoking status, No. (%)

Current 1(2) 4(7)

Pastd 4(9) 1(2)
CGl-severity, mean (SD) NA 5(1)
ADHD subtype, No. (%) NA

Inattentive 30 (57)

Hyperactive 4(7)

Combined 19 (36)

CAARS, mean (SD), score

Inattention 5(4) 25 (5)
Hyperactivity 7(4) 23 (8)
Impulsivity 4(3) 19 (7)
Self-concept 3(3) 9 (4)
DSM inattentive 3(3) 20 (4)
DSM hyperactive 3(3) 15 (6)
Total symptoms 6 (5) 36 (7)
ADHD index 4(3) 22 (5)

SWAN, mean (SD), score
Attention -15(1) 1.6 (1)

Hyperactivity -1.2(1) 0.6 (1)

Abbreviations: ADHD, attention-deficit/hyperactivity disorder; CAARS, Conners Adult ADHD Rating Scale; CGI, Clinical Global Impressions
Severity; DSM, Diagnostic and Statistical Manual of Mental Disorders (Fourth Edition); SWAN, Strengths and Weaknesses of ADHD-symptoms
and Normal-behavior.
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aTwo participants had quit smoking in the past year, whereas the others had quit more than 2 years before study start.
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Developmentally Stable Whole-Brain Volume Reductions
and Developmentally Sensitive Caudate and Putamen Volume
Alterations in Those With Attention-Deficit/Hyperactivity

Disorder and Their Unaffected Siblings

Corina U. Greven, PhD; Janita Bralten, Msc; Maarten Mennes, PhD; Laurence O'Dwyer, PhD;

Kimm J. E. van Hulzen, PhD; Nanda Rommelse, PhD; Lizanne J. S. Schweren, MSc; Pieter J. Hoekstra, MD, PhD;
Catharina A. Hartman, PhD; Dirk Heslenfeld, PhD; Jaap Oosterlaan, PhD; Stephen V. Faraone, PhD;

Barbara Franke, PhD; Marcel P. Zwiers, PhD; Alejandro Arias-Vasquez, PhD; Jan K. Buitelaar, MD, PhD

IMPORTANCE Attention-deficit/hyperactivity disorder (ADHD) is a heritable
neurodevelopmental disorder. It has been linked to reductions in total brain volume and
subcortical abnormalities. However, owing to heterogeneity within and between studies and
limited sample sizes, findings on the neuroanatomical substrates of ADHD have shown
considerable variability. Moreover, it remains unclear whether neuroanatomical alterations
linked to ADHD are also present in the unaffected siblings of those with ADHD.

OBJECTIVE To examine whether ADHD is linked to alterations in whole-brain and subcortical
volumes and to study familial underpinnings of brain volumetric alterations in ADHD.

DESIGN, SETTING, AND PARTICIPANTS In this cross-sectional study, we included participants
from the large and carefully phenotyped Dutch NeurolMAGE sample (collected from
September 2009-December 2012) consisting of 307 participants with ADHD, 169 of their
unaffected siblings, and 196 typically developing control individuals (mean age, 17.21 years;
age range, 8-30 years).

MAIN OUTCOMES AND MEASURES Whole-brain volumes (total brain and gray and white
matter volumes) and volumes of subcortical regions (nucleus accumbens, amygdala, caudate
nucleus, globus pallidus, hippocampus, putamen, thalamus, and brainstem) were derived
from structural magnetic resonance imaging scans using automated tissue segmentation.

RESULTS Regression analyses revealed that relative to control individuals, participants with
ADHD had a 2.5% smaller total brain (B = -31.92; 95% Cl, -52.69 to -11.16; P = .0027) and a
3% smaller total gray matter volume (B = -22.51; 95% Cl, -35.07 to -9.96; P = .0005), while
total white matter volume was unaltered (8 = -10.10; 95% Cl, -20.73 to 0.53; P = .06).
Unaffected siblings had total brain and total gray matter volumes intermediate to participants
with ADHD and control individuals. Significant age-by-diagnosis interactions showed that
older age was linked to smaller caudate (P < .001) and putamen (P = .01) volumes (both
corrected for total brain volume) in control individuals, whereas age was unrelated to these
volumes in participants with ADHD and their unaffected siblings. Attention-deficit/
hyperactivity disorder was not significantly related to the other subcortical volumes.

CONCLUSIONS AND RELEVANCE Global differences in gray matter volume may be due to
alterations in the general mechanisms underlying normal brain development in ADHD. The
age-by-diagnosis interaction in the caudate and putamen supports the relevance of different
brain developmental trajectories in participants with ADHD vs control individuals and
supports the role of subcortical basal ganglia alterations in the pathophysiology of ADHD.
Alterations in total gray matter and caudate and putamen volumes in unaffected siblings
suggest that these volumes are linked to familial risk for ADHD.
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Whole-Brain, Caudate, and Putamen Volumes in ADHD

ttention-deficit/hyperactivity disorder (ADHD) is a com-

mon neurodevelopmental disorder characterized by

symptoms of inattention and hyperactivity/impulsivity.*
Anatomical magnetic resonance imaging (MRI) studies have as-
sociated ADHD with a 3% to 5% smaller total brain size compared
with control individuals.>* Meta-analyses have further docu-
mented smaller volumes in ADHD across several specific brain
regions, most consistently in basal ganglia volumes: right glo-
bus pallidus and right putamen and caudate.>® These abnor-
malities are in accordance with a neurodevelopmental theory
that hypothesizes ADHD to be caused by early-emerging per-
sistent subcortical abnormalities.®

Existing brain volumetric studies in ADHD face some
limitations. First, the child and adult literature have largely
been kept separate, ignoring the transition from adolescence
into early adulthood in studying age effects. Hyperactive/
impulsive more than inattentive symptoms of ADHD tend to
decrease with age.'°*> Moreover, cross-sectional evidence
suggests that some brain volumetric alterations observed in
childhood may normalize with age.”® Second, findings on
brain volumetric alterations in ADHD have been variable (eg,
one meta-analysis reported that only 25% to 50% of included
studies revealed similar results).® Heterogeneity in sample
composition within and between studies and small samples
sizes may explain inconsistencies; individual studies
included in meta-analyses ranged from 17 to 291 participants
with ADHD and control individuals, with only 4 studies
exceeding a sample size of 100.58 The use of a large well-
defined sample has added value over and extends existing
meta-analyses, as meta-analyses are limited by shortcom-
ings of the individual studies. Third, ADHD is more common
in boys than girls,"'* and brain volumetric alterations in
ADHD may be hemisphere specific.>® However, most stud-
ies used small samples to study sex and lateralization effects
or revealed inconsistent findings.>?”®*4 Finally, ADHD runs
in families'>'7 and is heritable (76%%), and brain volumes
are also heritable (total brain volume, 66%-97%"?; subcorti-
cal volumes, 44%-88%2°). Two studies reported alterations
in prefrontal gray matter and occipital gray and white
matter,* as well as inferior frontal gyrus gray matter and
inferior fronto-occipital fasciculus white matter® not only in
participants with ADHD, but also in their unaffected siblings
relative to control individuals. Because first-degree relatives
on average share 50% of their genetic information, as well as
all familywide environmental influences, these findings sug-
gest familial (ie, shared genetic and/or shared environmen-
tal) underpinnings to associations between ADHD and brain
volumes. However, whether ADHD-brain associations are
influenced by familial factors remains widely unexplored.
The present cross-sectional study addresses these short-

comings through studying the brain volumetric correlates of
ADHD in alarge well-characterized sample of adolescents and
young adults with ADHD, their unaffected siblings, and typi-
cally developing control individuals. First, we investigated
whether ADHD was linked to whole-brain and subcortical vol-
umes and whether results were influenced by age, sex, or lat-
eralization. Second, familial underpinnings of brain volumet-
ric alterations in ADHD were examined.
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Methods

Sample

Participants came from the NeuroIMAGE project,? a fol-
low-up of the Dutch part of the International Multicenter ADHD
Genetics (IMAGE) Study performed between 2003 and 2006.232¢
The IMAGE Study recruited ADHD families with at least 1 child
with combined subtype ADHD and at least 1 biological sibling
(regardless of ADHD diagnosis) and control families with at least
1child and 1 biological sibling with no formal or suspected ADHD
diagnosis in first-degree family members. Inclusion criteria were
age between 8 and 30 years; European white descent; intelli-
gence quotient (IQ) greater than or equal to 70; and no diag-
nosis of autism, epilepsy, general learning difficulties, brain dis-
orders, and known genetic disorders. Dutch participants of the
IMAGE Study were invited for follow-up measurement and (re)
assessed in the NeuroIMAGE Study (follow-up rate: ADHD fami-
lies, 75.6%; control families, 75.1%; mean [SD] time between
measurements, 5.9 [0.74] years). Inclusion criteria were largely
consistent with the IMAGE Study, except that inclusion of any
ADHD subtype was allowed. Following exclusion for contra-
indications to MRI scanning and quality control of MRI scans
(described further on), the final sample consisted of 307 par-
ticipants with ADHD, 169 unaffected siblings, and 196 con-
trol participants (siblings from 389 families) (Table 1). The
group with ADHD (n = 307) included 128 siblings (only sib-
lings from ADHD families where each sibling had an ADHD
diagnosis), the unaffected siblings group (n = 169) included
53 siblings (only siblings from ADHD families without an
ADHD diagnosis), and the control group (n = 196) included
142 siblings (only siblings from control families). Ethical
approval for the current study was obtained from CMO Regio
Arnhem-Nijmegen, and all participants provided written
informed consent. For details on diagnostic assessment, see
eAppendix 1 in the Supplement.

Image Acquisition and Segmentation

Imaging was conducted at 2 locations (VU University Amster-
dam, Amsterdam, and Radboud University Medical Center,
Nijmegen) using 2 comparable 1.5-T scanners and scan proto-
cols (Sonata and Avanto; Siemens) with the same product
8-channel head-coil and closely matched scan protocols.”* The
protocol included 2 high-resolution T1-weighted magnetiza-
tion-prepared rapid acquisition gradient echo anatomical scans
(176 sagittal slices; repetition time = 2730 milliseconds; echo
time = 2.95 milliseconds; inversion time = 1000 millisec-
onds; flip angle = 7°; GRAPPA (generalized autocalibrating par-
tial parallel acquisition) 2; voxel size = 1.0 x 1.0 x 1.0 mm; field
of view = 256 mm). Magnetic resonance imaging scans that
yielded relevant incidental findings or in which manual rat-
ings revealed poor quality or motion artifacts were excluded.?®
In participants with 2 good-quality scans, volume estimates
were averaged across scans (eTable 1 in the Supplement).

Whole-Brain Volumes
Normalization, bias correction, and segmentation into gray

matter, white matter, and cerebrospinal fluid volumes were
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Table 1. Participant Characteristics

ADHD Siblings® Controls
Characteristic (n=307) (n=169) (n=196)
Male, % 68 43 49 Abbreviations: ADHD,
Age, mean (SD), y 17.06 (3.42) 17.52 (4.11) 16.66 (3.07) attention-deficit/hyperactivity
Total ADHD, mean (SD)P 69.99 (12.88) 47.60 (6.58) 4574 (5.24)  disorder; IQ intelligence quotient.
Median 70.00 46.00 45.00 a U|_1affected siblings of participants
i havior Scals SD)® 66.10 (11.16 47.72 (6.56 46.27 (5.61 with ADHD.
Inattentive B . . . . . .
na en‘ WEIECHENITEEL s (10 ( ) ( ) ( ) b Refers to t scores on the DSM Total,
Median 66.00 45.00 45.00 Inattentive Behavior, and
Hyperactive-Impulsive Behavior Scale, mean 69.85 (14.48) 48.29 (7.11) 46.27 (4.93) Hyperactive-Impulsive Behavior
(SD)° scales of the Conners' Parent Rating
Median 68.00 46.00 44.00 Scale-Revised?’ (scales N, L, and
IQ, mean (SD) 97.08 (15.18) 102.19 (14.54) 106.61 (13.70) M). T scores =63 are considered

clinically elevated.

performed using the unified procedure of the VBM 8.1 tool-
box (http://dbm.neuro.uni-jena.de/vbm/) in SPM (default
settings). Total gray and white matter volumes were calcu-
lated by summation of their tissue probability maps. Total
brain volume was the sum of total gray and white matter
volumes.

Subcortical Volumes

Automated FIRST (FMRIB’s Integrated Registration and Seg-
mentation Tool) subcortical segmentation was applied to es-
timate total, left, and right volumes of the amygdala, caudate
nucleus, hippocampus, nucleus accumbens, globus pallidus,
putamen, thalamus, and brainstem. Previous research has
shown these volumes to be heritable.?® FIRST is part of
FMRIB’s Software Library and performs registration and shape
modeling of the just-mentioned regions in Montreal Neuro-
logical Institute 152 standard space.?® FIRST-based segmen-
tation includes the hippocampus as a subcortical region, al-
though it is not usually considered subcortical.>®

Assessment of 1Q and Medication Use

Participants’ full-scale IQ was estimated using the Vocabu-
lary and Block Design subtests of the Wechsler Intelligence
Scale for Children III or the Wechsler Adult Intelligence Scale
III (for participants aged =17 years).>> Cumulative medication
intake, calculated as treatment duration corrected for age mul-
tiplied by the mean daily dose in milligrams, was gathered from
pharmacy transcripts and questionnaire reports (eAppendix
1in the Supplement).

Analyses

Comparisons Between Participants With ADHD

and Control Individuals

Brain volumetric measures were normally distributed and
outliers more than 3 SDs greater than or less than the mean
were removed. Overall, there were few outliers (1-5 individu-
als per volume). Associations between ADHD and brain vol-
umes were examined using regression analyses that
included brain volumes 1 by 1 as outcome measures, with
scanner location (Amsterdam or Nijmegen), age, age
squared, and sex as covariates.?®-3%-3! Total brain volume was
included as an additional covariate for regressions of subcor-
tical volumes to enable inferences about subcortical altera-

JAMA Psychiatry May 2015 Volume 72, Number 5

tions unconfounded by total brain volume.3? The regression
model included binary ADHD diagnosis (ADHD and control)
as a main effect, as well as the 2-way interaction effects
between binary ADHD diagnosis and age, age squared, and
sex (ADHD by age; ADHD by age squared; and ADHD by sex).
Interaction effects not reaching nominal significance (.05)
were dropped from the final model. Centering of variables
was used?? before creating interaction terms, and multicol-
lineary statistics were examined. To correct for the noninde-
pendence of the data of siblings in the ADHD and control
groups (see Sample description), the correlation structure of
the data was accounted for by calculating robust standard
errors using the cluster command in Stata (StataCorp).34-3>
This was merely a correction to account for the underlying
assumption in regression that observations are independent
and does not preclude examination of familiality effects
underlying brain-ADHD associations.

Correction for Multiple Testing

A multiple-testing correction was applied, which adjusts cor-
related tests based on an effective number of independent
comparisons3® derived from the eigenvalues of a correlation
matrix between the included outcome measures adjusted for
covariates. The multiple-testing adjusted P value was deter-
mined to be .003 (eTable 2 in the Supplement) and applied to
analyses comparing participants with ADHD and control in-
dividuals. Any follow-up analyses of volumes surviving mul-
tiple-testing correction used the nominal significance level (.05)
and should be seen as exploratory.

Comparisons of Unaffected Siblings With Participants

With ADHD and Control Individuals

For volumes surviving multiple-testing correction, the previ-
ously mentioned regression models were repeated, replacing
binary ADHD diagnosis with a 3-level group membership vari-
able (ADHD, unaffected sibling, and control individual). All
other model parameters were kept the same as in the analy-
ses comparing participants with ADHD and control individu-
als and the cluster command, and the same covariates were
used. Familiality was considered present if the unaffected sib-
lings differed in brain volumes from control individuals but not
from participants with ADHD or differed from both groups
showing intermediate brain volumes.
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Table 2. Participants With ADHD, Unaffected Siblings, and Control Individuals

Region

Brain Volume, Mean (SE), mL?

ADHD
(n=307)

Siblings
(n = 169)°

Controls
(n =196)

Total brain®
Gray matter
White matter

1230.59 (6.08)
724.49 (3.49)
505.59 (3.21)

1250.72 (8.27)
737.32 (4.97)
513.11 (4.17)

Accumbens

Total volume of left and right 1.15 (0.01) 1.11 (0.01)

hemispheres summed

Volume of left hemisphere 0.61 (0.01) 0.60 (0.01)

Volume of right hemisphere 0.54 (0.01) 0.51 (0.01)
Amygdala

Total volume of left and right 2.67 (0.02) 2.67 (0.03)

hemispheres summed

Volume of left hemisphere 1.30(0.01) 1.28 (0.02)

Volume of right hemisphere 1.36 (0.02) 1.38 (0.02)
Caudate

Total volume of left and right 8.11 (0.05) 7.99 (0.06)

hemispheres summed

Volume of left hemisphere 3.98 (0.02) 3.92 (0.03)

Volume of right hemisphere 4.13 (0.02) 4.07 (0.03)
Globus pallidus

Total volume of left and right 3.76 (0.02) 3.74 (0.02)

hemispheres summed

Volume of left hemisphere 1.87 (0.01) 1.85(0.01)

Volume of right hemisphere 1.90 (0.01) 1.89 (0.01)
Hippocampus

Total volume of left and right 7.81 (0.04) 7.82 (0.05)

hemispheres summed

Volume of left hemisphere 3.84(0.02) 3.83(0.03)

Volume of right hemisphere 3.97 (0.02) 3.99 (0.03)
Putamen

Total volume of left and right 10.87 (0.06) 10.85 (0.07)

hemispheres summed

Volume of left hemisphere 5.45 (0.03) 5.44 (0.04)

Volume of right hemisphere 5.43 (0.03) 5.41 (0.03)
Thalamus

Total volume of left and right 16.88 (0.06) 16.79 (0.07)

hemispheres summed

Volume of left hemisphere 8.53 (0.03) 8.48 (0.04)

Volume of right hemisphere 8.34 (0.03) 8.31 (0.04)
Brainstem 22.10(0.11) 22.18 (0.14)

1262.31 (8.15)
746.82 (5.07)
515.52 (4.15)

1.11 (0.01)
0.59 (0.01)
0.52 (0.01)
2.63 (0.03)
1.25 (0.02)
1.37 (0.02)
8.09 (0.06)
3.97 (0.03)
4.12 (0.03)
3.71(0.02)
1.83 (0.01)
1.88 (0.01)
7.80 (0.06)
3.81(0.03)
4.00 (0.03)
Abbreviation: ADHD,
attention-deficit/hyperactivit
10.73 (0.07) Seorior P y
5.38 (0.03) @ Means are based on estimated
marginal means corrected for age,
5.35(0.04) age squared, sex, and scanner
location; for subcortical volumes,
16.80 (0.08) corrgction for total brain volume is
also included.
8.49 (0.05) b Unaffected siblings of participants
8.30 (0.04) with ADHD.
22.03 (0.12) Cizlrgn:gotalgray and white matter

Sensitivity Analyses

For volumes surviving multiple-testing correction,
sensitivity analyses were conducted to examine potential
effects of total brain volume, IQ, medication, scanner
location, and sex distribution (eAppendix 2 in the
Supplement).

. |
Results

Descriptives

Mean brain volumes corrected for covariates and for raw data
are shown in Table 2 and eTable 3 in the Supplement, respec-
tively. For mean volumes relating to the sensitivity analyses,
see eTables 4 through 7 in the Supplement.

jamapsychiatry.com

Comparisons Between Participants With ADHD

and Control Individuals

Whole-Brain Volumes

Compared with control individuals, participants with ADHD
had smaller total brain (B = -31.92; 95% CI, -52.69 to —11.16;
P =.0027) and total gray matter (8 = -22.51; 95% CI, -35.07 to
-9.96; P = .0005) volumes. Total brain volume was 2.5% (32 mL)
smaller and total gray matter volume was 3% (22 mL) smaller
(Figure 1; Table 3). No significant group differences were found
for total white matter volume (3 = -10.10; 95% CI, -20.73 to
0.53; P = .06). None of the interactions between ADHD diag-
nosis and sex, age, and age squared on whole-brain volumes
were significant (Table 3). Hence, differences between partici-
pants with ADHD and control individuals in total brain and gray
matter volumes were stable across age and sex.
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Figure 1. Mean Total Brain and Total Gray Matter Volumes in Participants With Attention-Deficit/Hyperactivity Disorder, Unaffected Siblings,

and Control Individuals
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Siblings indicate the unaffected siblings of participants with attention-deficit/hyperactivity disorder. The means are based on estimated marginal means corrected
for age, age squared, sex, and scanner location. The error bars represent standard errors.

Subcortical Volumes

Main effects of binary ADHD diagnosis on subcortical vol-
umes were nonsignificant (Table 3). However, the interaction
between binary ADHD diagnosis and age on total, left, and right
caudate and putamen volumes was significant (total: P = .0004;
left: P = .0003; and right: P = .0035 for caudate) (total: P = .0011;
left: P < .0004; and right: P = .0018 for putamen) (Table 3). Be-
cause results were similar for left, right, and total volumes, sub-
sequent results are described only for total caudate and puta-
men volumes. Post hoc analyses revealed that older age was
related to smaller total caudate (P < .001) and putamen (P = .01)
volumes in control individuals but not in participants with
ADHD (caudate: P = .82; putamen: P = .16). Dividing the sample
into 3 roughly equal age bands (younger: <15 years; middle: >15-
<22 years, and older: >22 years) revealed that relative to con-
trol individuals, participants with ADHD had significantly
smaller total caudate (0.33 mL; 3.9%; P = .04) and total puta-
men (0.36 mL; 3.3%; P = .0061) volumes in the younger group,
had nonsignificantly larger total caudate volume (0.04 mL;
0.5%; P = .67) and significantly larger putamen volumes in the
middle group (0.26 mL; 2.4%; P = .02), and had significantly
larger total caudate (0.87 mL; 12.0%; P = .0088) and total pu-
tamen (0.89 mL; 8.6%; P = .0038) volumes in the older group
(eTable 8 and the eFigure in the Supplement). No significant
interaction effects were present for the other subcortical
volumes.

Comparisons of Unaffected Siblings With Participants With
ADHD and Control Individuals

Whole-Brain Volumes

Compared with participants with ADHD, unaffected siblings
had a1.6% (20 mL; P = .04) larger total brain volume and a1.8%
(13 mL; P = .03) larger total gray matter volume (Tables 2 and
3). Compared with control individuals, unaffected siblings had
nonsignificantly smaller total brain (0.9%; 12 mL; P = .32) and
total gray matter (1.3%; 10 mL; P = .18) volumes. Nonethe-
less, a linear trend was present in these volumes across the 3

JAMA Psychiatry May 2015 Volume 72, Number 5

groups (total brain: P = .0018; total gray matter: P < .0003; eAp-
pendix 3 in the Supplement), indicating that unaffected sib-
lings had total brain and gray matter volumes intermediate to
participants with ADHD and control individuals.

Subcortical Volumes

The interaction between group membership unaffected sib-
lings vs control individuals and age was a significant predic-
tor of caudate and putamen volumes (total caudate: P = .05;
total putamen: P = .0086); however, the interaction between
group membership unaffected sibling vs ADHD and age was
not significant (total caudate: P = .15; total putamen: P = .48)
(Figure 2). This suggests that the unaffected siblings differed
from control individuals but not from participants with ADHD.
As was the case for participants with ADHD, age was not sig-
nificantly related to caudate and putamen volumes in unaf-
fected siblings (total caudate: P = .09; total putamen: P = .47).

Sensitivity Analyses
Findings were robust across sensitivity analyses (eAppendix
2 in the Supplement).

|
Discussion

We found that ADHD was linked to a 2.5% smaller total brain
volume relative to control individuals, driven by a 3% smaller
total gray matter volume. Moreover, ADHD was linked to al-
terations in caudate and putamen volumes, which were de-
velopmentally sensitive. Unaffected siblings showed a pat-
tern of results intermediate to participants with ADHD and
control individuals. In this large sample, neurobiological al-
terations associated with ADHD were neither sex nor hemi-
sphere specific.

Globalized differences between participants with ADHD
and control individuals in gray matter volume across the brain
could indicate alterations to general mechanisms underlying
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Table 3. Regression of Binary ADHD Diagnosis on Brain Volumes®

ADHD ADHD by Age ADHD by Age Squared  ADHD by Sex
Region B (95% CI)° P Value B(95% ClI)° P Value B(95% CI)® PValue B (95% Cl)® P Value
Total brain® -31.92 .00279 NA NA NA NA NA NA
(-52.69 to -11.16)
Gray matter -22.51 .0005¢ NA NA NA NA NA NA
(-35.07 to -9.96)
White matter -10.10 .06 NA NA NA NA NA NA
(-20.73 t0 0.53)
Accumbens
Total volume of left and right hemispheres summed 0.04 .0082 NA NA NA NA NA NA
(0.10 to 0.07)
Volume of left hemisphere 0.01 .45 0.01 .02 0.00 .03 NA NA
(-0.01 to0 0.03) (0.00 to 0.01) (0.00 to 0.00)
Volume of right hemisphere 0.02 .0079 NA NA NA NA NA NA
(0.01 to 0.04)
Amygdala
Total volume of left and right hemispheres summed -0.05 .33 NA NA NA NA 0.18 .01
(-0.15 to 0.05) (0.04 t0 0.32)
Volume of left hemisphere 0.00 .87 NA NA NA NA 0.09 .04
(-0.05 to 0.06) (0.01t0 0.17)
Volume of right hemisphere -0.06 .08 NA NA NA NA 0.03 .03
(-0.12 to 0.01) (0.01 t0 0.18)
Caudate
Total volume of left and right hemispheres summed -0.10 31 0.08 .0004¢ 0.01 .03 NA NA
(-0.29 to 0.09) (0.03 to 0.12) (0.00 to 0.02)
Volume of left hemisphere -0.05 .33 0.04 .0003¢ 0.01 .04 NA NA
(-0.14 to 0.05) (0.02 to 0.06) (0.00 to 0.01)
Volume of right hemisphere -0.04 .45 0.03 .0035¢ 0.00 .05 NA NA
(-0.14 to 0.06) (0.01 to 0.06) (0.00 to 0.01)
Globus pallidus
Total volume of left and right hemispheres summed 0.06 .05 0.02 .0073 NA NA NA NA
(0.00 to 0.12) (0.01 to 0.04)
Volume of left hemisphere 0.04 .01 0.01 .02 NA NA NA NA
(0.01 to 0.07) (0.00 to 0.02)
Volume of right hemisphere 0.02 .17 0.01 .0081 NA NA NA NA
(-0.01 to 0.05) (0.00 to 0.02)
Hippocampus
Total volume of left and right hemispheres summed 0.00 .96 NA NA NA NA NA NA
(-0.15 to 0.14)
Volume of left hemisphere 0.02 .67 NA NA NA NA NA NA
(-0.06 to 0.10)
Volume of right hemisphere -0.03 48 NA NA NA NA NA NA
-0.11 to 0.05)
Putamen
Total volume of left and right hemispheres summed 0.18 .04 0.09 00119 NA NA NA NA
(0.00 to 0.36) (0.04 to 0.15)
Volume of left hemisphere 0.09 .05 0.05 .0004¢ NA NA NA NA
(0.00 t0 0.17) (0.02 to 0.07)
Volume of right hemisphere 0.10 .06 0.04 .0018¢ NA NA NA NA
(0.00 to 0.20) (0.02 to 0.07)
Thalamus
Total volume of left and right hemispheres summed 0.08 44 NA NA NA NA NA NA
(-0.13 to 0.29)
Volume of left hemisphere 0.04 .51 NA NA NA NA NA NA
(-0.08 to 0.15)
Volume of right hemisphere 0.04 .45 NA NA NA NA NA NA
(-0.06 to 0.14)
Brainstem 0.11 .54 NA NA NA NA NA NA
(-0.23 to 0.44)
Abbreviations: ADHD, attention-deficit/hyperactivity disorder; NA, not covariates were age, age squared, sex, and scanner location; for subcortical
applicable (interaction was dropped from the final model because it did not volumes, covariates also included total brain volume.
reach nominal significance [P < .05]). € Sum of total gray and white matter volumes.
° Rgsults from th‘e final .regression model examining-associations between 9Indicates P value remains significant following multiple testing (effective
binary ADHD diagnosis (ADHD vs control) and brain volumes. Boldface number-adjusted P value threshold of .003).

indicates results surviving multiple-testing correction.
J P B ¢ Although the ADHD-by-age interaction on right caudate volume just failed to

b ) . . - .
For main ef.fects, B (ungtandardlzeq regression coefficient) is e.qual to.the meet the multiple-testing-corrected threshold, plotting the data revealed that
difference in mean brain volumes (in milliliters) between the diagnostic groups the pattern of results was highly similar for left, right, and total caudate
adjusted for covariates in the model (eg, B = -31.92 denotes that participants volumes.

with ADHD had a 31.9-mL-smaller total brain volume than control individuals).
The main effect of ADHD was never dropped from the model. Included
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Figure 2. Group-by-Age Interaction on Caudate Nucleus Volume (A) and Putamen Volume (B)
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normal brain development such as those concerning neuron
number (eg, neurogenesis and naturally occurring neuron
death) and neuronal migration.37-3® This is in line with results
from genome-wide association and bioinformatics analyses
that implicated abnormal neuronal migration and directed neu-
rite outgrowth in ADHD.3%4° Such mechanisms could be probed
further through studying post-mortem brain tissue or animal
models. Smaller total brain and gray matter volumes in par-
ticipants with ADHD, relative to control individuals, were found
at different ages, consistent with previous research that re-
lated smaller total brain size to ADHD in children and
adolescents,?* as well as in adults.**

The caudate and putamen play important roles in several
basal ganglia-thalamocortical circuits#*? involved in motor con-
trol and learning, as well as selecting and enabling cognitive,
executive, and emotional programs.4* Several of these pro-
cesses (eg, motor functions, reward processing, and cogni-
tive and attentional control) are impaired in ADHD.®2®* We
found that older age was significantly related to smaller cau-
date and putamen volumes in control individuals, in line with
previous studies in typically developing individuals report-
ing a decline in basal ganglia volumes across childhood

JAMA Psychiatry May 2015 Volume 72, Number 5

development.3°#4 In contrast, in participants with ADHD, age
was not significantly related to caudate and putamen vol-
umes. As a result, participants with ADHD had smaller cau-
date and putamen volumes than control individuals in child-
hood and early adolescence (aged 8-15 years); these differences
diminished in midadolescence to late adolescence. Previous
studies also found smaller, or different-shaped, basal ganglia
volumes in ADHD5-8:45-46; further, the different developmen-
tal trajectories in participants with ADHD and control indi-
viduals may provide a potential explanation for previous stud-
ies suggesting that alterations in basal ganglia volumes in ADHD
normalize with age.?7-® By early adulthood (aged 22-30 years),
ADHD was related to larger caudate and putamen volumes rela-
tive to control individuals, inconsistent with previous stud-
ies in adults with ADHD showing smaller basal ganglia
volumes'#4748 or no differences.*®>' Most adult studies in-
cluded older participants than the current study, potentially
explaining this inconsistency. Delays in developmental tra-
jectories of the caudate and putamen3°“4 in ADHD may po-
tentially explain why larger volumes observed in the current
study are no longer observed in studies on older samples. Al-
ternatively, the larger volumes in early adulthood may repre-
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sent overcompensatory mechanisms or could be related tore-
duced neuronal pruning. In a longitudinal study of children
and adolescents (aged 4-19 years), participants with ADHD had
smaller basal ganglia volumes and total surface areas com-
pared with control participants; however, inconsistent with our
results, these differences were fixed over time.>* Only in a small
region involved in reward processing, the ventral striatal sur-
face area, did developmental trajectories differ between par-
ticipants with ADHD and control participants.>? Hence, a next
step to extend the present findings would be to study the
mechanisms underlying the age-by-diagnosis interaction ef-
fects in caudate and putamen volumes in a longitudinal de-
sign and to apply complementary methods in the same par-
ticipants (eg, surface area and voxel-based morphometry) to
reveal findings that may be undetectable by the volumetric
technique used here. Overall, our results were consistent with
the hypothesis that subcortical alterations are key in the patho-
physiology of ADHD.?

Findings in the unaffected siblings provided evidence that
total brain, gray matter, caudate, and putamen volumes are
linked to familial risk for ADHD. As familial underpinnings of
ADHD are thought to be largely genetic,'”->3 it is plausible that
genetic mechanisms may underlie the reported ADHD-brain
associations, creating possible new targets for molecular ge-
netic research. Given the small percentage of volume differ-
ence and additional challenges added by age-dependent ef-
fects in the caudate and putamen, multisite international
consortia comprising large data sets from different age groups
are necessary in such gene-identification efforts.

Although effect sizes were small, effects were robust across
sensitivity analyses. The only exception was that the interme-
diate position of unaffected siblings for total brain and gray
matter volumes was carried by only 1 of our scanner locations
(Nijmegen). Hence, familiality with regard to total brain and gray
matter volumes should be interpreted with some caution. When
IQwasincluded as a covariate, alterations in total brain and gray
matter volumes were attenuated but remained. Thereisan ac-
tive debate whether studies on ADHD should adjust for IQ group
differences®* because IQ is likely to share meaningful vari-
ance with ADHD.>> Therefore, including IQ as a covariate may
lead to overcorrection. Hence, we report findings with and with-
out adjustment for IQ. Two cross-sectional meta-analyses and
areview, based on binary medication use or percentage treated,
concluded that ADHD medication may decrease structural brain
alterations in participants with ADHD.”#:¢ In contrast, a lon-
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gitudinal study found no significant association between using/
not using medication or the proportion of time taking medi-
cation and developmental trajectories of basal ganglia.>> The
present study is in line with the latter results, as we found no
association between cumulative medication intake and brain
volumes in participants with ADHD. Hence, our findings do not
support a normalizing effect of stimulant medication on struc-
tural brain alterations. Nonetheless, medication effects need
to be explored more fully longitudinally before drawing firm
conclusions (eg, through studying age at medication initia-
tion, long- vs short-acting stimulants, and stimulants vs non-
stimulants).

A major innovation of this study was the inclusion of un-
affected siblings, allowing the study of familial effects, the use
ofalarge sample, and the use of a more precise measure of medi-
cation (cumulative medication intake) for which we had com-
plete data. The present sample followed a naturalistic design,
allowing greater generalization to families with ADHD as a
whole, in contrast to the common approach to use a matched-
sample design. Nonetheless, our findings were also robust when
groups were matched for sex. Further, our sample included ado-
lescents and young adults, which are an underrepresented age
group because most studies have focused either on child or adult
samples. Therefore, the current study contributes to fill sev-
eral gaps in the literature and helps to investigate the influ-
ence of age on brain volumetric alterations in ADHD.

Naturally, this study also comes with limitations. First, the
current study was cross sectional. Longitudinal follow-up is
underway. Second, because most of this sample was adoles-
cent, age-dependent results in early adulthood should be in-
terpreted with some caution. Third, although we had clear rea-
sons to focus on total and subcortical volumes, there are other
relevant brain regions such as the cerebellum and frontal
areas.>*°Finally, the FIRST algorithm used to segment the sub-
cortical volumes comes with limitations®®; nonetheless, it is
more objective than manual segmentation methods.

. |
Conclusions

Our cross-sectional findings point to the relevance of differ-
ent trajectories of brain development in ADHD vs control par-
ticipants that are influenced by familial factors. Our results also
support the role of subcortical basal ganglia alterations as key
to understanding the pathophysiology of ADHD.
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Abstract We report rates of regression and associated
findings in a population derived group of 255 children aged
9-14 years, participating in a prevalence study of autism
spectrum disorders (ASD); 53 with narrowly defined
autism, 105 with broader ASD and 97 with non-ASD
neurodevelopmental problems, drawn from those with
special educational needs within a population of 56,946
children. Language regression was reported in 30% with
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narrowly defined autism, 8% with broader ASD and less
than 3% with developmental problems without ASD. A
smaller group of children were identified who underwent a
less clear setback. Regression was associated with higher
rates of autistic symptoms and a deviation in develop-
mental trajectory. Regression was not associated with
epilepsy or gastrointestinal problems.

Keywords SNAP - Autism - Regression - Outcome -
Epilepsy - Gastro-intestinal problems

Retrospective histories from parents and analysis of home
videotapes have shown that for most children with autism,
abnormalities in development become clear prior to 2 years
of age (Adrien et al. 1991; Dahlgren and Gillberg 1989;
Losche 1990; Osterling and Dawson 1994; Rogers and
DiLalla 1990; Werner et al. 2005; Werner and Dawson
2005) and often within the first year of life. However, a
feature of autistic development that remains a puzzle is that
some children present with apparently normal development
as perceived by parents followed by quite marked cessation
of skill acquisition and frequent loss of, or failure to use,
acquired language and social skills. Commonest in the
second year of life, this has been termed ‘autistic regres-
sion’, and occurs in 15-40% of children with autism
(Fombonne and Chakrabarti 2001; Kurita 1985; Lord et al.
2004; Luyster et al. 2005; Prizant 1996; Richler et al.
2006; Tuchman and Rapin 1997).

Some parents report that there is a very abrupt change in
their child’s development and behaviour, others report a
much more gradual change lasting weeks. In some cases
parents report that development has been normal prior to
the regression (although more detailed examination and
retrospective videos may indicate some subtle impairment),

@ Springer
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others report that although there was some delay in
acquiring skills they still note significant regression. Even
in those children where there is no obvious loss of skills,
stasis of cognitive and social development may be reported
by parents and has now been found in studies of at risk
infants—the siblings of children with autism (Landa and
Garrett-Mayer 2006; Landa et al. 2007).

A common operational definition of regression is a loss
of spoken language after the first 3-5 word stage of
acquisition (LeCouteur et al. 1989; Lord et al. 1994, 2004;
Tuchman and Rapin 1997). There is also usually loss of
non-verbal communication (e.g. gestures such as waving
bye-bye) frequently decreased use of eye gaze to regulate
social interaction, some social withdrawal and lack of social
interest, and sometimes a loss of play skills (Ozonoff et al.
2005; Werner et al. 2005). Gross motor development is not
usually affected although some parents note a change in fine
manipulative skills (Davidovitch et al. 2000). However, in
children who have not reached the 3-5 word stage of lan-
guage development, parents may note regression of babble
and proto-words with or without regression in social inter-
est, gestures etc. The period of developmental stasis or loss
of skill-use is usually followed by a regaining of skills but at
varying rates. Some children never regain lost skills (Evans-
Jones and Rosenbloom 1978; Lord et al. 2004).

Several reports have suggested that the eventual outcome
in children with regression is that of a lower language level,
lower IQ and lower adaptive level compared with those who
do not regress (Kurita 1985; Hoshino et al. 1987; Kobay-
ashi and Murata 1998; Rogers and DiLalla 1990). However,
other studies have found no difference in outcome (Chak-
rabarti and Fombonne 2001; Davidovitch et al. 2000; Lord
et al. 2004) or mixed results with the regressed group
showing a bimodal outcome in verbal IQ and social reci-
procity (Richler et al. 2006) which may be a result of
inclusion of differing groups within the autism spectrum.

Regression to autism in older children following a per-
iod of clearly normal development up to the age of at least
2 years is classified separately in ICD-10 (WHO 1993) and
DSM-IV (APA 2000) as Developmental or Other Child-
hood Disintegrative Disorder (CDD). Previously titled
Heller’s syndrome, regression is in language, communi-
cation, social play, curiosity in the environment, sometimes
loss of bowel/bladder function and the onset of stereotyped
skills. This is a rare phenomenon. Fombonne (2002) esti-
mates a prevalence of CDD of no more than 0.2/10,000. In
several studies the CDD group have a poorer outcome in
terms of cognitive and functional skills (Malhotra and
Gupta 2002; Volkmar and Cohen 1989), though Kurita
et al. (2004) found no such difference.

The process underlying regression and stasis is
unknown. There has been speculation that the anatomical
remodelling of the brain with synaptic growth and pruning
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during the second year of life is impaired in autism due to
gene-based mechanisms (Carper and Courchesne 2005)
resulting in variable effect on function. Also a suggestion
that regression constitutes a genetically different disorder
(Molloy et al. 2005), unconfirmed in the IMGSAC sample
where in families in which more than one child has autism,
regression occurred in one sib and not another (Parr et al.
2006 and in preparation), although newer genetic tech-
niques may cast further light on possible genetic
contributions (Marshall et al. 2008; Weiss et al. 2008).
Whether the regressive process is influenced by environ-
mental factors is also unknown. There has been concern
that the number of children with regressive autism has
increased but recent reviews (Fombonne and Chakrabarti
2001; Taylor et al. 2002) have shown no such increase.
Considerable research has failed to support an association
between one suggested environmental factor, MMR im-
munisation, postulated to be linked with enterocolitis and
the risk of a regressive autistic disorder (Baird et al. 2008;
DeStefano 2002; Honda et al. 2005; Richler et al. 2006).
Other suggestions have included epilepsy as a causative
factor in regression allied to Landau-Kleffner syndrome, an
aphasia due to localised peri-sylvian epilepsy (Robinson
et al. 2001), although most children with regression of
language who have autism do not have epileptic seizures
and language regression with autism is not more common
in those with epilepsy than those without epilepsy (Shinnar
et al. 2001; Tuchman and Rapin 1997).

As part of a prevalence study of autism and related
pervasive developmental disorders (commonly called
‘autism spectrum disorders’; ASDs) we assessed a group of
255 9-to-14 year old children with and without ASD drawn
from a geographically defined population rather than a
clinically referred group. A sample weighting procedure
enabled us to estimate characteristics of the total popula-
tion of children with autism and ASD. This study provided
us with the opportunity to examine the following questions
regarding the nature, timing, consequences and associated
features of regression in children with autism, other ASDs
and children without ASD with mental retardation, learning
difficulties and behavioural disorders: (a) Does regression
affect developmental trajectory and outcome? (b) Does
regression occur in non-ASD cases? (c) Is there a greater
prevalence of gastro-intestinal problems or epilepsy in the
regressed versus non-regressed groups?

Methods
Participants

The population studied is a cohort of 56,946 children born
between July Ist 1990 and December 31st 1991 from 12
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districts in the South Thames region of the UK. Children
with a statement of special educational needs (SEN) (1733;
218 of whom had a local ASD diagnosis) or a local diag-
nosis of ASD but no SEN statement (37) were screened
using the Social Communication Questionnaire (SCQ;
Rutter et al. 2003). The mean (SD) age at SCQ screening in
the whole cohort was 10.3 (0.4) years.

A subset of children, stratified by local diagnosis and
high, medium and low SCQ score (255) received an in-
depth diagnostic assessment (see Fig. 1 in Baird et al.
2006). The diagnostic assessment included standardized
clinical observation (Autism Diagnostic Observation
Schedule—Generic (ADOS-G; Lord et al. 2000)) parent
interview assessments of autism symptoms (Autism Diag-
nostic Interview-Revised (ADI-R; Lord et al. 1994)) and
assessment of IQ. Children were classified using ICD-10
research criteria as ASD or no ASD by clinical consensus
using all sources of information. The ASD group was
divided into a ‘broad ASD’ (105) and ‘narrow autism’ (53)
group, the latter defined as meeting autism criteria on the
ADI-R, the ADOS-G and clinical consensus of ICD-10
childhood autism and the broad ASD defined as all other
cases meeting clinical consensus of any ASD. The total
number of ICD-10 autism symptoms was recorded. The ‘no
ASD’ group (97) had a variety of diagnoses: intellectual
disability (mental retardation), specific language or literacy
impairments, ADHD/ODD, cerebral palsy, deafness and
visual impairment. Collectively they form a control group
for some of the analyses.

Measures

The ADI-R has specific questions (Items 11-15) about
regression of language and other skills. Regression was
defined in two ways. The first adopted the ADI-R definition
of strict language regression as ‘loss of 5 words used
communicatively for 3 months before loss’ with or without
loss of skills in other areas, a group called ‘definite lan-
guage regression’. An additional group was defined where
the parent described stasis or loss of words or babble, but
where the child had not reached the 5-word stage or there
was regression of skills other than language (Q20 in ADI
2000), called the ‘lower level regression’ group.

A systematic enquiry was additionally made of early
development using items based on the Diagnostic Inter-
view for Social and Communication Disorders (with
permission) (DISCO; Wing et al. 2002) that supplemented
the ADI items on language acquisition. The DISCO was
developed for systematic enquiry about a range of normal
and abnormal behaviours but does not have population
‘norms’. 17 questions about the normality of development
of sucking, babble, gesture, play and social responsiveness
in the first year were used and scored as described by the

authors yielding a range of scores from 0 to 34 to give a
single figure as proxy for normal early development, a
higher score indicating greater abnormality. Both the ADI-
R and DISCO questions rely on retrospective memory.
Contemporaneous child health records were available in
the majority of cases (79%) and were systematically sear-
ched to look for age of concern, age of referral, medical
problems and any contemporaneous note of developmental
problems or regression to validate the parental history. No
case met criteria for Rett syndrome or CDD.

Epilepsy was enquired about twice, once during the
ADI-R and at subsequent interview about medical condi-
tions. Seizures were classified as febrile only, epileptic past
or current (on treatment) and non-epileptic (e.g. reflex
anoxic seizures). Medical notes were checked for corrob-
oration of epilepsy. Gastrointestinal (GI) symptoms,
reflecting the presentation of GI symptoms in general
clinical paediatric practice, for the last 3 months (current)
and at any point in the past, were assessed using a ques-
tionnaire completed by the main caregiver (Circani-
Rathwell et al. in preparation). Current symptoms elicited
were of vomiting (occurring at least once per day or more
than five times in a week); diarrhoea (defined as loose/
watery stools three or more times a day >14 days); per-
sistent abdominal pain (three or more episodes severe
enough to interfere with activity) constipation (defined as a
bowel action <3 times per week); weight loss; blood in
stools and soiling. Past symptoms of vomiting, diarrhoea,
abdominal pain (defined as above) and stool withholding
were also elicited. The four symptoms of vomiting, diar-
rhoea, abdominal pain and constipation were summated to
give a possible score of 0—4 either of past or current GI
symptoms. A ‘possible enterocolitis’ group was con-
structed from the presence of 2 or more of the following 5
current gastro intestinal symptoms: persistent diarrhoea,
persistent vomiting, weight loss, persistent abdominal pain;
blood in stool; plus past diarrhoea >14 days duration and
excluding current constipation. 87 children were screened
for coeliac antibodies (in whom a sufficient blood sample
was obtained) and the single child (from the control group)
found to be positive, but asymptomatic, was excluded from
the gastro-intestinal analysis together with eight children
with cerebral palsy who might be expected to have motility
or upper GI problems.

Measures used were IQ, adaptive behaviour on the
Vineland Scales (Sparrow et al. 1984) and severity of
autism symptoms using an ICD-10 ASD symptom score
(0-12). IQ was measured in 209 children using the
Wechsler Intelligence Scale for Children (WISC-III-UK;
Wechsler 1992), Raven’s Standard Progressive Matrices
(SPM) or Coloured Progressive Matrices (CPM; Raven
et al. 1990a, b), depending on the child’s ability. For the 35
cases where SPM or CPM but not WISC full scale 1Qs
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were available, imputed full-scale IQs were obtained using
the regression relationship of full to SPM/CPM IQ within
each diagnostic group (conversion to IQ from Catherine
Lord, personal communication February 2008). For the 11
cases where no direct cognitive testing was possible all
cases had Adaptive Behaviour Composite on the Vineland
Adaptive Behaviour Scales (Sparrow et al. 1984) below 20
and these cases were assigned an 1Q score of 19 to reflect
their profound level of mental retardation.

Statistical Analysis

The text includes data on the exact numbers of children
with and without regression seen in the study. All sub-
sequent analyses presented in the tables and text are
adjusted using stratification weights. Stratification of the
ASD/SEN sample was based on whether or not a child had
a locally recorded ASD diagnosis (yes/no) and 4 levels of
SCQ score (low score (<8), moderately low score (8—14),
moderately high score (15-21), high score (>22; see Fig. 1
in Baird et al. 2006 for details). Use of weights allowed all
statistics such as proportions, means, group differences and
screen performance measures to be presented as target
population estimates, taking account not only of the dif-
ferences in sampling proportions according to SCQ score
and local ASD diagnosis, but also the differential response
to the SCQ associated with a prior local ASD diagnosis,
health district and child’s sex. Standard errors of simple
means and regression, logistic regression and proportional
hazards, regression coefficients and contrasts, Wald test
statistics and p-values were calculated using the linearisa-
tion version of the robust parameter covariance matrix as
implemented by the svy procedures of Stata 9 (Stata 2005).
Confidence intervals for the rate of regression were esti-
mated at the 2.5th and 97.5th percentiles from 1,000
bootstrap samples.

Results

In the 255 cases assessed, regression was reported in 38
cases, 28 with definite language regression and 10 with
lower level regression who are reported separately. Table 1
shows the number of cases, weighted rates and 95% con-
fidence intervals (CIs) according to regression category and
diagnosis.

The Definite Language Regression Group
Of the 28 children who met criteria for ‘definite language
regression’, 26 had ASD and 2 did not. The rate of definite

language regression was significantly higher (30.2%) in the
narrow autism group than in the broad ASD group (8%,
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Table 1 Presence of regression according to diagnostic category

No ASD Broad ASD Narrow autism
No regression
N 94 93 30
Rate 97 .89 .61
95% Cls 91-1.00 .719-97 45-76
Lower-level regression
N 1 4 5
Rate .00 .03 .08
95% Cls 0-.02 .01-.06 .02-.17
Language regression
N 2 8 18
Rate .03 .08 .30
95% Cls 0-.09 .02-.18 .18-45

Rates and confidence intervals (Cls) are weighted. Rates are given for
proportion of each regression classification within each diagnostic

group

p = .01) and the no ASD group (2.8%, p = .003). The rate
of definite language regression did not significantly differ
between the (combined) ASD group (12.6%) and the no
ASD group (p = .08). 16.3% regressed in one or more area
other than language: 5.5% were reported to have lost
purposive hand movements (but did not follow a trajectory
typical of Rett syndrome), 10.5% motor skills, 2.4% self-
help skills, 19.4% constructive or imaginative play and
19.4% were reported to have regressed in the area of
social engagement/responsiveness. Association with illness
(regression reported by parents as occurring within 7 days
of an illness) was reported in 11 children: non-encephalo-
pathic illness in 8 with ASD (two parents reported that
illness and regression followed within 2 weeks of the
MMR); 1 ASD case presented aged 1 year with frequent
epileptic seizures and had a left temporal tumour subse-
quently removed. Of the 2 remaining non-ASD cases, one
had a definite encephalitis, the other was a child with
Down’s syndrome who developed leukaemia.

Age at Regression

The mean weighted age of regression was 25.0 (SE 1.5)
months for the cases with definite language regression. For
the two non-ASD cases with clear language regression the
age of loss was 20 months and 48 months, respectively.
The only other case with age of language loss greater than
33 months was one case with autism whose parents, on the
ADI-R, reported plateauing of development at 24 months
and then loss of language at 69 months of age, although
contemporaneous health records indicated parental report
of language loss at 24 months of age and they also reported
that development prior to language loss was not normal.
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Table 2 Outcome in IQ, Vineland adaptive behaviour scale and ICD-10 ASD symptom severity according to regression and diagnostic

Mean score (95% confidence intervals)

No regression

Lower-level regression

Definite language regression

classification

1Q Combined ASD
Broad ASD
Narrow autism

Vineland Combined ASD

Broad ASD
Narrow autism
Combined ASD™"
Broad ASD *b¢

ICD-10 symptom score

70.3 (63.1-77.5)
72.8 (64.1-81.6)
55.2 (50.6-61.8)
46.7 (42.0-51.4)
49.1 (44.1-54.1)
38.5 (26.8-40.2)
7.00 (6.41-7.52)
6.31 (5.86-6.76)

60.6 (41.9-79.3)
72.2 (58.5-86.0)
43.9 (14.6-73.0)
37.5 (25.9-49.2)
45.1 (33.8-56.4)
26.5 (13.8-39.3)

10.15 (9.14-11.17)

9.69 (8.16-11.24)

65.0 (57.6-70.3)
64.1 (55.5-72.8)
63.8 (54.7-73.0)
42.3 (34.7-49.8)
47.7 (39.2-56.0)
37.7 (31.0-44.4)
8.07 (5.53-10.61)
5.69 (3.19-8.19)

Narrow autism

10.55 (9.99-11.11)

10.81 (10.46-11.16) 10.12 (9.23-11.01)

F tests for significant differences within diagnostic category across regression groups, p < .05

* Overall test between all three groups
° No regression vs. lower level regression

¢ Lower-level regression vs. definite language regression

The pattern of development was thus not consistent with
CDD.

Outcome at 9—14 Years of Definite Language
Regression Compared with No Regression

Outcome was examined in terms of IQ, Vineland com-
posite scores, and ICD-10 ASD symptom score. Table 2
shows mean differences and pair-wise comparisons. The
effects of regression controlling for diagnosis were tested
in multivariate regression models. With regard to IQ and
Vineland scores, there was no significant difference
between regression and non-regression once diagnostic
category was taken into account. The ICD-10 ASD
symptom score was significantly greater in the regression
group than the no regression (non-standardized B = 3.25,
p < .001). The effect remained significant when diagnosis
(broad ASD or narrow autism) was accounted for. Age at
regression was not significantly associated with outcome
IQ, Vineland scores or ICD-10 ASD symptom score.

Table 3 Early development according to regression classification

Validation of Parental History of Regression

Contemporaneous casenote information was available for 16
of the 28 cases with clear regression. Loss of skills or stasis/
plateau was documented by paediatricians (from parental
report) in 11/16 cases (69%). For these 11 cases the age of
regression recorded in casenotes was 25.1 (SE = 1.9)
months compared to 28.4 (4.7) reported by parents in the
ADI-R, a difference that was not significant (paired t-test;
t = 0.65, p > .10). The discrepancy between the reported
ages was 12 months or less in N = 8 cases and greater than
12 months in N = 3 cases, including the case where con-
temporaneous casenotes indicated a parent-reported loss of
language from more than 20 words at age 24 months but loss
was subsequently reported at age 69 months in the ADI-R.

Language Development and Regression

Age of first words and age of first phrases (weighted) as
reported by parents during the ADI-R are shown in

Diagnoses combined

Mean score (95% confidence intervals)

No regression

Lower level regression Definite language regression

Age of first words™"® 26.1 (22.0-30.2)
43.5 (37.2-49.7)
10.3 (8.6-12.1)

Age of phrase speech
Early development problems™”

46.7 (17.5-75.8)
51.6 (30.0-73.2)
10.7 (4.8-16.5)

15.9 (13.6-19.0)
49.7 (39.4-70.0)
6.6 (4.8-8.3)

F tests for significant differences within diagnostic category across regression groups, p < .05

? Overall test between all three groups
® Definite language regression vs. no regression

¢ Definite language regression vs. lower-level regression
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Table 3. At the time of our assessment, amongst those with
autism or ASD, only 1 child with an ASD had not attained
single words. The age of acquiring first words in the defi-
nite language loss group is significantly younger than the
no regression group (B = —30.6, p = .03); these findings
remained significant when diagnosis was accounted for.
There was no significant difference between the definite
language regression and no regression groups in age of
acquiring phrase speech, either on its own, or with diag-
nosis added as a covariate.

We examined whether the failure to achieve phrase
speech varied according to regression group. Twelve
children with a ASD had not achieved phrase speech by
the time of the assessment, of whom 2 had a ASD
diagnosis and 10 an autism diagnosis representing 8% of
the non-regression group, and 9% of the definite language
regression group. A Cox proportional hazards model of
the time to phrase speech that took into account the
censored times from those who had not achieved phrase
speech, confirmed the absence of significant regression
group differences, particularly when controlling for delay
in phrase acquisition due to diagnosis (hazard ratio 0.61,
p = .03).

Early Developmental Skills, Developmental Trajectory
and Regression

The definite language regression group had lower DISCO
total scores (indicating less abnormality) than the no
regression group (B = —3.7, p = .003) and remained so
after diagnosis was accounted for (B = —4.4, p < .001).

The relationship between outcome (symptom severity),
regression and early development, was then explored by
predicting in a linear regression model symptom severity
from early development score, level of regression and
interaction between the two independent variables. A sig-
nificant interaction (t = —2.17, p = 0.03) was found, such
that the early development score was significantly posi-
tively related to later symptom severity in the no regression
and lower level regression groups but unrelated in the
definite regression group (Wald test F(1,150) = 1.12,
p = 0.29).

‘Lower Level’ Regression in ASD

Parents of 10 children reported symptoms that met the
criteria for ‘lower level’ regression. The rate of lower-level
regression was significantly higher (8.4%) in the narrow
autism group than in the broad ASD group (2.6%, p = .04)
and the no ASD group (0.4%, p = .002). The (combined)
ASD group was significantly more likely to show lower
level regression (p = .02). Of the 10 children with lower-
level regression, 9 had ASD. Regression was not associated
with illness in the 9 with ASD; the one child without ASD
regressed in motor skills only having had a cerebrovascular
event complicating an ear infection and resulting in cere-
bral palsy. Of the 9 with ASD, two (20%) lost babble or
words, 6 (60%) lost social engagement or play skills, 1 lost
hand and self-help skills. Contemporaneous casenote
information was available on 7/10 of the lower-level
regression cases. Five of these 7 (71%) have a note of some
type of regression or stasis. The age at regression was 25.0
(SE 3.3) months for cases with lower level regression (not
different to definite language regression).

Prior to regression, the score for DISCO items in the
lower level regression group (mean 10.6) was similar to
that in the no regression group (mean 10.3). Hence, there
was greater developmental impairment than in the definite
regression group (mean 6.6), although this difference was
not significant due to small sample size in the lower level
regression group. The lower level regression group had a
significantly higher ICD-10 ASD symptom score than the
no regression group (B = 2.06, p = .003) and the definite
language regression group (B = 2.31, p = .01). 36% of the
low-level regression group had not developed phrase
speech at the time of assessment (compared with 8 and 9%
of the no regression and language regression groups,
respectively).

Both Regression Groups Combined

The outcome of both definite language and lower level
regression combined is similar to each in that the main
effect is on increase in ICD10 symptoms and thus a diag-
nosis of autism rather than ASD.

Table 4 Rate of febrile convulsions and epilepsy according to regression group

Rate (95% confidence intervals) and N affected

No regression

Lower-level regression Definite language regression

Febrile convulsions .03 (0-.07),N=5
.12 (05-21), N =15

.07 (.02-.15), N = 8

Epilepsy ever
Current epilepsy

07 (01-.07), N = 1
33 (0-71), N =2
33 (0-.75), N =2

.05 (0-31), N =1
.07 (0-25), N =2
0(N/A),N=0
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Table 5 Mean number of gastrointestinal symptoms”

Mean number of symptoms (95% confidence intervals), total subjects included

No regression

Lower level regression Definite language regression

Current problems .50 (321-.7890), N = 100

Past problems .54 (27-.80), N = 102

0(N/A),N=7
21 (0-61), N =7

13 (0-341), N =17
.81 (51-1.11), N = 17

# Mean scores range from 0 to 4

Association of Regression with Epilepsy or Bowel
Problems

The weighted rates of epilepsy are shown in Table 4.
Eighteen percent had a past or current history of epilepsy.
Eight percent have current epilepsy. There was no evidence
suggestive of differential rates of febrile seizures, past or
current epilepsy when comparing the definite and no
regression groups. Although past and current epilepsy are
highest in the group with lower level regression, the dif-
ference is not statistically significant due to the small
sample size in this cell.

Table 5 shows the weighted mean symptom count for
current and past gastrointestinal problems. Current symp-
toms varied across regression groups (F(2,122) = 11.96,
p = .001), but the rate was higher in the no-regression
group than the lower (F(1,122) = 7.09, p = 0.0007) or
definite regression (F(1,122) = 4.70, p = 0.03) groups. No
significant group difference was found in past gastro-
intestinal symptoms (F(2,121) = 2.84, p = 0.6). ‘Possible
enterocolitis’, as defined above was reported in one child
who did not have ASD, and also did not regress. No child
had a previous diagnosis of inflammatory bowel disorder.

Regression in Non-ASD SEN Cases

Clear language regression occurred in 2 non-ASD cases at
ages 20 months and 48 months, one had encephalitis, the
other was a child with Down’s syndrome severely ill with
leukaemia. The one non-ASD case with lower level
regression had a cerebral incident at age 9 months.

Discussion

In this study, regression is confirmed as a feature of ASD
development. It is rare in children who do not have ASD
and in these cases if it occurs is likely to be in association
with a neurological illness. We have found that the main
effect of a history of regression in autism is an outcome of
increased symptom score and more severe autism as shown
by diagnostic category. This is true for both definite
language regression and ‘lower level’ regression. To
investigate the important question of whether regression as

a feature of autism presentation exerts an additional effect
on potential developmental outcome, we have used a
measure of development in the first year as a proxy for
developmental competence and compared the predicted
trajectory from the DISCO score in non-regressed and
regressed groups. The accuracy of parental recall in the
DISCO items is unknown. However, the early DISCO
score does predict outcome in the non-regressed group and
our results suggest that there is an expected continuity in
development which is displaced by regression. Thus,
despite the definite language regression group showing
more typical development in infancy evidenced by earlier
first words and less abnormal social communication in the
first year (lower DISCO scores), that early trajectory is not
maintained (cf. Landa et al. 2007; Pickles et al. under
review). The neurodevelopmental abnormality that under-
lies this deviant developmental trajectory remains to the
determined.

This study has used two levels of regression, one clearly
defined, the other looser but based on clear parental report
of stasis and loss of babble or 1-2 words plus or minus loss
in other areas. It remains unclear whether the aetiological
or pathological process differs between definite language
regression and ‘lower level” regression. Although reported
here separately to enable comparison with other studies,
our results show that the two regression groups show
common trends in association with diagnostic group and
effects on outcome.

Recent studies reporting the development of siblings of
children with autism who go on to develop autism suggests
that there is stasis and plateauing of the rate of develop-
ment in the second year (Landa and Garrett-Mayer 2006;
Landa et al. 2007). Thus, overt regression may lie on a
continuum of no arrest in developmental progress through
plateauing to frank Regression, and the manifestation of the
regressive process appears to depend on the stage of brain
maturation and of development the child has reached rather
than their chronological age (Pickles et al. under review).
No case in this study met full criteria for Rett syndrome or
CDD. The one case that by parental report on the ADI-R
regressed at 69 months was not totally normal prior to
language loss, plateauing was reported at 24 months and
indeed examination of contemporaneous health records
indicated parent report of loss of language at 2 years of age.
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Fombonne and Chakrabarti (2001), using a similar
definition of ‘clear language regression’, found no differ-
ences in outcome between regressed and non-regressed.
Richler et al. (2006) did find lower VIQ scores and higher
(more impaired) social reciprocity ADI-R scores following
regression but also found a bimodal distribution of VIQ
scores in their regression group. That study had much
larger numbers than ours (163 with regression and 188
without) and hence greater power to detect differences.
However, there were also differences in methods: Richler
et al. (2006) used a less stringent diagnostic criterion for
autism and a broader definition of regression. Neither of
these studies attempted to predict developmental trajectory
from reported developmental status prior to regression.

We defined gastro-intestinal problems in a standard way.
Several studies have found high reported rates of gastro-
intestinal symptoms in ASD (CPEA study, Richler et al.
2006; Valicentini-McDermott et al. 2006). The choice of
14 days for diarrhoea symptoms chosen in this study may
be regarded as too short and reflective of acute illness
rather than chronic GI disorder, however we found no
evidence of more current or past gastrointestinal problems
in regressed versus non-regressed groups. This finding is in
contrast with the larger CPEA study although there are
differences in the questions asked. For example, the CPEA
study enquired about ‘change in stool frequency and con-
sistency’ rather than the specific stool frequency indicating
constipation as in the present study. The conclusions in
their paper point out that had corrections been made for
multiple comparisons of data, the differences would have
no longer been significant.

We found no evidence for excess epilepsy in regressed
versus non-regressed groups past or current, which is
consistent with Tuchman and Rapin (1997). Neither did
regression signal increased epilepsy with age (to 11-14
years). No child had a diagnosis of Landau-Kleffner syn-
drome. The reported age of language regression in this
study (25 months) is slightly later than in some other
studies. There is variation from a mean 16 months in Lord
et al. (2004) and Ozonoff et al. (2005) to around 20 months
in many studies. Tuchman and Rapin (1997) noted the age
of regression to be 12-48 months. Some variation in age of
reported regression may be accounted for by age at
reporting. The sample of Lord et al. (2004) was 4-5 years
old at their most recent ADI-R but the large CPEA study
(Luyster et al. 2005) were interviewed at a mean of 9 years
and mean age of reported word loss was 20 months.

Importantly, regression of social, language or motor
development rarely occurred in children with non-ASD
neurodevelopmental problems (see also Pickles et al. under
review who show that regression is rare in children with
language disorder), and then in association with encepha-
lopathic illness.
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Strengths and Limitations of the Study

The present study reported on a carefully ascertained and
assessed population derived sample and thus free of the
bias usually associated with a clinically referred sample.
It included non-ASD as well as narrow autism and
broader ASD cases. The use of a statistical weighting
procedure enables generalisation of the findings to the
unselected population, though at the expense of precision
(note the wide confidence intervals for some estimates).
Another strength of the present study was to be able to
corroborate parental reporting of regression and medical
problems from contemporaneous health records although
with only 57% of records available, and only 69% of
those documenting regression, positive corroboration
exists for <40% of the reported regression cases. The
limitations are the relatively small number of cases with
regression and in common with most other studies
investigating regression in ASD, the reliance on parental
report regarding the nature and timing of regression as
well as pre-regression development.

Clinical Implications

In young children presenting to child health services with
concerns about development, the spectrum of autistic dis-
orders is among the commonest of the developmental
disorders. One feature of the history that is particularly
important to take note of is regression. In the absence of an
acute neurological event or neurological signs including
epilepsy, regression in a child of 1-3 years should be a ‘red
alert’ for assessment of autism and signals an altered tra-
jectory of development (Filipek et al. 2000).
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Diagnosis of autism spectrum disorders in the first

3 years of life

RebeccaJ Landa

SUMMARY

Autism spectrum disorders (ASDs) are a class of neurodevelopmental
disorders defined by qualitative impairments in social functioning and
communication, often accompanied by repetitive and stereotyped patterns
of behavior and interests. The term ‘ASD’ encompasses autism, pervasive
developmental disorder not otherwise specified, and Asperger’s syndrome.
ASDs show etiologic heterogeneity, and there is no definitive medical test
or cure for these conditions. Around 1 in 150 children have an ASD, with
males being affected three to four times more frequently than females. The
age at diagnosis of ASD ranges from 3 to 6 years, but there is increasing
evidence that diagnosis in the second year of life is possible in some
children. Early diagnosis will lead to earlier behavior-based intervention,
which is associated with improvements in core areas, such as social
functioning and communication. Early detection of—and intervention to
treat—ASD is crucial because it is likely to lead to an improved outcome.

KEYWORDS autism, autism spectrum disorder, early detection,
early diagnosis, early intervention

REVIEW CRITERIA

PubMed was searched for articles on early symptoms of autism and intervention
studies published from January 1993 to August 2007. Search terms included
“autism” and “autism spectrum disorders”, in combination with “early detection”,
“early diagnosis”, “early intervention”, or “regression”. Abstracts and relevant
articles were reviewed and checked for new information. One intervention study
published before 1993 was included in this Review. One review article published

after August 2007 was also included.
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INTRODUCTION

The term ‘autism spectrum disorder’ (ASD)
refers to a class of neurodevelopmental disorders
characterized by qualitative impairments in the
development of social and communication
skills, often accompanied by stereotyped and
restricted patterns of interests and behavior,
with onset of impairment before 3 years of age
(definition based on the criteria for pervasive
developmental disorders in the Diagnostic and
Statistical Manual of Mental Disorders, fourth
edition [DSM-IV®; American Psychiatric
Association, Washington, DC]).! ASDs include
the diagnostic categories of autism, pervasive
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Table 1 Social, communication, and other developmental disruptions reported before 24 months of age in retrospective and
prospective studies of children later diagnosed with an autism spectrum disorder.

Behavioral
characteristic

Disruptions first reported at
6-12 months

Disruptions first reported at
9-14 months

Disruptions first reported at
20-24 months

Social
responsiveness

Social initiation

Social-
emotional
interaction

Communication
and play

Infrequent look to others’ faces or gaze
aversion14.101
Poor eye contact01

Poor social initiative®

Absence of facial expression4:15
Decreased frequency of smiling91
Lack of emotional modulation®

Delay in babbling2®
Decreased frequency of vocalization!91

Abnormal orienting to name or others’
voice16-19,102

Infrequent monitoring of others’
gaze35103

Infrequent response to others’ nonverbal
cues of shifted attention35.104

Infrequent initiation of joint attention
through pointing or showing8-:35
Infrequent directing of play acts towards
others35

Infrequent initiation of communicative
bids for social or regulatory purposes3®

Infrequent sharing of positive affect3®

Low diversity in consonants produced
communicatively3®

Infrequent and low variety of
conventional gestures20:35.107
Delayed receptive and expressive

Lack of imitation105

Lack of interest in other children3®
Infrequent social gaze in response
to others’ distress10%

Brief duration of gaze towards
others103

Infrequent seeking to share3?

Limited range of facial
expression3?
Infrequent offering of comfort3®

Failure to integrate gaze with other
communication behaviors'06
Reduced inventory of words
produced?3°:66

Abnormal prosody!06

Abnormal postural control24
Atypical movements24

Low diversity of movements24
Hypotonicity15:24

Poor motor coordination24:26

Sensory, motor
or attention
behavior

language?®

Reduced variety of play acts3®
Reduced variety of action sequences
in play35

Repetitive and perseverative
actions107.108

Difficulty with attention disengagement'®
Abnormalities in arousal or unusual
sensory responses'4:16

Hypoactivity and passivity, and decreased

object exploration 1524

Abnormal pattern and focus of attention26

developmental disorder not otherwise specified
(PDD-NOS), and Asperger’s syndrome, and they
occur in about 1 in 150 children.?

The DSM-IV® diagnostic criteria for ASDs were
established in children aged 3 years and older, and
itis not yet clear whether they are appropriate for
younger children. Nevertheless, an increasing
emphasis is being placed on earlier detection of
ASDs. There are two main reasons for this change:
first, there is mounting evidence that develop-
mental disruption is present before 3 years of age
in children who are subsequently diagnosed with
ASDs; and second, evidence from research on
neuroplasticity® and intervention for ASDs indi-
cates that early intervention is likely to optimize
the outcome for children with ASDs.*¢

In this article, I review the evidence for early
developmental disruption in children with ASDs
and discuss the stability of early diagnosis of an
ASD, early ASD-specific screening, and early
intervention. Table 1 summarizes the signs of

developmental disruption identified in retro-
spective video analysis studies and prospective
studies of ASDs in the first 2 years of life. I shall
focus only on autism and PDD-NOS, which are
usually diagnosed between 3 and 6 years of age.”
These conditions will be referred to collectively
as ASDs, unless the cited literature specifies one
condition or the other.

DEVELOPMENTAL DISRUPTION IN THE
FIRST 2 YEARS OF LIFE

Parental concerns

Parental concerns that a child has an ASD can
arise as early as the first year of life, but they
are most likely to arise when a child who is
later diagnosed with an ASD is at a mean age
of 18 months.® Approximately 80% of parents of
children with ASDs notice abnormalities in their
child by 24 months of age, which usually involve
delays in speech and language development®
and, less often, social, play, sensory, motor,1?
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or medical problems, or regulatory problems
related to sleep, eating and attention.’ One
study reported that, in cases in which parents
became concerned in the child’s first year of life,
the diagnosis at 4 years of age was more likely
to be autism than PDD-NOS.!! There is an
average delay of 13 months between the mean
age at first evaluation and the initial diagnosis of
ASD.!? The age at first evaluation is related to the
level of impairment, such that individuals with
more-severe impairments tend to be diagnosed
ata younger age.12

Retrospective studies involving home videos
Observation of early signs of ASDs by researchers
was first made possible through analysis of
home videos of infants and toddlers later diag-
nosed with ASDs.!3 Before 9 months of age,
children with ASDs might show signs of develop-
mental disruption in social behavior (e.g. gaze
avoidance or looking at people infrequently,
absence of emotional expression, and poor social
initiative) and in motility (e.g. hypoactivity).41>
One group estimated that 87.5% of children
with ASDs displayed such symptoms before their
first birthday.!> Some studies that used this retro-
spective approach also included a comparison
group of children with typical development, and
two studies included a group of children with
non-ASD-related developmental delays.!®17
Children with a later diagnosis of ASD could be
differentiated from those with typical develop-
ment or mental retardation at around the time of
their first birthday by less frequently responding
to their name!® and less frequently looking at
the faces of other individuals.!” In addition,
12-month-old children who were later diagnosed
with ASDs differed from those with typical
development by less often using a pointing
gesture to request or to share interest.!”~19 A
limited variety of gestures in children aged
between 9 and 12 months was reported to be
associated with a subsequent diagnosis of ASD
in one retrospective study.’

Prospective studies involving infant siblings
of children with autism spectrum disorders
The earliest behavioral indicators of ASDs are
being revealed in well-controlled prospective, longi-
tudinal studies involving infant siblings of children
with autism (hereafter referred to as ‘SIBS-A’),
who are at increased genetic risk of an ASD.?1-23
This is a relatively new approach to the study of
ASDs, and so far only two studies have reported

www.hature.com/clinicalpractice/neuro

on a sizeable number of 6-month-old SIBS-A
who were given diagnostic classifications at 2—
3 years of age*»?>—the time at which the diag-
nosis of ASD becomes more stable (see below).
The evidence so far indicates that 6-month-old
children who later become diagnosed with an
ASD are likely to score within normal limits
on standardized tests of visual perception and
language development,?> but around a third
of these infants score in the impaired range
on standardized motor scales.?* Motor abnor-
malities include one or more of the following:
fine and gross motor delays, passivity, postural
instability, hypotonia, and atypical motor
behaviors.2426 QOther studies, in which infant
SIBS-A have not yet been assigned an outcome
diagnosis, indicate that variations from typical
development might appear by 6 months of age
and might include difficulty shifting attention
in novel contexts,2”>28 late onset of babbling and
motor milestones,?? and, possibly, decreased
gaze towards faces and impaired affect regula-
tion®%3! (but see Merin et al.’s negative findings
with 6-month-olds??). Research is underway
in several laboratories to determine whether
the presence of these and other characteristics
during the first 6 months of life are predictive
of ASDs or related, milder disorders.

The literature reviewed above and data from
my own laboratory suggest that, during the first
9 months of life, signs of developmental disrup-
tion are variable across the child population and
might even be absent altogether in some infants
later diagnosed with an ASD.>2 Signs of abnor-
mality might manifest even if the developmental
quotient falls within normal limits?42> on stan-
dardized developmental tests such as the Mullen
Scales of Early Learning.3? The consistent pres-
ence, particularly in combination, of behaviors
such as those described above and in Table 1,
warrant referral and developmental surveil-
lance, as they might be precursors to an ASD or
to other non-ASD developmental disorders.

EARLY BEHAVIORAL INDICATORS

OF AUTISM SPECTRUM DISORDERS

From the first birthday onwards, behavioral
indicators of ASD become increasingly identi-
fiable and can be used to differentiate toddlers
with ASDs from those with other develop-
mental delays or typical development. These
indicators, as identified in the retrospective
and prospective literature, are aligned with the
three categories of behavior associated with
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the diagnostic criteria for an ASD within the
DSM-1V®:! qualitative impairment in social
functioning, qualitative impairment in commu-
nication functioning, and the presence of
stereotyped and repetitive patterns of behavior
and interests (Table 1). Although repetitive and
stereotyped patterns of behavior and interests
occur in disorders other than ASDs, comparisons
among 2-year-olds with ASDs, developmental
delay, or typical development revealed that the
presence of several different repetitive behaviors
within the same child might be an indicator of
an ASD, especially if social and communication
skills are abnormal.?* In this study, parents of
children with ASDs did not, however, report
more self-injurious behavior, sensitivity to
noise, or resistance to trivial changes in the
environment than did parents of children with
developmental delay or typical development.3*

Patterns of onset and developmental
trajectory
Data from two prospective, longitudinal
studies?>3> suggest that there are several
different onset patterns of ASD. In some chil-
dren, multiple signs of ASD, particularly impair-
ments in social functioning and communication,
are present by 14 months of age to such a degree
that an expert in early child development and
autism might consider a diagnosis of ASD.
Development in these children is slow, at least in
the social domain.?> Around a third of toddlers
judged to have an ASD near the time of their
first birthday are likely to exhibit instability with
regard to the presence of ASD-related behavior,
and diagnostic impressions might shift from
an ASD at the time of the first birthday to a
non-ASD by the third birthday.?¢ Similarly,
Turner and Stone’s report from 200737 indi-
cated that 68% of 2-year-olds who meet the
diagnostic criteria for ASD fail to meet such
criteria at 4 years of age. The majority of chil-
dren with an unstable diagnosis of ASD were
younger than 30 months of age at the time of the
first diagnosis, had higher cognitive functioning
than 2-year-olds with a stable diagnosis of ASD,
or both.3” Sutera and colleagues have reported
similar findings.38

In other children, clear signs of ASDs are not
present until later in the second year of life, or
even until the third year.!%3%39-41 These chil-
dren might have mild signs of developmental
disruption at 14 months of age or might even
seem to be developing normally, but they
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gradually become less socially engaged after
14 months of age.3> Regardless of the pattern of
onset, any child with an ASD can show regres-
sion, in which existing skills, particularly spoken
language3>-36:3942 and social-emotional recipro-
city,35’42 are diminished or lost altogether, and
atypical patterns of behaviors might emerge
(e.g. temperamental and sensory dysregula-
tion or repetitive and stereotyped patterns of
behavior and interests).20-35:36 Regression, as
described in the retrospective literature, occurs
in 10-50% of children with autism, at a mean
age of 19 months,*? and usually involves a loss
of language skills.#> Language regression in
autism does not rule out the possibility of the
acquisition of language skills later in life; nor
does it predict a more severe impairment in
language skills.*?

The heterogeneous nature of ASDs means that
multiple etiologic factors can be anticipated.
Despite anecdotal reports to the contrary, a
large, collaborative, retrospective study found no
evidence that regression in ASD is associated with
the measles—mumps—rubella (MMR) vaccine.*?
Importantly, variations in the timing of MMR
vaccinations were not related to variations
in the timing of regression.*?

The evidence to date indicates that genetics
have a major role in the etiology of ASDs, with
an additional role for environmental influ-
ences that are yet to be defined.***> Although
the neurobiological basis of ASDs is still poorly
understood, some intriguing recent findings
have provided the impetus for the development
of new etiologic hypotheses. One such finding
is overgrowth of the brain in infants with
ASDs (on the basis of group data), particularly
between 6 and 12 months of age; this timing
parallels the onset of clinical signs of develop-
mental disruption in some children with ASDs.
Although the head circumference of children
with ASDs does not differ from the norm at
birth,4647 brain growth accelerates abnor-
mally in some children with ASDs, beginning
some time between 6 and 12 months of age
and leading to macrocephaly.*8-39 Hazlett and
colleagues reported a generalized enlargement
of the gray and white matter in the cerebrum
in a group of 2-year-old children with ASDs
compared with control children with typical
development or developmental delay.*’ In a
small autopsy study, evidence of neuroimmune
activation, including activation of neuroglia
and elevated levels of cytokines in brain tissue
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and the cerebrospinal fluid, was reported in
individuals with ASDs.>!>2 This neuroimmune
activation is an endogenous process (occur-
ring within the brain) that might result from
disordered brain development and probably does
not have an exogenous cause.”>? Such activa-
tion could have an important role in synaptic
plasticity and modeling of neuronal networks
that influence behavior and cognition.>® The
presence of an abnormal pattern of brain
growth in ASDs, in addition to abnormalities
in cortical and white matter cytoarchitecture,S4
suggests that late stages of neuronal organization
are disrupted, although gross neuroanatomical
abnormalities of the brain are rarely detected on
clinical anatomical MRI.>>

The findings reviewed above, combined with
evidence from the retrospective literature on
developmental regression in ASDs, support
the recommendations put forward by the
American Academy of Pediatrics.’®>” These
guidelines recommend developmental surveil-
lance at every well-child preventative care visit,
with developmental screening at 9, 18, and
30 months of age and autism-specific screening
at 18 and 24 months of age. They also provide
recommendations with regard to referral and
evaluation of children suspected of having an
ASD. In addition, a set of medical tests for chil-
dren with suspected ASDs has been proposed
by the American Academy of Neurology.>>

CAVEATS OF EARLY DETECTION

Screening tools for ASDs, such as the Early Screen-
ing of Autistic Traits Questionnaire,® the First
Year Inventory,59 and the Modified Checklist
for Autism in Toddlers (M-CHAT),% are avail-
able for use beginning at 12—-16 months of
age, but the validity of these instruments in
children within this age range has not been
established in large populations. Studies that
used the Checklist for Autism in Toddlers
(CHAT)®! or the M-CHAT have focused on
children aged 18-30 months.®? Initial data
on these instruments suggest that they have
low sensitivity in the general population
(many false-negatives) but good specificity.
Recent studies of the M-CHAT, which takes
5-10 min for parents to complete and 5 min to
score, estimated that the sensitivity falls within
the 75-91% range.6>%3 The sensitivity of the
M-CHAT is strongest if used in a clinical
setting or with children referred owing to
developmental concerns.®?
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Primary care providers must balance
screening results against parents’ perceptions of
their child. In cases in which parental concerns
are substantial, are perceived to interfere with
the parents’ interactions with their child, or are
expressed about multiple aspects of develop-
ment, referral to the local public early inter-
vention program (e.g. Part C providers) is
appropriate. Second-stage screening tools,
such as the Screening Tool for Autism in Two-
Year-Olds®* or the Pervasive Developmental
Disorders Screening Test-11,%% are also avail-
able to help differentiate children with ASDs
from those with other disorders; these tools are
designed for children aged 24 months or older.
The sensitivity and specificity of these measures
are still under investigation.

Two issues that arise with ASD screening are
false-positives and false-negatives. Strategies
aimed at decreasing false-positives, such as
conducting a brief interview with parents if their
child’s score on an ASD-specific screening tool
raises suspicions about an ASD, are considerably
improving the positive predictive value of ASD-
specific screening tools.®0 False-negatives are
more of a problem and can arise for numerous
reasons. One reason is that many screening tools
for ASDs use the terminology ‘lack of” for behav-
iors, such as pointing, that are expected in typi-
cally developing toddlers, but are often abnormal
in children with ASDs. Most toddlers with ASDs
do, however, exhibit these behaviors, albeit less
often, with less diversity and flexibility, less well
coordinated with other behaviors, such as gaze,
vocalization, or smiling, and for less duration
within an interaction, than in typically developing
children.3>%0 Parents, therefore, fail to endorse
the item, and the child might pass the screening
test, despite having abnormalities. Furthermore,
parents might not report key autism-related
behaviors in their infants and toddlers, particu-
larly those involving subtle impairments in social
functioning.!%7 Another possible reason for
false-negatives is the, often gradual, progressive
nature of ASDs, which underlines the need for
repeat screening in some cases.>>>°

STABILITY OF EARLY DIAGNOSIS OF AN
AUTISM SPECTRUM DISORDER

Although ASDs can be detected by 14 months of
age in some children,® there is less stability
of symptomatology, and hence in diagnosis, at
this age than later in development. Nevertheless,
children who met our preliminary criteria for
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ASDs at 14 months of age, but not at 36 months of
age, usually exhibited another type of impairment
at 36 months of age, most often impairment in
social communication.3¢ Two reports indicate
that by 20-21 months, the short-term stability of
the diagnosis is high.!1%% At least six studies have
reported that, in most cases, the diagnosis of an
ASD made during the third year of life (although
most of the children studied were actually nearing
their third birthday) remained stable during
follow-up periods ranging from 1 to 7 years.8-73
Two recent reports, however, provided more
conservative estimates of the stability of the
diagnosis of ASD in 2-year-olds.>”-3® These
reports indicated that the greatest instability of
the diagnosis was observed in children younger
than 30 months of age at diagnosis and/or who
had relatively high levels of cognitive func-
tioning.?” Diagnostic shifts within or off the
autism spectrum over the course of 2—7 years
occur more often in children diagnosed with
PDD-NOS at 2 years of age than in those diag-
nosed with autism at 2 years of age.>®70 Despite
these reports, Sutera and colleagues®® reported
that nearly 22% of the 2-year-olds diagnosed
with an ASD in their sample no longer had a
diagnosis of an ASD at 4 years of age. Between
the ages of 2 and 7 years, there is considerable
variability in the severity and nature of symp-
toms in children with ASDs.8 In addition, expert
clinical judgment, whereby information from a
variety of sources is considered, is more reliable
than a diagnosis made only on the basis of a
standardized assessment instrument for autism
or by a less experienced clinician.”>74

Prediction of the outcome for young children
with ASDs is not straightforward. Standard
assessments of autism at the age of 2 years did
not predict functioning at 7 years of age, even
within the same domain of social functioning,
communication, or repetitive and stereotyped
patterns of behavior and interests, but assess-
ments made at 3 years of age did predict behavior
at the age of 7 years.®® Children whose diagnosis
moved off the autism spectrum between the ages
of 2 and 4 years tended to show better motor
skills, an increased ability to sit and listen to a
story, and a greater desire to please their parents
at the age of 2 years than those whose diagnosis
remained within the autism spectrum; however,
neither the symptom severity nor the cognitive
level at 2 years of age was useful for prediction
of who would fail to meet the criteria for an ASD
at the age of 4 years.3®
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The literature reviewed above indicates that
the prognosis is uncertain for children diag-
nosed with an ASD before 3 years of age. Rather
than attempting prognostic statements for very
young children who are thought to have an ASD,
clinicians should, therefore, focus on instituting
appropriate intervention and establishing system-
atic follow-up to evaluate developmental prog-
ress and assess etiologic bases as new information
appears in the literature about diagnostically
fruitful medical tests and treatment for ASDs.

EVIDENCE TO SUPPORT EARLY
INTERVENTION

Most of the literature on the efficacy of inter-
vention for ASDs in preschool-aged children
focuses on behavior-based interventions. In
general, preschool-aged children with ASDs
have positive responses to intensive inter-
ventions (220h per week) that target a wide
range of skills. An average gain in IQ of 20
points has been noted following interventions
involving applied behavior analysis (ABA) that
are based on operant conditioning, in which
discrete skills are taught by use of massed
trials conducted outside the natural context.”>
Similar improvements have also been noted in
developmentally based interventions, in which
objects and activities of the child’s interest form
the basis of many teaching interactions and in
which teaching often occurs within the natural
context.”®77 More-naturalistic applications of
ABA, such as in Pivotal Response Training,’®
have also been shown to be effective for teaching
important social and communication skills to
young children with ASDs.”®80 Such applica-
tions of ABA emphasize the use of child-selected
activities to increase the child’s motivation
and generalization of skills, flexible teaching
of multiple skills within a single activity, use of
natural and meaningful rewards, and child
initiation of play with toys and interaction with
people. Other developmental approaches (e.g. the
Floortime3! or Social Communication, Emotional
Regulation, and Transactional Support®? models)
are characterized by multimodal integration of
sensory stimulation, child-selected play-based
reciprocal interactions, use of visual teaching
aids, and family involvement to emphasize goals
of developing social communication, social
reciprocity, and affective and self-regulation
skills. Studies of the efficacy of these intervention
approaches are in progress. In view of the fact
that ASD is a heterogeneous disorder that affects
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multiple systems, and that children with ASDs
have different needs at different points in their
development, it is unlikely that a single method
of intervention will be optimally sufficient for all
children with these disorders.384

Guidelines for early intervention®> recom-
mend that a combination of direct intervention
and stimulation within natural routines should
be administered on an intensive basis for chil-
dren with ASDs. Although the term ‘intensive’
has not been empirically defined for toddlers
with ASDs, the number of hours of speech—
language therapy received between the ages of
2 and 4 years by children with ASDs is related
to their development of spoken language.8°
In general, improvement might be propor-
tional to the number of hours of intervention
per week.3788 For preschool-aged children
with ASDs, the National Research Council has
recommended 25 h per week of therapy-based
engagement, which can be delivered by thera-
pists, family members, and other caregivers.5>
The literature has shown that caregivers who
are trained to recognize signs of a child’s
comprehension and attempts to initiate inter-
action or communication can have a marked
impact on the child’s development,3? and
manualized approaches are available to teach
caregivers such skills.””

A combination of home-based and center-
based intervention is proving to have a bene-
ficial impact on the development of 2-year-olds
with ASDs. A randomized clinical trial showed
that intensive engagement, involving class-
room-based intervention for 10h per week
paired with caregiver training, was associated
with robust improvement in cognitive, language
and social functioning over a 6-month period.”!
A combination of intervention methods was
used, including discrete-trial teaching based on
operant conditioning to prime new skills, Pivotal
Response Training®? to stimulate concept-based
functional skills in a natural context, input and
output augmentation to assist learning through
visual aids, sensory—social routines to heighten
attention, environmental engineering to increase
predictability and facilitate transitions, joint
action routines to promote social engagement,
and communication temptations to increase
motivation to communicate.’! Other studies,
some involving parent-mediated intervention®3
and some involving interventions delivered by
therapists,80:949 also showed that imitation,
joint attention, language, play, and affect sharing
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can be greatly improved in children with ASDs
and these improvements might be sustained
in the long term. Early intervention in young
children with ASDs might reduce impair-
ments in social and communicative skills that
interfere with their ability to elicit and sustain
social engagement with others and limit their
moment-to-moment learning opportunities.
Early intervention might, therefore, interrupt an
otherwise possibly devastating cascade of events
associated with social isolation and maladaptive
behaviors. Early detection and appropriate
intervention might prevent a decline in social
functioning and decelerated language func-
tioning between 14 and 24 months of age?> and
prevent development from reaching a plateau
between 2 and 3 years of age.!!

Although many children with ASDs will show
a moderate to high improvement in response
to intensive early intervention, other children
might show a limited improvement. Factors such
as the pretreatment 1Q,%0-98 social interest,”>83
language functioning,’” age at entry into the inter-
vention, %798 and the rate of initial learning99’100
have been reported as predictors of outcome.

CONCLUSIONS

Much ongoing research is focused on early predic-
tors and characteristics of ASDs. Current scientific
thinking indicates that, in the majority of cases,
behavior-based clinical signs of ASDs begin to
emerge most clearly between the first and the
second birthdays. These signs will involve abnor-
malities in social and communication responsive-
ness and initiative, which can occur with or
without spoken language or mental retardation.
Repetitive and stereotyped patterns of behavior
can also occur, and might become increasingly
intense or frequent, in the first 3 years of life.
Some children with ASDs will have a period of
development during which signs of developmental
disruption will be subtle or absent. Screening for
ASDs should, therefore, begin by 18 months of
age and be repeated at 24 and 36 months of age.
The diagnosis of ASD becomes increasingly stable
over the first 3 years of life. Detection of an ASD-
related behavioral profile is possible as early as
the first birthday and warrants enrollment in an
intervention. Early intervention should address a
comprehensive range of skills and involve a mixture
of parent-mediated and therapist-mediated
interventions. An emphasis should be placed
on development of social and communicative
abilities within natural settings.
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KEY POINTS

Early signs of autism spectrum disorders
(ASDs) include infrequent social orienting,
infrequent initiation of social engagement,
poorly sustained and coordinated engagement
with others, a limited variety of gestures and
other forms of communication, and repetitive
motor behaviors

Development of siblings of children with ASDs
and other groups at high risk of ASDs should
be followed closely from 6 months of

age onwards

Diagnosis of ASDs becomes possible at

14 months of age, but the diagnosis might be
unstable in up to a third of children diagnosed
before 30 months of age

Young children with ASDs show improved
social, communication, language, play and
cognitive functioning when they are enrolled
in a developmentally appropriate intensive
intervention
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Neural Connectivity Evidence for a Categorical-
Dimensional Hybrid Model of Autism Spectrum
Disorder
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ABSTRACT

BACKGROUND: Autism spectrum disorder (ASD) encompasses a complex manifestation of symptoms that include
deficits in social interaction and repetitive or stereotyped interests and behaviors. In keeping with the increasing
recognition of the dimensional characteristics of ASD symptoms and the categorical nature of a diagnosis, we
sought to delineate the neural mechanisms of ASD symptoms based on the functional connectivity of four known
neural networks (i.e., default mode network, dorsal attention network, salience network, and executive control
network).

METHODS: We leveraged an open data resource (Autism Brain Imaging Data Exchange) providing resting-state
functional magnetic resonance imaging data sets from 90 boys with ASD and 95 typically developing boys. This data
set also included the Social Responsiveness Scale as a dimensional measure of ASD traits. Seed-based functional
connectivity was paired with linear regression to identify functional connectivity abnormalities associated with
categorical effects of ASD diagnosis, dimensional effects of ASD-like behaviors, and their interaction.

RESULTS: Our results revealed the existence of dimensional mechanisms of ASD uniquely affecting each network
based on the presence of connectivity-behavioral relationships; these were independent of diagnostic category.
However, we also found evidence of categorical differences (i.e., diagnostic group differences) in connectivity
strength for each network as well as categorical differences in connectivity-behavioral relationships (i.e., diagnosis-
by-behavior interactions), supporting the coexistence of categorical mechanisms of ASD.

CONCLUSIONS: Our findings support a hybrid model for ASD characterization that includes a combination of
categorical and dimensional brain mechanisms and provide a novel understanding of the neural underpinnings
of ASD.

Keywords: Autism spectrum disorder, Default mode network, Dimensional measures, Functional connectivity,
Resting-state fMRI, Social cognition
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Autism spectrum disorder (ASD) is characterized by poor However, it is unknown whether behaviors observed in

social and reciprocal communication skills combined with
repetitive or stereotyped interests and behaviors (1,2). How-
ever, a range of symptom severity and functional impairment
exists within and across these disorders, in agreement with
the notion that ASD represents a spectrum. Previous studies
revealed that multiple subtypes of ASD exist along a contin-
uum of the same disorder (3-5). Furthermore, children without
a diagnosis of ASD may exhibit varying degrees of social
impairment qualitatively similar to ASD without meeting diag-
nostic criteria, suggesting that the continuum of ASD symp-
toms may span beyond the categorical diagnosis of ASD (6,7).
Therefore, a dimensional characterization of ASD has become
increasingly favored within the clinical and research commun-
ities, prompting a revision to DSM-5 to include severity ratings
for ASD rather than categorical subgroups. In parallel with
this clinical evidence, more recent studies have identified
dimensional brain-behavior relationships related to ASD (8,9).

children with ASD are similarly represented in the brain as in
typically developing children (TDC). Moreover, diagnoses
ultimately remain categorical in nature, yet the particular
contributions of categorical brain mechanisms, especially after
controlling for dimensional relationships, are poorly defined.
Studies that systematically examine both the categorical and
the dimensional mechanisms of ASD are needed to disen-
tangle the complex neural correlates of ASD.

It has been increasingly recognized that ASD is a disorder
of disrupted neural interactions (10). The largest resting-state
functional magnetic resonance imaging (fMRI) investigation of
ASD to date provided convincing support for this notion (11),
as have many other studies (12-17). An examination of func-
tional connectivity measurements represents a promising
direction for delineating the potential categorical and dimen-
sional neural mechanisms of ASD. We (18) and others (19)
have demonstrated the feasibility of such an endeavor in
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studies of attention-deficit/hyperactivity disorder (ADHD). Spe-
cifically, we explored functional connectivity alterations asso-
ciated with both categorical diagnosis and ADHD symptom
severity in relation to four large-scale neural networks: the
dorsal attention network (DAN) (20), the default mode network
(DMN) (21), the salience network (SAL) (22), and the executive
control network (ECN) (23). Findings demonstrated three
distinct patterns of brain-behavioral relationships: 1) catego-
rical differences in network-level functional connectivity
strength between children with and without a diagnosis of
ADHD, supporting the existence of categorically represented
neural mechanisms; 2) quantitative relationships between
network-level functional connectivity and behavioral measures
that were independent of categorical diagnosis, indicating
dimensional mechanisms; and 3) diagnostic group differences
in the quantitative relationships between network-level func-
tional connectivity and behavioral measures, suggesting qual-
itatively different behavioral representations in the brain and
reinforcing the categorical differences. The demonstration of
the presence of three categories of neural mechanisms in
ADHD provides a compelling model for studies of other
categorically defined disorders that are known to occur along
a spectrum; ASD is the next natural candidate given the
evidence that ASD symptoms exhibit categorical and dimen-
sional qualities (24). Moreover, the same four networks
previously investigated in ADHD are also involved in proc-
esses that are disrupted in ASD, including social processing
[i.e., DMN (25) and SAL (26)], restricted and repetitive behav-
iors [i.e., SAL (27)], cognitive control [i.e., ECN and SAL (28)],
and attention [i.e., DAN (29)]. A parallel investigation of these
networks in ASD to examine the categorical or dimensional
nature of this disorder may ultimately aid ASD diagnosis and
characterization.

In this study, resting-state fMRI data from 107 TDC and 109
children with ASD selected from a large data repository, the
Autism Brain Imaging Data Exchange (11), were analyzed.
Functional connectivity measures, derived from four large-
scale higher order cognitive networks (i.e., DAN, DMN, SAL,
and ECN) were tested to identify three types of effects: 1)
categorical differences between TDC and children with ASD in
the magnitude of functional connectivity, 2) congruent dimen-
sional relationships between symptom severity and functional
connectivity existing across both TDC and children with ASD,

Categorical-Dimensional Hybrid Model of Autism

and 3) categorical differences between TDC and children with
ASD in the relationship between symptom severity and func-
tional connectivity. Our results demonstrate evidence of all
three categories of neural mechanisms of ASD.

METHODS AND MATERIALS

Subjects

Data were selected from the Autism Brain Imaging Data
Exchange repository of resting-state fMRI scans of children,
adolescents, and adults with and without ASD from multiple
international sites  (http://fcon_1000.projects.nitrc.org/indi/
abide/). All sites provided ASD diagnostic status for each
subject, and several sites offered various continuous meas-
ures of autism-related symptoms. For the present study, sites
were selected based on their inclusion of magnetic resonance
imaging data, categorical diagnosis, and Social Responsive-
ness Scale (SRS) scores (30) from TDC and children and
adolescents with ASD (age range, 6.5-18.7 years). This limited
age range was selected to ensure a similar age distribution
across sites and to minimize potential developmental effects
of ASD-related neural alterations (31). Because boys are most
often affected by this disorder, not enough data sets from girls
with ASD were available to draw meaningful estimates of sex
effects (32), limiting our analyses to boys. The data sets were
further limited to data sets passing the quality assessment
protocol performed before release of the preprocessed Autism
Brain Imaging Data Exchange data sets to the public. This
selection process resulted in 185 subjects, including 95 TDC
and 90 children with ASD across four sites (Katholieke
Universiteit Leuven [sample 2], New York University, Utah
School of Medicine, and Yale University) (Table 1).

The SRS total raw scores, indicating the severity of impair-
ment related to ASD, provided our dimensional measure of
ASD. The SRS is a 65-item quantitative assessment based on
parent ratings of core deficits pertaining to autism. This
assessment offers a continuous measure of ASD as an
alternative to other categorically oriented diagnostic tools
(30), providing a single score of symptom severity. Children
with a categorical diagnosis of ASD and children not meeting
ASD diagnostic criteria (TDC) fall somewhere along the con-
tinuum of behaviors measured by the SRS.

Table 1. Demographic and Symptom Severity Information of Included Subjects

All Sites KU Leuven NYU USM Yale University
Number 185 25 101 25 34
TDC 95 14 51 11 19
ASD 90 11 50 14 15
Autism/Asperger/PDD-NOS 85/17/14 11/0/0 38/8/4 13/01 3/4/8
Age (Years) 13.2 (3.2) 14.1 (1.4) 12.0 (3.0) 16.3 (2.4) 12.5 (3.0)
TDC 13.2 (3.1) 14.5 (1.6) 12.5 (3.1) 15.8 (2.6) 12.3 (2.9)
ASD 13.1 (3.3) 13.6 (1.0) 11.5 (2.9) 16.7 (2.2) 12.8 (3.4)
SRS Score 56.4 (43.4) 49.8 (45.0) 57.5 (41.8) 62.0 (46.6) 52.0 (43.1)
TDC 19.1 (14.7) 17.6 (13.6) 22.4 (13.6) 14.6 (12.8) 20.4 (21.3)
ASD 93.0 (28.4) 91.0 (36.0) 91.9 (29.6) 99.3 (22.2) 95.7 (21.1)

Mean (SD) values are provided for each continuous measure.

ASD, autism spectrum disorder; KU Leuven, Katholieke Universiteit Leuven; NYU, New York University; PDD-NOS, pervasive developmental
disorder not otherwise specified; SRS, Social Responsiveness Scale; TDC, typically developing children; USM, Utah School of Medicine.
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Categorical diagnoses of ASD were determined by clinician
evaluation at each site and were supported by additional ASD-
related dimensional measures, which varied by site (see
Supplement 1). The ASD subtypes described by DSM-IV-TR
were included as a single ASD group (Table 1), consistent with
emerging views that these subtypes represent different pre-
sentations of the same disorder (2,4). Detailed inclusion and
exclusion criteria for each site are described in Supplement 1.

fMRI Acquisition

Resting-state fMRI scans and magnetization prepared rapid
acquisition gradient-echo structural images were acquired on
Philips Intera (Philips Healthcare, Best, The Netherlands;
Katholieke Universiteit Leuven, Leuven, Belgium), Siemens
Allegra (Siemens Healthcare GmbH, Erlangen, Germany; New
York University), and Siemens Trio (Siemens Healthcare GmbH;
Utah School of Medicine, Yale University) 3-Tesla magnetic
resonance imaging scanners. Image acquisition parameters for
each site are detailed in Table S1 in Supplement 1.

Preprocessing

Resting-state fMRI data sets were downloaded in their pre-
processed form following the Configurable Pipeline for
Analysis of Connectomes (http://fcp-indi.github.com) (33).
Preprocessing steps using Analysis of Functional Neuro-
Images (AFNI) software (34) and custom scripts included slice
time correction, motion correction, global mean intensity
normalization, nuisance signal regression including 24 motion
parameters (six directions head motion, motion from one time
point prior, and their squares), the top five principal compo-
nents from white matter and cerebrospinal fluid signals, linear
and quadratic trends, and band-pass filtering (.01-.1 Hz).
Registration to Montreal Neurological Institute (MNI) standard
space included linear registration to anatomic images using
FMRIB’s Linear Image Registration Tool (35) and application
of the nonlinear anatomic-to-MNI transformation calculated
with Advanced Normalization Tools (36). Final voxel size
was 3 X 3 X 3 mm®. To minimize effects of motion on our
analyses further, only data sets with a framewise displacement
across all volumes of no more than .2 mm were included.
Finally, linear regression was performed, and no significant
relationships between mean framewise displacement and
categorical diagnosis (t = 1.57, p = .12) or SRS scores
(t = —.57, p = .57) were detected, ensuring that the results
would not be secondary to motion parameters.

Functional Connectivity

Functional connectivity was calculated using a seed-based
approach by applying 3dfim+ in AFNI software. Consistent
with our previous study in ADHD (18), we examined ASD-
related functional connectivity associated with four well-
described neural networks: DAN (20), DMN (21), SAL (22),
and ECN (23). Each network was defined by the voxelwise
Pearson correlation with a reference time series extracted as
the simple average time series of all voxels within a 6-mm
spherical seed at coordinates obtained from the literature
(22,283,37). Specifically, the ECN was defined by a seed in
the right dorsolateral prefrontal cortex (MNI: 44, 36, 20), and
the SAL was defined by a seed in the right anterior insula (MNI:

38, 26, —10), based on Seeley et al. (22). Seeds for DMN and
DAN were placed in the posterior cingulate cortex (MNI: 1,
—55, 17) and bilateral intraparietal sulcus (MNI: —27, —52, 57;
24, —56, 55), respectively (23,37). Pearson correlation maps
were normalized using a Fisher z-transform.

Statistical Models

To identify categorical effects of ASD diagnosis and dimen-
sional effects of symptom severity on brain functional con-
nectivity, hierarchical linear regression analyses were
employed. This model was selected to account for the nested
nature of our data because site-specific characteristics may
influence categorical or dimensional effects of interest. We
designed a linear mixed-effects model and added random
intercepts and slopes (capturing potential site-specific cate-
gorical and dimensional effects) for each site to better account
for the nested nature of the multisite data. To further minimize
the effects of motion or other systematic differences (e.g.,
scanner, scanning parameters and procedures, data quality)
across sites on global connectivity, we employed mean
connectivity regression, a technique in which the mean value
of each subject’s functional connectivity map is entered as a
covariate of no interest in the group analysis (38). The first
model tested ASD diagnosis (1 or 0) and the SRS score as
predictors of network functional connectivity, covarying for
age, mean connectivity, and site effects. This model was
designed to identify categorical effects associated with an
ASD diagnosis that were not driven by differences in symptom
severity scores, which we term “categorical effects” in func-
tional connectivity magnitude. Significant effects of symptoms
measured by the SRS that were not due to effects of
categorical diagnosis were also explored. These effects are
subsequently referred to as “congruent dimensional effects”
because the dimensional relationships are congruent across
the groups. A second analysis included the interaction of ASD
diagnosis and the SRS score as a predictor in the model to
test whether there are categorical effects in the relationship of
ASD behaviors to functional connectivity. Such categorical-
by-dimensional interactions are subsequently described as
“incongruent dimensional effects.” Results were cluster-level
corrected for multiple comparisons using 3dClustSim in AFNI
at p < .05 with a minimum cluster size of 66 voxels providing a
corrected false-positive rate of .05. Finally, a composite map
of regions showing dimensional relationships, categorical
effects in magnitude, and categorical effects in brain-
behavior relationships was calculated, identifying regions
showing each of the three effects as well as the overlap of
effects.

RESULTS

Demographic variables and clinical measures for the TDC and
ASD groups are presented in Table 1. Mean functional
connectivity maps for each of the four networks for TDC and
children with ASD are presented in Figure 1A, B. Spatial maps
of functional connectivity for each network in TDC largely
resembled the networks reported in adult populations. For the
DAN, functional connectivity was observed bilaterally in the
frontal eye fields, intraparietal sulcus, and ventral visual
association regions, including visual motion area MT+ (39).
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Figure 1. Mean functional connectivity maps for (A) typically developing children and (B) children with autism spectrum disorder for the dorsal attention
network (DAN), default mode network (DMN), salience network (SAL), and executive control network (ECN). Black circles mark the location of seed regions

used to define each network. Images are displayed at a threshold of r > .1.

For the DMN, functional connectivity was observed in the
posterior cingulate cortex, precuneus, medial prefrontal cor-
tex, and bilateral angular gyrus (21,40). The SAL consisted of
the bilateral inferior frontal gyrus/anterior insula, anterior
cingulate cortex, and bilateral middle temporal gyrus (22).
The ECN connectivity included the bilateral middle and inferior
frontal gyrus, dorsomedial prefrontal cortex, and bilateral
parietal cortex (22,23).

Congruent Dimensional Effects

Dimensional brain-behavior relationships that were consistent
across the TDC and ASD groups were observed in each of the
four networks (Figure 2 and Table S2 in Supplement 1). For the
DAN, higher scores on the SRS were associated with greater

Figure 2. Congruent dimensional effects of autism spectrum disorder
symptoms (i.e., Social Responsiveness Scale [SRS] score) across all
subjects (i.e., independent of categorical diagnosis) for the dorsal attention
network (DAN), default mode network (DMN), salience network (SAL), and
executive control network (ECN) functional connectivity. Yellow represents
positive relationships with SRS; blue represents negative relationships with
SRS.
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connectivity with the medial frontal gyrus and bilateral middle
temporal gyrus across both groups, whereas negative relation-
ships were observed in the thalamus and bilateral putamen.
For the DMN, consistent positive relationships between SRS
scores and connectivity were observed in precentral gyrus,
right insula, and right inferior frontal gyrus. Significant
positive brain-behavior relationships for SAL connectivity were
detected in the precuneus, right lingual gyrus, and posterior
cingulate cortex. For the ECN, significant positive dimensional
relationships were present in the medial frontal gyrus, bilateral
middle frontal gyrus, right lingual gyrus, and posterior cingu-
late cortex. Negative relationships were primarily observed
across the right precentral, postcentral, and inferior frontal
gyri. The exact coordinates and sizes of all detected regions
showing congruent dimensional effects are listed in Table S2
in Supplement 1.

Categorical Effects in Magnitude

After controlling for dimensional effects, numerous brain
regions demonstrated categorical differences in functional
connectivity for each of the four networks (Figure 3 and
Table S3 in Supplement 1). In particular, the ASD group
demonstrated enhanced DAN functional connectivity in
regions including the precuneus, cerebellum, and right pre-
central gyrus but decreased connectivity in the medial frontal
gyrus and lateral temporal cortices. For the DMN, the ASD
group was associated with increased connectivity in the
bilateral middle frontal gyrus, bilateral inferior parietal lobules,
and right insula. The SAL connectivity increases associated
with a categorical ASD diagnosis were found in the dorsal
anterior cingulate cortex, whereas decreases were noted
along the medial frontal gyrus, left middle frontal gyrus, and
left postcentral gyrus. For the ECN, greater connectivity for
ASD was detected in the left cerebellum. Categorical ECN
connectivity decreases for the ASD group were detected in the
medial prefrontal cortex, right superior frontal gyrus, right
precentral gyrus, left middle frontal gyrus, left postcentral
gyrus, and medial frontal gyrus. Coordinates of all regions
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TDC > ASD [N BN ASD > TDC

Figure 3. Categorical differences in functional connectivity values asso-
ciated with an autism spectrum disorder (ASD) diagnosis but not explained
by ASD-related symptom severity (i.e., Social Responsiveness Scale score)
for the dorsal attention network (DAN), default mode network (DMN),
salience network (SAL), and executive control network (ECN). Yellow
indicates ASD > typically developing children (TDC); blue indicates TDC
> ASD.

demonstrating categorical effects on functional connectivity
magnitude are listed in Table S3 in Supplement 1.

Incongruent Dimensional Effects

Tests of the interaction between categorical groups and
dimensional relationships indicated differential brain-behavior
relationships for children with an ASD diagnosis compared
with TDC (Figure 4 and Table S4 in Supplement 1). For
example, for the DAN, the ASD group demonstrated increased
slopes in the brain-behavior relationships between the SRS
and connectivity with the anterior cingulate cortex, thalamus,
and left insula and decreased slopes in the brain-behavior
relationships between the SRS and connectivity within the
posterior cingulate cortex and bilateral middle temporal gyrus.
Categorical differences in brain-behavior correlations were
observed for the DMN in the right parahippocampal gyrus
and bilateral middle frontal gyrus (ASD > TDC in slope) as well
as precuneus and left superior temporal gyrus (TDC > ASD in
slope). Increased slopes in brain-behavior relationships for the
ASD group were also detected in left insula, bilateral superior
frontal gyrus, and left middle occipital gyrus for the SAL, in
addition to decreased slopes in the brain-behavior relation-
ships in the precuneus and right angular gyrus. Finally,
increased slopes in the brain-behavior relationships for the
ASD group were found in the cerebellum and left middle/
precentral gyrus for the ECN. Table S4 in Supplement 1
contains coordinates for all regions demonstrating incongru-
ent dimensional effects.

Overlap of Categorical and Dimensional Effects

Categorical and dimensional effects largely affected distinct
regions as shown by Figure 5. However, several regions also
demonstrated a convergence of effects (Figure 5). For exam-
ple, a diagnosis of ASD was associated with greater con-
nectivity between the DMN and right inferior frontal gyrus

-SRS X ASD [N IEEEE + SRS X ASD

Figure 4. Significant categorical-by-dimensional interaction effects of
autism spectrum disorder (ASD) for the dorsal attention network (DAN),
default mode network (DMN), salience network (SAL), and executive
control network (ECN). Yellow indicates regions for which the relationship
between functional connectivity and SRS was increased in slope (i.e.,
either become more positive or change from negative to positive) for
children with ASD vs. typically developing children, and blue indicates
regions with a decrease in slope (i.e., either become more negative or
change from positive to negative) relationship between functional con-
nectivity and SRS for ASD vs. typically developing children. SRS, Social
Responsiveness Scale.

(categorical effect), whereas this same region was also
positively associated with ASD symptoms as measured by
the SRS (congruent dimensional effect). There was also a
small degree of overlap of categorical and incongruent

Incongruent Dimensional

. Categorical

l:‘ Categorical + Congruent Dimensional

. Congruent Dimensional

. Categorical + Incongruent Dimensional

Figure 5. Composite maps of the dorsal attention network (DAN), default
mode network (DMN), salience network (SAL), and executive control net-
work (ECN) representing the regions demonstrating categorical effects of
autism spectrum disorder on functional connectivity (white), consistent
dimensional relationships for children with autism spectrum disorder and
typically developing children (green), categorical differences in dimensional
relationships between children with autism spectrum disorder and typically
developing children (red), an overlap between categorical and congruent
dimensional effects (blue), and an overlap between categorical and incon-
gruent dimensional effects (yellow).
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Figure 6. Scatter plots depicting the relationship between Social Responsiveness Scale (SRS) scores and functional connectivity for typically developing
children (TDC) and children with autism spectrum disorder (ASD) for selected regions. Statistically significant linear relationships (solid lines) or nonsignificant
linear relationships (dashed lines) are fitted to data points for TDC and children with ASD. T statistics for categorical (tasp) and dimensional effects (tsgrs) on
regional connectivity are reported below each plot demonstrating (A) categorical effects only, (B) dimensional effects only, (C) an interaction of categorical
and dimensional effects (tasp x srs), and (D) dimensional and categorical effects. Plotted functional connectivity values represent residuals after removing
nuisance effects. DMN, default mode network; ECN, executive control network; SAL, salience network.

dimensional effects for SAL connectivity with the supplemen-
tary motor area.

To further demonstrate the separability of categorical and
dimensional effects of ASD, we produced scatter plots of the
different types of relationships (Figure 6; see Figure S1 in
Supplement 1 for separate plots from different sites). An
example of a categorical effect without a significant dimen-
sional effect for DMN connectivity is displayed in Figure 6A,
and a dimensional effect of ECN connectivity in the absence of
a significant categorical effect is displayed in Figure 6B. A
significant diagnosis-by-behavior interaction demonstrates an
incongruent dimensional effect for SAL connectivity
(Figure 6C). An example of overlapping categorical and
congruent dimensional effects on DMN connectivity is pre-
sented in Figure 6D.

DISCUSSION

Based on a large, multisite analysis of resting-state fMRI
scans, we demonstrate functional connectivity abnormalities
related to ASD that encompass categorical and dimensional
brain-behavior relationships. The effects of the ASD group
were not restricted to a particular brain region or network, but
rather demonstrated extensive functional connectivity alter-
ations across each of the four networks tested (i.e., DAN,
DMN, SAL, and ECN). The functional connectivity variations
associated with a continuous measure of ASD symptoms (i.e.,
the SRS) consistently across both ASD and TDC groups
support the existence of dimensional brain mechanisms in
ASD. However, we also found evidence to support categorical
brain mechanisms. Numerous regions exhibited categorical
differences in magnitude of functional connectivity, which
could not be explained by quantitative relationships with
ASD symptoms; another set of regions demonstrated catego-
rical differences in their linear relationship with ASD symp-
toms. Therefore, consistent with previously reported findings
in children with ADHD (18,19), the characterization of func-
tional connectivity alterations in this sample points to

6 Biological Psychiatry m, 2015; ©:1m-111 www.sobp.org/journal

combined categorical and dimensional brain mechanisms
underlying ASD-related deficits.

The detection of brain regions exhibiting a consistent
association with ASD-like behaviors across the TDC and
ASD groups (Figures 2 and 6B, D) suggests that ASD impair-
ments are represented in the brain—at least to some degree—
as alterations in brain circuits supporting typical behaviors.
In the present study, the SRS was used to characterize
behavioral abnormalities associated with ASD. This instrument
largely measures impairments in reciprocal social interactions
(80), but some questions also tap into restricted, repetitive
behaviors. Its scores capture the two major symptom catego-
ries required for a DSM-5 diagnosis of ASD (41) as a single
measure of severity distributed continuously in the population
(80,42). The regions in which functional connectivity was
associated with SRS scores consistently across the two
groups suggest that ASD symptoms partly stem from a single
and continuously distributed factor. For example, an interpre-
tation of the relationship between higher SRS scores and
heightened connectivity of the SAL seed with the posterior
cingulate cortex (Figure 2) would be that a greater connectivity
between these regions is related to a greater severity of social
impairment, regardless of diagnosis. The posterior cingulate
cortex has been linked to social cognition (25) and is a key
brain region of the DMN (Figure 1) (21). An inference of this
finding is that greater connectivity between these regions at
rest could signal impairment in normal interactions between
the DMN and SAL in response to salient social stimuli,
resulting in a poorer understanding of intentions and actions
of others during social interactions. Overall, regions showing
congruent brain-behavior relationships between the ASD and
TDC groups may underlie the normal expression of social
behaviors that form a continuum, on which children with ASD
fall toward one end, and therefore provide support for the
dimensional nature of ASD.

Functional connectivity of numerous other regions that
exhibited categorical differences—either diagnostic group
differences in functional connectivity or differences in the
relationship between behavioral scores and functional
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connectivity—suggests that ASD also represents a discrete
syndrome. Although it is possible that categorical differences
detected after controlling for symptoms may be due to the
inability of the SRS to explain the entirety of ASD behavioral
deficits (e.g., intellectual deficits, language deficits, comorbid-
ities), this explanation seems unlikely to account for the
extensive categorical effects we observed (Figure 3). Rather,
we suggest that factors that contribute to ASD either are
themselves categorical or affect the brain in a categorical
manner (i.e., genetic polymorphisms, environmental insults).
For example, the DMN demonstrated greater connectivity in
children with ASD compared with TDC in the bilateral middle
frontal gyrus, bilateral inferior parietal lobules, and right insula;
this was not related to severity of social impairments
(Figure 3). The impacted regions are closely related to the
executive control network (Figure 1). Given the importance of
the DMN for social cognition (25) and the role of ECN in
attentional control (43,44) and coordination of activity in other
networks (37,45), the abnormal connectivity between these
sets of regions at rest suggests altered regulation of the DMN
activity by the ECN, which may promote, in a categorical way
(i.e., only in the group of children with ASD), an increased bias
toward internal cognitive processes and reduced reaction to
external (i.e., social) stimuli (37,45).

Differences between children with ASD and TDC in the
relationship between functional connectivity and ASD symp-
tom severity scores also support the existence of categorical
brain mechanisms of ASD. Such findings imply that the brain
representation of ASD symptom severity is qualitatively differ-
ent from the brain representation of the normal spectrum of
social behaviors in TDC (41,46). Regions demonstrating this
type of effect included functional connectivity between the
middle occipital gyrus and SAL (Figures 4 and 6C), for which
there was a positive brain-behavior relationship for ASD but a
negative relationship for TDC, suggesting a potential role of
altered integration of visual processing with salience detection
in the expression of social impairment within ASD. Another
discrepancy between children with ASD and TDC in brain-
behavior relationships was detected for DAN connectivity with
the posterior cingulate cortex, a key region of the DMN. The
opposing functions of these two networks has been well
described (40) and seems to be important for behavior (47).
Although lesser connectivity between these regions is asso-
ciated with reduced social impairments in TDC, this relation-
ship is altered in children with ASD, indicating that ASD-
related impairments are associated with a categorical disrup-
tion in the intrinsic organization of these two opposing neural
networks. These findings point to potential categorical mech-
anisms of ASD and provide support for the existence of a dual
categorical-dimensional characterization of ASD.

Although dimensional and categorical effects were each
identified while covarying for the other, there were a couple of
regions in which both types of effects demonstrated overlap
(Figure 5). An example of such a region was found for right
precentral gyrus functional connectivity with the DMN
(Figure 6D). Functional connectivity of this region exhibited a
consistent positive dimensional relationship for the ASD and
TDC groups; however, after controlling for differences in
symptom severity, a significant categorical effect remained in
which children with ASD exhibited hyperconnectivity of these

regions. Although it is conceivable that such effects are
unrelated, the possibility that categorical and dimensional
mechanisms can work in tandem warrants further exploration.

This study has some limitations. Selecting an all-male
sample may limit the extension of the study inferences to
females. Future studies should consider sex differences in the
brain representations of ASD to elucidate the neural mecha-
nisms contributing to the strong male bias in the prevalence of
this disorder. Additionally, we did not statistically control for
medication use because information regarding psychoactive
medication use was inconsistently available across sites, and
sites further varied as to whether stimulants were withheld
before scanning. Given the well-documented heterogeneity of
ASD in terms of etiology and in terms in behavioral expression,
it is unclear to what extent our findings are representative of
these variations, particularly in behavioral domains not fully
captured by the SRS. Moreover, previous work demonstrated
that SRS scores may be biased by factors not related to ASD
(48), including behavioral problems not related to ASD, age,
language skills, and cognitive skills. As such, future studies
should include other complementary measures of ASD
severity that are currently not available across both groups
of TDC and children with ASD. Finally, although we performed
parallel examinations of ASD and ADHD, the lack of corre-
sponding dimensional measures for these data sets precluded
a formal statistical comparison of their functional connectivity
alterations. Future studies that explore the potential over-
lapping and distinct neural mechanisms underlying these two
neurodevelopmental disorders are highly desired (49-51).

In conclusion, based on combined analyses of functional
connectivity of four large-scale neural networks, this study
demonstrated the presence of distinct categorical and dimen-
sional brain abnormalities associated with ASD. On one hand,
the detection of shared brain-behavior relationships across
both children with ASD and TDC supports a dimensional
characterization of ASD. On the other hand, functional con-
nectivity deficits associated with a categorical ASD diagnosis
or diagnosis-by-behavior interaction suggest that children with
ASD are also categorically distinct from TDC. Taken together,
these findings shed light on the neural bases of ASD and
support the use of a categorical-dimensional hybrid model for
researchers and clinicians to conceptualize this disorder.
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Abstract

Autism spectrum disorders (ASDs) are characterized by deficits in social and communication
processes. Recent data suggest that altered functional connectivity (FC), i.e. synchronous brain
activity, might contribute to these deficits. Of specific interest is the FC integrity of the default
mode network (DMN), a network active during passive resting states and cognitive processes
related to social deficits seen in ASD, e.g. Theory of Mind. We investigated the role of altered FC
of default mode sub-networks (DM-SNs) in 16 patients with high-functioning ASD compared to
16 matched healthy controls of short resting fMRI scans using independent component analysis
(ICA). ICA is a multivariate data-driven approach that identifies temporally coherent networks,
providing a natural measure of FC. Results show that compared to controls, patients showed
decreased FC between the precuneus and medial prefrontal cortex/anterior cingulate cortex, DMN
core areas, and other DM-SNs areas. FC magnitude in these regions inversely correlated with the
severity of patients' social and communication deficits as measured by the Autism Diagnostic
Observational Schedule and the Social Responsiveness Scale. Importantly, supplemental analyses
suggest that these results were independent of treatment status. These results support the
hypothesis that DM-SNs under-connectivity contributes to the core deficits seen in ASD.
Moreover, these data provide further support for the use of data-driven analysis with resting-state
data for illuminating neural systems that differ between groups. This approach seems especially
well suited for populations where compliance with and performance of active tasks might be a
challenge, as it requires minimal cooperation.

© 2010 Elsevier Inc. All rights reserved.
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Introduction

Autism spectrum disorders (ASDs) are neurodevelopmental conditions characterized by core
deficits in social communication skills. One cognitive theory proposed to explain ASDs'
deficits is that patients with ASD have difficulty with “Theory of Mind” (ToM) processes
(Baron-Cohen, 1995; Hill and Frith, 2003). ToM is the ability to attribute states of mind
(e.g. emotions, desires and goals) to other people and is a crucial component of social
behavior. A distinct neural network normally mediates ToM, that includes medial prefrontal
cortex (MPFC), temporoparietal junction, and temporal pole (Frith and Frith, 2003). A few
studies have explored activation and functional connectivity of this network in individuals
with ASDs using tasks of mental state attribution (Baron-Cohen et al., 1999; Castelli et al.,
2002; Kana et al., 2009; Piggot et al., 2004) and narrative comprehension (Happé et al.,
1996; Mason et al., 2008), with inconclusive results regarding the brain areas involved and
the directionality of the impaired activation in relation to healthy controls.

Current research on social cognition in ASDs, including ToM, is limited to tasks that
employ highly demanding cognitive procedures. This confines research to high-functioning
and older subjects. Moreover, since patients' performance on these tasks is typically
impaired, it is hard to conclude whether abnormal brain activations are primary, or
secondary to patients' disengagement in the task. Studying brain networks that are activated
during rest and overlap those related to social cognition, such as the default mode network
(DMN), might overcome these limitations.

The DMN consists of the MPFC, posterior cingulate cortex/ retrosplenial cortex (PCC/Rsp)
including the precuneus (PrC) and bilateral inferior parietal lobules (IPL) and systematically
shows more prominent activity during passive resting conditions (e.g. Broyd et al., 2009;
Buckner et al., 2008; Raichle et al., 2001). However, it is also active in tasks involving
autobiographical memory, future prospection and ToM (for reviews see Broyd et al., 2009;
Buckner et al., 2008). The close relationship between DMN and ToM network's brain areas
makes it logical to explore whether abnormal DMN activity and/or functional connectivity
might be related to ASD symptoms. The term “functional connectivity” (FC) refers to
synchronous activation of spatially remote brain regions (Broyd et al., 2009; Friston et al.,
1993; van de Ven et al., 2004). It has been suggested that functional under-connectivity
among brain regions might explain ASD symptoms (Just et al., 2004). Several neuroimaging
studies demonstrated reduced autism FC during the performance of different cognitive tasks
(Castelli et al., 2002; Just et al., 2007, 2004; Kana et al., 2006, 2009, 2007; K|einhans et al.,
2008; Koshino et al., 2005, 2008; Mason et al., 2008; Mostofsky et al., 2009; Solomon et al.,
2009); although see other studies (Lee et al., 2008; Mizuno et al., 2006; Turner et al., 2006)
for contradictory results.

Most studies investigating the DMN in individuals with ASDs analyzed data from resting
blocks, comparing them to interleaved blocks of cognitive tasks, essentially measuring task
induced deactiva-tions (TID) (Cherkassky et al., 2006; Kennedy and Courchesne, 2008a;
Kennedy et al., 2006) and not FC per se (although Cherkassky et al. (2006) also performed a
FC analysis, see below). Of those, Kennedy and Courchesne (2008a) and (Kennedy et al.
2006) showed abnormal DMN TID in patients. Measuring FC with a seed-voxel
approach,Cherkassky et al. (2006) reported reduced anterior/posterior DMN connectivity in
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ASD. However, resting block designs from cognitive tasks have limitations. First, patient
cooperation and task understanding is required. Second, there is typically a correlation
between DMN TID and task difficulty (e.g. McKiernan et al., 2003). Thus task difficulty in
addition to task performance might influence group differences in DMN activations and
connectivity.

To mitigate these drawbacks, subjects can be fMRI scanned during the resting state, where
participants are instructed to lie still and awake in the scanner for few minutes, without
performing any specific task. These scans are appealing to research involving patients
because of their shortness and simplicity (Franco et al., 2009; Pearlson and Calhoun, 2009).
While traditional analytical techniques such as the general linear model (GLM) using
performance variables as regressors cannot be applied to resting data, it is possible to
measure FC of different brain areas. To our knowledge, only two fMRI studies to date have
tested resting state connectivity in ASD (Kennedy and Courchesne, 2008b; Monk et al.,
2009). These calculated DMN connectivity within the network and with the rest of the brain,
using a region of interest (ROI) seed-voxel correlation technique. A priori ROIs were
defined based on previous reported DMN brain areas in healthy individuals. While both
studies found decreased connectivity within the DMN, specifically involving the MPFC,
Monk et al. (2009) also found increased connectivity between PCC and temporal regions in
ASD. They further demonstrated that worse social functions in patients were associated with
decreased connectivity between PCC and MPFC and that increased restrictive and repetitive
behaviors were related to increased connectivity between PCC and parahippocampal gyrus.
These results support impaired functional DMN connectivity as potentially underlying
deficits seen in patients with ASD.

Group independent component analysis, ICA, has been recently used successfully to identify
the DMN and other resting-state networks and to assess FC within these networks during
resting fMRI scans (Calhoun et al., 2001b; McKeown and Sejnowski, 1998). ICA identifies
spatially independent components of brain areas with hemodynamic timecourses that closely
co-vary. Thus, the regions comprising each component are conceptualized as part of a
specific network (Calhoun et al., 2001b) with highly synchronous time courses. ICA is a
data-driven method, allowing data analysis without either regressors extracted from
behavioral data (i.e. no task is needed) or a priori hypotheses of a specified relevant ROI.
Thus, ICA identifies multiple integrated networks from fMRI timeseries data without being
limited to a priori ROIs or specific cognitive processes (for review see Calhoun et al.,
2009). It consistently identifies the DMN during scans of resting state and cognitive tasks in
healthy individuals (e.g. Calhoun et al., 2008a; Stevens et al., 2009) and in patient groups
(e.g. Garrity et al., 2007; Kim et al., 2009). Moreover, various ICA analyses suggest that
resting fMRI data comprise several consistent synchronous networks, including fronto-
parietal, motor, visual and auditory networks (Beckmann et al., 2005; Calhoun et al., 2008a;
De Luca et al., 2006; Stevens et al., 2009; van de Ven et al., 2004). ICA has been used to
identify sub-networks of the DMN as separate components, each with a distinctive
timecourse. When detected in active tasks, all these sub-networks are negatively modulated
by cognitive demands and include portions of typical DMN brain regions, namely MPFC
and PCC/PrC (Beckmann et al., 2005; Calhoun et al., 2008a; Kim et al., 2009; Stevens et al.,
2009). While seed-voxel correlation techniques can also detect DMN subnetworks (Uddin et
al., 2009), ICA has the advantage of identifying sub-networks with subtly different
spatiotemporal patterns, without specific ROI restriction. Thus, we used ICA to investigate
the FC integrity of the default mode sub-networks (DM-SNs) during fMRI resting scans in
high-functioning patients with ASD. We hypothesized that compared to matched healthy
controls (HC), patients would show decreased strength of connectivity in DM-SNs,
specifically in the PCC/PrC and MPFC (Broyd et al., 2009), and that social and
communication skill deficits would be predicted by reduced connectivity within DM-SNs'.
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Methods and materials

Participants

Sixteen high-functioning patients with ASDs (ages 11-20, 15 males) and 16 typically
developing healthy controls (HC) (ages 13— 23, 14 males) were recruited. Full scale 1Q was
assessed with the VVocabulary and Block Design subsets of the Wechsler Adult Intelligence
Scale (WAIS) or Wechsler Intelligence Scale for Children (WISC). Data from all 32
participants were used to run the ICA analysis and identify the DM-SNs. However, since 1Q
was missing for one patient and one control they were excluded from group analyses. Table
1 summarizes the demographic information for the remaining participants. Notably, there
were no group differences on age, gender, race and full scale 1Q. Patients' diagnosis was
confirmed with the Autism Diagnostic Observational Schedule (ADOS, Lord et al., 2000)
and the Autism Diagnostic Interview-Revised (ADI-R, Lord et al., 1994). ASD
symptomatology was further assessed by the Social Responsiveness Scale (SRS,
Constantino and Gruber, 2005), in the 13 patients younger than 18. Eight of the 15 patients
were medicated when scanned (information was missing for 2 patients): 6 received CNS
stimulants, 3 antipsychotic drugs, 4 SSRIs, 2 other antidepres-sants and one anti-epileptic
treatment (note that 7 of the medicated patients were treated with more than one drug). ASD
was ruled out in HCs using the ADOS (available for 14 of the 15 controls), the Social
Communication Questionnaire (SCQ, Rutter et al., 2003) lifetime form (available for 9
controls, including the individual without ADOS) and a detailed health questionnaire.
ADOS total scores ranged from 0 to 4 (mean=0.8+1.2) and SCQ scores ranged from 0 to 7
(mean=2.7+ 2.9), well within the normal range. All participants provided written informed
consent, approved by the Hartford Hospital Institution Review Committee, after complete
description of the study and were paid for their time.

Scanning procedures

During fMRI, participants were instructed to lie still with their eyes open, fixating on a
centrally presented cross for 5 minutes and 15 seconds. No cognitive task was performed
during this time. Blood oxygenation level dependent (BOLD) signal was obtained with T2*-
weighted echo planar imaging (EPI1) sequence (TR/TE=1500/27 ms, Flip angle=70°, Field of
view=22 cm with a 64x64 acquisition matrix) using a Siemens 3 T Allegra. We acquired 29
contiguous axial functional slices of 4 mm thickness with 1 mm gap, yielding 3.4x3.4x5
mm?3 voxels for 210 time points. The first 6 images of the scan were not included in the data
analysis to allow global image intensity to reach equilibrium.

Image preprocessing

Data were preprocessed using SPM5 (Wellcome Department of Cognitive Neurology). Each
individual's dataset was realigned to the first “non-dummy” image using the INRIAlign
toolbox (A. Roche, INRIA Sophia Antipolis, EPIDAURE Group). The average translation
motion parameter was 3.2 mm with no group differences (t(1, 30y= 0.97, p=0.34). In addition
to excluding components that represented movement artifacts (see below), all individual
component maps were inspected to ensure that there were no obvious motion artifacts in the
components of interest. Next, slice timing correction was applied to the data, adjusting slice
timing based on the middle slice. Data were then spatially normalized to Montreal
Neurological Institute (MNI) space (Friston et al., 1995), and smoothed with 9 mm?3 FWHM
Gaussian kernel.

Component identification

Group spatial ICA was conducted for all 32 participants using the Infomax algorithm (Bell
and Sejnowski, 1995) within the GIFT software (http://icatb.sourceforge.net/, version 1.3¢).
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Dimensionality estimation to determine the number of components was performed using the
minimum description length criteria, modified to account for spatial correlation (Li et al.,
2007). The mean dimension estimation was 28.9 (SD=13.4). We rounded this number
slightly and estimated 28 components. Single subject time courses and spatial maps were
then computed, during which the aggregate components and the results from data reduction
were used to compute the individual subject components (i.e. back-reconstruction Calhoun
et al., 2001a, 2009).

Selecting the components related to the DMN was done in 2 stages. First, a systematic
process was used to inspect and select components whose patterns of correlated signal
change were largely constrained to gray matter from the 28 estimated components (Stevens
etal., 2007). To do so, the correlationsof each component's spatial map with a priori mask
maps of gray matter, white matter, and cerebral spinal fluid (CSF) within standardized brain
space provided in WFU Pickatlas (Maldjian et al., 2003) were computed. Components with
high correlation to a priori localized CSF or white matter, or with low correlation to gray
matter, were inferred to be likely artifactual. Visual inspection of discarded components
suggested that they represented eye movements, head motion, or cardiac-induced pulsatile
artifact at the base of the brain. Ten components were selected as of interest for further
analysis to identify the DMN components.

Next, a spatial correlation analysis between the 10 chosen components and an a priori DMN
binary mask of the DMN template provided in GIFT was performed. This template is based
on DMN regions reported by Raichle et al. (2001), including the PCC/PrC, IPL and MPFC
(Calhoun et al., 2008a,b; Garrity et al., 2007). This procedure was used only to select the
components that corresponded to the DMN but not to modify them (i.e. no ROIs were
included or excluded from the different components following this correlation analysis).
Visual inspection confirmed that components that included all or part of the DMN regions
ranked highest in this analysis.

For each subject, the chosen DMN components (3 components were chosen, see below),
referred to here as the DM-SNs, were then converted to z values. For each component,
individual maps of all subjects regardless of group were entered into random effect one-
sample t-tests in SPM5 and thresholded at p<0.05 corrected for family-wise error, to create a
sample-specific component map. These maps were used as a mask for group analyses within
the corresponding component. Thus, results are not biased by components maps defined
from healthy participants only.

Statistical analysis

Group comparison—Individual DM-SN components GIFT maps were entered into
SPMS5 for group analyses. The z values in these individual maps represent the fit of a
specific voxel BOLD timecourse to the group averaged component's timecourse. Thus,
group analyses test the connectivity strength (i.e. signal synchronization) of each voxel to
the whole spatial component. For each component, random effects one-sample t-tests were
performed for each group separately to assess the within group integrity of the component
maps. Random effects two-sample t-tests examined group differences. The resulting
statistical maps were masked with the study-specific general map of the relevant component
(generated based on data from all participants) to explore results within this network only.
All group tests were controlled for age and 1Q (due to their wide range, see Table 1) and
were thresholded at p<0.05 corrected for false discovery rate (FDR). Reported coordinates
were converted from MNI space to standardized Talairach coordinates (Talairach and
Tournoux, 1988) (http:// imaging.mrc-cbu.cam.ac.uk/imaging/MniTalairach).
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To further assess the potential effect of drug treatment on results of group differences in
functional connectivity, we recalculated the random effects two-sample t-test for each
component, comparing only the 5 patients without current treatment to controls. In addition,
for each component we performed random effects two-sample t-test comparing the patients
without current treatment to the patients with current treatment (n=8; as mentioned above
the treatment status of 2 patients was missing, therefore they were not included in these
analyses). All group tests were controlled for age and 1Q and were thresholded a p<0.005
uncorrected (due to the low number of subjects).

Correlation of components maps with symptom severity—For each DM-SN
component, multiple regression analyses were performed to assess the relationship between
individual patients' maps and their symptom severity as assessed by the ADOS total,
communication and social scores and the SRS total and subscale scores. Again, analyses
were controlled for age and 1Q and thresholded at prpr<0.05, and the resulting statistical
maps were masked with the general specific component's map, limiting the analysis to each
component's ROIs.

Component identification

Examination of the 10 component maps yielded 3 components that included brain areas
previously reported to be part of the DMN (e.g. Broyd et al., 2009; Buckner et al., 2008;
McKiernan et al., 2003; Raichle et al., 2001) (Fig. 1 and Table 2): (A) DMN component,
including mainly the PCC and bilateral IPL, but also the PrC and MPFC (we refer to this
network as the DMN since it is the only one that includes all suggested “classic” DMN
regions); (B) Precuneus (PrC) component, which also included adjacent areas in the PCC,
postcentral gyrus and paracentral lobule; and (C) MPFC component that also included a
PCC/PrC cluster and small IPL clusters. Spatial correlation with the DMN a priori mask
revealed that these components were the 3 highest ranking components of the 10
components of interest (r=0.30, 0.32 and 0.21 respectively), indicating that regions in these
components closely resembled the regions in the mask. As evident in Fig. 1, some of the
component maps partially overlap. One of the strengths of ICA is that a given voxel can
contribute to multiple components. This provides for the case where a region can be a hub
for more than one network (McKeown and Sejnowski, 1998).

One-sample t-tests that quantified conservation of spatial structure across participants in
each component in each group separately demonstrated that the same brain regions were
evident in the 3 selected ICA components in both groups (Table 2).

Group comparison

Although the DM-SNs' maps of patients and controls were similar overall, voxelwise two-
sample t-tests revealed significant differences in regional FC strength for component A in
the precuneus (x=21, y= -56, z=38; t=4.7, pppr<0.05), and for component C in the ACC (x=
-9, y=47, z=-2; t=4.65, pppr<0.05). For both components patients showed decreased
strength of connectivity compared to HC (Fig. 2).

Analyses including only patients with no current drug treatment replicated these results,
showing stronger connectivity in HC in the precuneus (x=15, y=-53, z=38, t=3.86) for
component A and in the ACC (y=-9, y=49, z=-2, t=3.58) for component C. In our a priori
threshold of p<0.005, additional group differences were found in the PCC (x=-3, y=-40, 13,
t=3.43) in component A, and in the right ACC (y=6, y=47, z=0, t=3.98) in component C (as
in the original results, patients showed decreased strength of connectivity compared to HC).
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In addition, comparing drug-treated patients to non-treated patients found no group
differences in any of the 3 components.

Importantly, we used data from all participants regardless of diagnostic group to identify
components, and to test for group differences in the second-level analyses, to avoid the
problem of matching components between groups. This approach preserves group
differences in the back-reconstructed maps (Calhoun et al., 2001a,b). We also performed a
separate ICA for each group and identified the 3 DM-SNs components in both groups.
Follow-up 2 sample t-tests found regional group differences similar to the group differences
describe above (see Supplementary Materials).

Correlation of DM-SNs' connectivity maps with symptoms severity

Component A: No correlations were found with ADOS and SRS scores
(PFDR<0.05).

Component B: Significant negative correlations were found between the precuneus
FC strength and ADOS total and social scale scores (x=0, y=—42, z=44, r=—0.90
and r=—0.89, respectively, prppr<0.05) and ADOS communication scale score
(x=0, y=—41, =63, r=—0.85, prpr<0.05) while controlling for age and 1Q. The
correlation pattern indicates that worse symptom severity was associated with
lesser PrC connectivity (Fig. 3; Note that graphs depict participants with and
without drug treatment at the time of the scan).

Component C: Significant negative correlations were found (a) between MPFC
connectivity and SRS total score (x=6, y=48, z=28, r=0.91, prpr<0.05), and (b)
between ACC connectivity and SRS total and autistic mannerisms subscale score
(x=6, 38, 1, r=—0.85 and x=9, 38, —2, r=—0.93, respectively, prppr<0.05). All
analyses were controlled for age and 1Q; worse symptom severities were associated
with decreased connectivity (Fig. 3).

Discussion

We investigated the integrity of FC within sub-networks of resting-state default mode areas
in high-functioning patients with ASDs compared to matched healthy controls using ICA of
relatively straightforward and short resting fMRI scans. Group ICA of fMRI data identifies
components, each comprised of several brain regions with synchronous BOLD time courses.
The regions in each component therefore have strong FC and can be considered as a specific
neural network (for review see Calhoun et al., 2009). Of the 10 meaningful brain
components we identified by ICA, 3 included brain regions most often associated with
DMN (e.g. Broyd et al., 2009; Buckner et al., 2008; McKiernan et al., 2003; Raichle et al.,
2001). Component A included all DMN areas, but mostly the PCC/PrC and bilateral IPL,
Component B included mainly the PrC, and Component C included MPFC and ACC with a
small cluster at the PCC. These 3 DM-SNs were previously identified in other ICA studies
of resting state and cognitive fMRI studies in both non-clinical samples and schizophrenia
patients (e.g. Assaf et al., 2009; Calhoun et al., 2008a; Damoiseaux et al., 2006; Esposito et
al., 2006; Garrity et al., 2007; Jafri et al., 2008; Kim et al., 2009; Stevens et al., 2009). The
heterogeneity of connectivity among regions indicates that spatiotemporal patterns of the
MPFC/ACC and PrC are sufficiently different from the rest of the DMN (i.e. PCC and IPL);
as such, they are identified by ICA as different components. Separation of DMN into
posterior and anterior regions (corresponding to our components A and C) is the most
consistent result in the above studies (Calhoun et al., 2008a; Damoiseaux et al., 2006;
Esposito et al., 2006; Kim et al., 2009; Stevens et al., 2009). Working memory task load
differentially influences these regions' temporal and spatial modulation (Esposito et al.,
2006) and posterior regions show less activity modulation during resting scans (Damoiseaux
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et al., 2006). To our knowledge, no study has investigated the temporospatial modulation of
the PrC component, although its activity manifests task-related decreases (Calhoun et al.,
2008a). Our results support the idea that the DMN has multiple interacting hubs or
subsystems (Buckner et al., 2008).

Although all 3 DM-SNs were evident in both ASD and HC, direct group comparisons
showed decreased connectivity strength in precuneus in component A and MPFC/ACC in
component C (each with other brain areas in the corresponding component) in patients.
There was no group difference in the connectivity of component B, representing local PrC
FC. In addition, the connectivity integrity of different DMN areas negatively correlated with
specific measures of patients' symptoms. Thus, decreased connectivity between DMN
regions (a brain network associated with social cognitive functions impaired in individuals
with ASD, see below) might underlie specific deficits in these patients, supporting the
under-connectivity hypothesis of ASD (Just et al., 2004).

Our results mostly agree with other fMRI studies of DMN in ASD, generally showing
decreased long-range (and not local) FC or activation of this network (Cherkassky et al.,
2006; Kennedy and Courchesne, 2008a,b; Kennedy et al., 2006; Monk et al., 2009),
although the impaired regions identified by these studies do not always overlap with ours.
Methodological differences make direct comparisons between results somewhat challenging.
Most previous studies used a task induced deactivation (TID) method in fMRI scans of
cognitive tasks to explore the DMN (Cherkassky et al., 2006; Kennedy and Courchesne,
2008a; Kennedy et al., 2006). Of those, Kennedy and Courchesne (2008a) and Kennedy et
al. (2006) linked ASD to abnormal deactivation of the DMN, but did not examine FC.
Cherkassky et al. (2006), although not finding similar reduced TID, reported decreased
connectivity between the ACC and precuneus in patients using a formal DMN connectivity
analysis after combining data from different cognitive tasks. It is difficult to conclude
whether group differences in these studies represent true abnormal DMN activity/
connectivity, or if they are driven by abnormal task-related performance (McKiernan et al.,
2003).

In recent studies, Kennedy and Courchesne (2008b) and Monk et al. (2009) used resting
fMRI scans similar to ours in individuals with ASD to explore FC among DMN brain
regions, but reported conflicting results. Kennedy and Courchesne (2008b) found reduced
connectivity in patients in the MPFC and left angular gyrus, but not in PCC/PrC. Monk et al.
(2009) demonstrated decreased connectivity between PCC and frontal regions and increased
connectivity between PCC and temporal regions. Importantly, these studies explored
connectivity integrity by calculating correlations between time courses of pre-defined ROIs
based on a previous study of DMN in healthy participants (Fox et al., 2005). This method
could potentially bias results to specific areas while missing others. Conversely, ICA
requires no a priori hypotheses regarding ROIs. Note that although we used a DMN mask to
identify the most appropriate components, this procedure did not limit the ICA results to the
regions included in this mask. Instead, this approach merely permitted us to empirically
quantify how strongly any given component resembles the proposed structure of the DMN
to choose what networks to examine. Since we used data from patients and controls to
identify DM-SNs, and group differences were assessed by second-level analyses, our results
are not biased by areas selected based on healthy participants data only.

Our results also show an association between connectivity strength of DMN regions and
characteristic social, communication and behavioral deficits in patients. Areas in the PrC
showed negative correlations with ADOS Total, Social and Communication scores
(component B) while areas in the MPFC/ACC negatively correlated with SRS total score
and the social mannerism subscale scores (component C). For all these correlations,
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decreased functional connectivity was associated with more severe symptoms. The SRS is a
parental report that assesses several dimensions of social, communication and repetitive/
stereotypic behaviors in ASDs. The Autistic Mannerisms subscale specifically measures
stereotypical behaviors and highly restricted interests that characterize patients, including
obsessive behaviors and thoughts (Constantino and Gruber, 2005). The ADOS is an
observational tool, designed to elucidate and evaluate social and communication deficits
specifically related to ASDs. Although SRS and ADOS scores are reported to correlate
positively (Charman et al., 2007), they probably represent somewhat different aspects of
patients' impairments. The SRS mannerism subscale in particular captures behavioral
aspects not incorporated into the ADOS algorithm. Importantly, the association of the SRS
with ACC FC corresponds to the documented involvement of the ACC in the
pathopysiology of obsessive-compulsive disorder (for review see Maia et al., 2008; Rotge et
al., 2009), suggesting that these symptoms in patients with ASD might have similar
underlying neural cause (Hollander et al., 2009). On the other hand, the correlation between
ADOS scores and the PrC FC corresponds to this region known involvement in high social
cognitive processes, such as self-referential thinking (e.g. Cavanna and Trimble, 2006; Wolf
et al., 2010) and ToM, which are known to be impaired in patients with ASD (Baron-Cohen,
1995; Frith and Frith, 2003; Hill and Frith, 2003). Related to our results in this region, Rojas
et al. (2006) found negative correlation between PrC (among other regions) gray matter
volume and ADI Social and Communication total score (although they did not find similar
correlation with ADOS scores), further emphasizing the relationship between the PrC and
social and communication deficits in patients with ASD.

While our correlation analysis results support an under-connec-tivity hypothesis of autism
(Just et al., 2004), they are not in full agreement with other reports. To our knowledge only 3
studies to date have evaluated the correlations between FC and symptoms severity in ASD,
two measured FC during cognitive tasks (Just et al., 2007; Kleinhans et al., 2008) and the
third measured FC during a resting fMRI scan (Monk et al., 2009). Just et al. (2007) showed
that frontal-parietal FC negatively correlated with ADOS total scores during an executive
task. Using face processing task, Kleinhans et al. (2008) showed that FFA-amygdala FC
negatively correlated with social impairments measured by ADI, but FFA-right IFG FC
positively correlated with ADOS social impairments. Finally, Monk et al. (2009) showed
negative correlations between social impairments (measured by ADI) and the FC between
the PCC and MPFC, but positive correlations between restricted and repetitive behaviors
and FC between PCC and parahippocampal region during resting scans similar to ours.
Differences in results might arise from the methods used to measure FC (i.e. task vs. resting-
state scans; ICA vs. voxel-based correlations) and symptom severity. Importantly,
Components A-C depicted in our study did not include hippocampal/parahippo-campal
regions, which have been suggested by some studies to be part of the DMN (for review see
Buckner et al., 2008) and showed impaired connectivity in patients with ASD (Monk et al.,
2009), and therefore we could not assess their connectivity to other DMN regions.
Moreover, while the ADOS and SRS assess current symptoms the ADI assesses the most
abnormal lifetime symptoms, also possibly contributing to seeming contradictions among
existing results from different studies.

While DMN functions are still a matter of debate, a leading hypothesis suggests that the
“resting brain” is engaged in self-referential mental representation and other high order
social cognitive processes, such as ToM (for reviews see Broyd et al., 2009; Buckner et al.,
2008), since although it deactivates during most cognitive tasks, it activates during tasks
involving these processes. Thus, investigating the DMN FC from resting scans can
potentially approximate FC of brain networks related to social cognition, allowing us to
investigate brain networks hypothesized to be impaired in individuals with ASD (Baron-
Cohen, 1995; Frith and Frith, 2003; Hill and Frith, 2003) without highly demanding
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cognitive tasks (Franco et al., 2009; Pearlson and Calhoun, 2009). Importantly, this
suggested functional significance of the DMN has been challenged by observations of its
activity in unconscious states in both humans and monkeys (e.g. Boly et al., 2008; Horovitz
et al., 2008; Vincent et al., 2007), implying that DMN activity might be related to intrinsic
brain functional organization. Notably, these latter studies explored this activity in the
“classic” DMN (mostly in PCC/PrC and IPL) but not in DM-SNs, such as the MPFC.
Nevertheless, we do not argue that DM-SNs are exclusively involved in higher-order social
processes. Rather we speculate that these sub-networks show coherent fluctuations during
rest in different levels of consciousness and during social cognitive tasks, much like other
brain networks, such as somatomotor and visual circuits (e.g. Vincent et al., 2007). Higher-
order social cognitive processes are hypothesized to be impaired in patients with ASD and to
underlie core social and communication clinical deficits (Baron-Cohen, 1995; Frith and
Frith, 2003; Hill and Frith, 2003) and therefore it is logical to investigate patient DM-SNs
activity and connectivity. Our results add to the growing evidence that regional DMN under-
connectivity may underlie the etio-pathology of patients' clinical deficits. Furthermore, our
findings suggest that assessing FC of fMRI data collected during a simple resting scan could
serve as a biological marker for treatments designed to target specific deficits.

Limitations of the current study include that 8 of the 15 patients were medicated (data
missing for 2 patients), making it difficult to determine whether some of our findings were
secondary to possible effects of medication on FC. However, our analyses confirmed that
the same group differences are evident when examining unmediated patients only and that
medicated and unmediated patients showed no connectivity differences. In addition, as can
be seen in Fig. 3, none of the 2 patients groups is driving the correlation of FC with
symptoms severity. Albeit preliminary due to small sample size, these results suggest that
connectivity impairments in patients with ASD are primarily due to their baseline illness and
not drug treatment. Second, although resting-state fMRI's major advantage is its relative
simplicity and lack of potential performance confounds, this can be also viewed as a
disadvantage, since participants are not monitored through the scan and no cognitive data
exists to interpret the results. For example, we did not objectively verify that participants
had not fallen asleep during the scan. However, all patients responded to the MR
technologist at the beginning and end of the scan and no subject indicated that they slept
during the resting scan. It is also possible that group differences are due to different anxiety/
arousal levels, which are more prevalent in individuals with ASD (Davism et al., 2008);
however, we did not assess anxiety. Third, we did not evaluate mutual casual interactions
among different ICA DM-SN components and their potential impairments in patients with
ASD (Assaf et al., 2009;Jafri et al., 2008). Finally, our sample included only high-
functioning patients with ASD, limiting generalizability. Given the simplicity of resting
scans, applying our methods to lower-functioning patients is an obtainable goal.

In summary, using brief resting fMRI scans and ICA, we have shown that although high-
functioning patients with ASD have similar DM-SNs to healthy controls, they have
decreased connectivity in the MPFC/ACC and PrC regions. Strength of connectivity in these
regions also negatively correlated with the severity of patients' social and communication
deficits. These results are in accord with an ASD under-connectivity hypothesis, which
suggests that a general decrease in cortico-cortical functional connectivity underlies patients'
behavioral and cognitive impairments. Resting fMRI scans and ICA as a data analysis
method provide us with the tools to probe this network easily without a cognitive task (that
patients might find difficult to understand and/or perform) opening the way to explore
functional connectivity in younger and low-functioning patients with ASD as well. If our
results generalize to these patients, DMN connectivity promises to be a useful imaging
biological marker and treatment target of ASD.
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Fig. 1.

The upper panel depicts the 3 ICA components that represent the Default Mode sub-
networks. These maps were identified by GIFT (http://icath.sourceforge.net/, version 1.3¢)
using resting scans data from all 32 participants (patients and controls) and thresholded at p
<0.05 corrected for family-wise errors. The lower panel shows all 3 components
concurrently.
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Group differences in the Default Mode sub-networks. Only the PrC in Component A and
MPFC in component C showed significant group differences, such that patients had
decreased strength of connectivity. Each map is masked with the corresponding component
mask generated from all participants (black outline, see Fig. 1) and threshold at prpr <0.05.

Neuroimage. Author manuscript; available in PMC 2011 March 16.



1dussnuein Joyny vd-HIN 1duosnueln Joyny vd-HIN

1duosnuey JoyIny vd-HIN

Assaf et al.

Page 17

Comp. B: PrC (0,-42 44) correlation with ADOS Total score

Z values

10.00 20.00
ADOS Total score

Comp. B: PrC (0,-42,44) correlation with ADOS Social score

Z values

5.00 10.00 15.00

ADOS Social score

Comp. B: PrC (0,-41,63) correlation with ADOS Communication score

[
o
=
[
>
N

6.00

ADOS Communication score

Comp. C: MPFC (6,48,28) correlation with SRS Total score

Z values

40.00 80.00 120.00
SRS Total score

Comp. C: ACC (9,38,-2) correlation with SRS Mannerism score

Z values

10.00 20.00
SRS Mannerism score

Fig. 3.

Correlations between the functional connectivity strength of the Default Mode sub-networks
and ADOS and SRS scores in patients with ASD. Patients receiving treatment at the time of
the scan are depicted as filled white circles, patients without drug treatment at the time of the
scan are depicted as blue circles, and patients with unknown treatment status are shown as
unfilled white circles. Each map is masked with the corresponding component mask
generated from all participants (black outline, see Fig. 1) and threshold at prpr <0.05. Note
that the graph for the ACC cluster (shown in the two lower panels) correlation with SRS
total scores is not displayed. Also, no significant correlation was found for component
(comp.) A. ACC, anterior cingulate cortex; MPFC, medial prefrontal cortex; PrC, precuneus.
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Table 1

Demographic and symptoms assessment information. (Data represents average scores + standard deviation).
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ASD HC Statistics p
(n=15) (n=15)
Age (years) 15.7+£3.0 17.1+3.6 t(28)=-1.1 ns.
(range) (11-20) (10-23)
Gender (M/F) 14/1 1312 ¥3(1) =0.4 n.s.
Race (W/B/O) 14/0/1 10/3/2 12(3) =4.7 ns.
FSIQ 113.3+15.0 117.1+169 t(28)=-0.7 ns.
(range) (79-135) (79-139)
ADOS total 14.9 £4.0 0.8+1.2 t(27) =12.7  <0.0001
(n=15/14)
ADOS 43+1.3 0.6 £1.2 t(27) =7.6 <0.0001
communication
(n=15/14)
ADOS social 10.6+3.2 0.1+04 t(27) =12.2  <0.0001
(n=15/14)
SRS Total 99.6 £31.0 -
(n=13)
SRS Social 115144 -
Awareness
(n=13)
SRS Social 16.846.8 -
Cognition
(n=13)
SRS Social 31.5+11.8 -
Communication
(n=13)
SRS Social Motivation  18.1+7.5 -
(n=13)
SRS Social 17.0+43 -

Mannerism (n=13)
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Intellectual disability but normal plasticity may underlie non-syndromic autism, whereas syndromic autism may occur when
Cross-modal plasticity a triggering mutation or event produces an altered plastic reaction, also resulting in intellectual disability
Synaptic plasticity and dysmorphism in addition to autism. Differences in the target of brain reorganization (perceptual vs.

Cortical reallocation

Double-hit mechanism language regions) account for the main autistic subgroups. In light of this model, future research should
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Enhanced perceptual functioning occurrence of autism. . . o .
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1. Introduction: Genetically determined high plasticity is
associated with both the strengths of autistic people and
variability in the autistic phenotype

Phenotypic, cognitive and genetic heterogeneity of autism has
complicated the understanding of its causes, but may also have a
heuristic value. Autistic people display cognitive strengths which
may result from differences in the plasticity of brain functions at
particular regions (Mottron et al., 2013). Brain imaging studies of
autism have revealed a large-scale reorganization of the autistic
brain which may reflect enhanced cortical plasticity. In parallel,
genetic studies of autism have recently identified many de novo
mutations (Gillis and Rouleau, 2011; Ronemus et al., 2014). Most
of these mutations are implicated in synaptic plasticity (Kelleher
et al., 2008; Baudouin et al., 2012), which is defined as the process
of microstructural construction of synapses occurring during devel-
opment and the remodeling of these synapses during learning.
These findings suggest that enhanced synaptic plasticity triggers
a regional reorganization of brain functions that account for both
the unique aspects of autism and its variability. In this paper we
will review the following: (1) the main sources of inter-individual
variability of the autistic phenotype, with an emphasis on the
domain-general strengths of autistic people; (2) how cortical reor-
ganization, similar to that following sensory impairment, occurs
within the most “plastic” regions of the human brain in autistic
people; and (3) how mutations implicated in autism alter synap-
tic plasticity. In addition, we propose the Trigger-Threshold-Target
model which describes how genetically triggered brain reorgani-
zation may account for autism and its cognitive, phenotypic and
neurogenetic variability.

2. Main sources of inter-individual variability in the
autistic phenotype

2.1. Phenotypic variability

Phenotypic variability is a key feature of autism (APA, 2013).
Not all signs of autism are found in every autistic person, which
means that diagnosis is based on polythetic criteria as opposed
to a defined set of clinical features. For instance, speech abilities
in autistic people can range from none to outstanding, and intel-
ligence from intellectual disability to genius. Various approaches

have been devised to categorize this variability. The DSM-IV (APA,
2013) proposed subtyping to account for variability in language
development, and differentiated autism from Asperger syndrome.
The DSM-5 proposed the use of clinical specifiers (language, intel-
ligence, neurogenetic context, severity) to describe differences in
cognitive, comorbid or adaptive characteristics within the autis-
tic spectrum. The two approaches differ in that the categorical,
subtyping approach clusters different values for each source of het-
erogeneity, whereas the dimensional, specifier approach allows an
indefinite number of possible values and combinations (Szatmari,
2011) of heterogeneity. This symptomatic variability has been seen
as an obstacle to the recognition and understanding of autism. The
model we propose here suggests that the phenotypic, cognitive, but
also genetic heterogeneity (Girirajan and Eichler, 2010) of autism
is a fundamental feature that reflects its mechanistic causes.

2.2. Cognitive variability

2.2.1. Intelligence

One source of heterogeneity in the autistic phenotype is intel-
ligence level. The prevalence of intellectual disability, epilepsy,
microcephaly, and the female to male ratio is markedly higher
in syndromic autism than in nonsyndromic autism (Amiet et al.,
2008). However, there are also large differences in intelligence
level amongst people with nonsyndromic autism. The reported
incidence of intellectual disability in nonsyndromic autism has
been in constant decline in the last few decades (Prevention CfDCa,
2013), from more than two-thirds of cases to less than one-third.
Part of this previously reported intellectual disability resulted
from the fragmented use of language by autistic patients, which
impaired their capacity to perform well in standard intelligence
tests. As a result, estimates of intellectual disability were strikin-
gly lower when nonverbal tests were used (Dawson et al., 2007).
The measurement of intelligence also reveals large intra-individual
variability of performance depending on the task, with some tasks
performed higher than expected according to the individual’s pre-
dicted IQ score.

2.2.2. Perception

Perceptual skills are the most documented cognitive strength
in autistic people (Mottron et al.,, 2013). High perception of
the surrounding environment appears to be present early in
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development, with long visual fixations (Zwaigenbaum etal.,2005),
early detection of audio-visual synchrony (Klin et al., 2009), inter-
est in geometric shapes (Pierce et al., 2011) and periodic motion
(Mottron et al., 2007), and superior visuo-spatial search (Kaldy
et al., 2011). Perceptual strength, defined as a score superior to
1SD from the baseline IQ, is present in 30 (Howlin et al., 2009)
to 50% (Caron et al., 2006) of autistic people, and is thereby a
source of intra-individual heterogeneity. Perceptual strength can-
not be easily classified according to perceptual levels or modalities.
For instance, auditory processing is frequently altered in autism
(O’Connor, 2012) and includes an enhanced ability to discriminate
low level perceptual features such as pitch and loudness. Adept
visual processing often involves mid-level perception, for instance
the ability to detect patterns in embedded figures or visual search
tasks (Mottron et al., 2012a) and more frequently involves extra-
striate regions than primary regions (Schwarzkopf et al., 2014).
Autistic people also have a high ability both to perceive details
in compound visual stimuli (Wang et al., 2007), and to manipu-
late large-scale three dimensional figures (Soulieres et al., 2011).
In addition, perceptual strengths in autism involve not only low or
mid-level operations but also visuo-spatial reasoning (Stevenson
and Gernsbacher, 2013).

2.2.3. Language

Language and speech function is another domain in which
there is a striking range of strengths and deficits, both within
and between individuals (Williams et al., 2008). Most autistic per-
sons suffer from major speech onset delay (SOD), specific language
impairment and/or particular deficits (deictic terms, pragmat-
ics) early in development; however, some autistic people exhibit
normal early language development. According to the DSM-IV
criteria, early language impairment is associated with autism
whereas individuals with Asperger Syndrome develop normal lan-
guage skills. The DSM-5 no longer supports this distinction, partly
due to its lack of reliability, and because features of the DSM-
IV criteria of Asperger syndrome are inapplicable. Nonetheless,
cognitive (Sahyoun et al., 2009; Bonnel et al., 2010; Jones et al.,
2009a; Barbeau et al., 2013a) and brain imaging data (Yu et al.,
2011; Sahyoun et al., 2010) of autistic spectrum (AS) people with
(AS-SOD) or without (AS-NoSOD) speech onset delay and/or atyp-
icalities, suggest that this distinction has some value.

Furthermore, there are major intra-individual variations in per-
formance across different language functions, mostly in AS-SOD
(Boucher, 2012). Despite speech onset delay, some language com-
ponents are unimpaired, or even enhanced. An example of this is
decoding, which is the ability to produce sounds corresponding to
a graphic representation of speech (Jones et al., 2009b). This capac-
ity has been associated with hyperlexia (Grigorenko et al., 2003),
which is a precocious, transient nonlinguistic use of language. Most
autistic strengths are related to pattern perception, reproduction
and manipulation, for instance exceptional 3-D drawing or musi-
cal memory; however, others are not directly perceptual and are
instead related to language (Klin et al., 2009) (e.g., calendar calcu-
lation, factorization, prime number detection, memory for proper
names). Autistic people who possess proficient skills related to per-
ception may show early speech alterations up to and including the
absence of spontaneous speech, whereas hyperlexia or some hyper-
mnesia imply the hyper-functioning of a component of language
function (Mottron et al., 2013).

2.3. Differences in strengths according to Autism spectrum
subgroups

Although autism spectrum appears as a heterogeneous condi-
tion with different patterns of enhanced or impaired perceptual and
cognitive skills, patients can be divided into two main AS subgroups

according to these strengths and deficits. Perceptual enhance-
ment is largely associated with delay, deficits or abnormalities in
speech (echolalia, pronoun reversal) (Caron et al., 2006). AS-SOD is
characterized by strengths in reasoning (as measured with Raven
matrices) and visuo-construction, combined with deficits in some,
but not all, aspects of language (Dawson et al., 2007). Preserved
language capacities are those that appear to involve the percep-
tual processing of language, for instance reading or reproducing
a phonological sequence (Mottron et al., 2013). Similarly, in 1Q
tests, AS-SOD people perform well in visuo-spatial tasks such as
the Block Design subtest, but poorly in the verbal Comprehension
subtest (Stevenson and Gernsbacher, 2013). Perceptual capacity
distinguishes AS-SOD from AS-NoSOD: the performance in visual
inspection time tasks can correctly classify adults as AS-SOD or
AS-NoSOD, because only adults with AS-SOD perform better than
the comparison group (Barbeau et al.,, 2013a). Regarding audi-
tory processing, AS-SOD but not AS-NoSOD is associated with an
enhanced perception of low-level auditory dimensions of language
such as pitch (Heaton et al., 2008a; Jarvinen-Pasley and Heaton,
2007; Eigsti and Fein, 2013).

Overall enhancement of language function, including speech, is
found only in people with AS-NoSOD. These individuals develop
language skills quickly with the use of polysyllabic words, excep-
tional mastering of syntax, and a special ability of abstract verbal
reasoning as measured with the similarities subtest of the Wech-
sler scale. The overuse of language by AS-NoSOD people is also
illustrated by occasional extreme verbosity (Adams et al., 2002),
and by the “categorical”, verbally defined nature of their restricted
interests (Mottron et al., 2012b). These individuals do not display
the visuo-spatial strengths that characterize patients with AS-SOD;
they perform well in the Vocabulary and Similarities subtests of
the WAIS (Nader et al., 2014) and perform poorly in the Compre-
hension and Coding subtests. In addition, motor clumsiness is a
clinical sign associated with AS-NoSOD (Klin et al., 1995) but is
rarely found in AS-SOD (Meilleur et al., 2014; Barbeau et al., 2013b).
Thus, AS-NoSOD cannot simply be considered as “AS with language
preserved”, because these individuals display a specific pattern of
enhancements in language combined with motor deficits. In con-
trast, perception in AS-SOD people is not only preserved, but is
enhanced and is associated with speech and social alterations. This
is coherent with a distinction between two AS subgroups based on
their strengths, perception vs. language function, as well as their
deficits, speech vs. motor function.

2.4. Variability of imaging findings in autism spectrum subgroups

In addition to differences in cognitive function, AS-SOD and AS-
NoSOD markedly differ in brain reorganization. Several functional
and structural Activation Likelihood Estimate (ALE) meta-analyses
or systematic reviews on brain imaging in autism are now avail-
able. The analysis of functional neuroimaging data has revealed
perturbations of task-related brain activity for both social and
non-social tasks, and despite considerable methodological het-
erogeneity, main group differences can be extracted from these
studies. In social tasks, these differences include greater activity
in the post-central and superior temporal gyri in ASD individuals
than in controls, whereas the opposite has been reported for the
anterior and posterior cingulate cortex, the anterior insula and the
amygdala (Di Martino et al., 2009). Also, differences between autis-
tic individuals and nonautistic controls during task-related activity
are often found in the fusiform area, with both hypo- and hyper-
activation observed in the different fusiform sub-regions in autism
(Di Martino et al., 2009; Samson et al., 2011a). In addition, chil-
dren and adolescents within the ASD population show high activity
in the post-central gyrus, with adults displaying greater superior
temporal and hippocampal activity than children (Dickstein et al.,
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2013). In non-social tasks, studies have consistently found that
autistic individuals have greater activity in the precentral gyrus, in
the fusiform gyrus and in the middle frontal cortex than nonautistic
controls. In contrast, activity in the superior temporal gyrus, pre-
frontal cortex and cingulate cortex is frequently found to be higher
in non-autistic than in autistic individuals (Di Martino et al., 2009;
Samson et al., 2011a). Within ASD, activity in the insula and cingu-
late is stronger in children and adolescents than in adults, where as
activity in the middle frontal cortex is greater in adults (Dickstein
etal., 2013).

Ectopic activity in response to social and non-social informa-
tion in autism is indicative of cortical reallocation. We conducted
an ALE meta-analysis of 26 functional neuroimaging studies in
which visual information was presented to a total of 370 controls
and 357 ASD individuals. Despite similar performance levels for
both groups, the activity of parietal and occipito-temporal regions
associated with visual perception and expertise was higher in autis-
tic individuals (mostly AS-SOD) than in non-autistic individuals
(Samson et al., 2011a). Regarding connectivity, functional fMRI
(Monk et al., 2009), EEG (Barttfeld et al., 2011; Murias et al., 2007),
MEG (Kikuchi et al.,, 2013), and histological studies (Casanova
et al.,, 2006; Hutsler and Zhang, 2010) have revealed limited long
range connectivity between frontal and visual regions, as well
as enhanced local connectivity within local cortical networks in
autism. In particular, functional hyper connectivity (Khan et al.,
2013) has been reported between the temporal and parietal lobe
(Kikuchi et al., 2013), within the medial temporal lobe (Welchew
et al., 2005), within the visual cortex (Turner et al., 2006; Noonan
et al., 2009; Rudie et al., 2012; Keown et al., 2013), between the
visual and frontal cortex (Leveille et al., 2010; Dominguez et al.,
2013) and within the posterior cingulate cortex (Monk et al., 2009)
in autism. This is indicative of highly autonomous functioning of
the autistic visual cortex (see Fig. 1E).

AS-SOD individuals show reorganization of brain function dur-
ing language tasks, including hyper-activation in the fusiform gyrus
(Samson et al., 2011a) and atypical, strong (Leveille et al., 2010;
Dominguez et al., 2013) functional connectivity between associa-
tive perceptual areas and other parts of the brain (Peters et al.,
2013). This reorganization may explain why AS-SOD individuals
use perception for typically nonperceptual, verbal tasks (Monk
et al.,, 2009). However, in tasks involving the processing of non-
social auditory information, AS-NoSOD individuals show greater
activity in peri-auditory and language-related brain regions than
AS-SOD individuals and non-autistic controls (Samson et al., 2009).
This suggests that high activity and cortical reallocation in percep-
tual associative regions in AS-SOD individuals have an equivalent
in AS-NoSOD individuals in the form of widespread allocation of
auditory brain regions for language processing.

Alterations in gray and white matter have been reported in
autistic persons, although there are some inconsistencies amongst
studies regarding the location and direction of regional brain
volume changes (Stanfield et al., 2008). Meta-analyses have estab-
lished that overall brain growth is faster in the early years of life
in autistic individuals than in age-matched controls (Stigler et al.,
2011). Six clusters of alterations to brain structure were revealed
by a recent structural meta-analysis. These structural alterations
occur in the following regions (from the most to the least signif-
icantly affected): the lateral occipital lobe, the pericentral region,
the medial temporal lobe, the basal ganglia, and the area proximate
to theright parietal operculum. These regions contribute to the uni-
and multi-modal perception of both social and non-social informa-
tion (Nickl-Jockschat et al., 2012); no region is uniquely involved
in the processing of social or emotional information. The analy-
sis of combined alterations of gray and white matter (Cauda et al.,
2014) has provided an additional source of information. Although
autism is associated with hypertrophy of gray and white matter in

the occipital regions, gray and white matter volume in the frontal
and dorsal parietal brain cortices are smaller than in nonautistic
controls. The most densely connected clusters of regions with vol-
umetric variations in both directions are the left fusiform gyrus, the
middle temporal gyrus, and the inferior occipital gyrus (Fig. 1C and
D). A meta-analysis comparing AS-SOD and AS-NoSOD (Yu et al.,
2011) has revealed structural differences between the two AS sub-
groups. AS-NoSOD have a reduced gray matter volume in the left
occipital gyrus and enhanced volume in left fusiform than controls.
AS-SOD individuals show clear structural alterations, including a
lower gray matter volume than controls in the middle temporal
gyrus and a larger gray matter volume in the left ventral temporal
lobe.

Longitudinal studies and cross-sectional comparison of autistic
children and adults indicate that the differences in overall brain vol-
ume between autistic and nonautistic individuals normalize at an
adult age; however, local volumetric differences are maintained.
Brain growth trajectories in autistic individuals depend on the
region involved, and the growth of structures commonly affected
in autism shows atypical synchronization in comparison with the
rest of the cortex (Nickl-Jockschat et al., 2012). Interestingly, a lon-
gitudinal structural MRI study of ASD revealed that thickening of
occipital gray matter is not present in children (Schumann et al.,
2010), whereas in adults with ASD the volume of occipital regions
is higher than in controls.

Overall, these studies show that: (a) brain alterations occur in
regions implicated in high and low level processing of both social
and non-social information and are not limited to regions impli-
cated in “superior” or “social” functions; (b) increases of brain
volume and activity consistently involve associative perceptual
regions, specifically areas devoted to perceptual expertise (e.g.,
fusiform gyrus and lateral occipital complex)in AS-SOD and involve
language regions in AS-NoSOD; (c) there is a developmental shift
with overall excess in brain volume in early years being replaced
by a complex pattern of regional volumetric alterations in adult-
hood; and (d) large cortical volume of the perceptual area appears
later in life. This pattern of alterations is consistent with genetic
variation, which is responsible for altered, lifelong interaction with
the environment, and affects cognitive, functional, and structural
properties of either the perceptual associative regions or language
regions according to the subgroup of the autism spectrum.

2.5. Syndromic and non-syndromic autism

A last, major source of heterogeneity in autism is neurogenetic
and differentiates nonsyndromic autism from syndromic autism.
Individuals with nonsyndromic autism have no recognizable syn-
drome associated with autism. Persons with this condition do not
present morphological characteristics such as facial dimorphisms
or neural tumors. In contrast, persons with syndromic autism
present phenotypic manifestations of an additional syndrome
including facial dimorphisms or alterations in brain structure.
Fragile X, an inherited condition associated with atypical facial
morphology and intellectual disability, is an example of syndromic
autism when associated with an autistic-like phenotype. Similarly,
tuberous sclerosis is a neurodevelopmental genetic condition char-
acterized by brain tumors and epilepsy, and a high prevalence of
autism. Both of these conditions, when associated with autism,
meet the criteria for syndromic autism, despite the fact that they
occur more frequently alone than with autism. Although useful
from a clinical point of view, the distinction between nonsyndromic
and syndromic autism has been blurred by the discovery of mor-
phological variations (e.g., macrocephaly curves that peak in the
first year (Redcay and Courchesne, 2005) in autistic people other-
wise devoid of any recognizable neurological syndrome. Moreover,
causative genetic alterations are found in nonsyndromic as well
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Fig. 1. Overlap between regions of: enhanced variability in non-autistic individuals (A), superior variability in autistic people (B), major gyrification (C), volumetric (D),
connectivity (E, F) and functional (G) alteration in autistic people, and regions of cross modal plasticity in non-autistic, sensory-impaired people (H). (A) High inter-individual
variability in resting-state functional connectivity in non-autistic individuals. Values above or below the global mean are displayed in warm and cool colors, respectively
(Mueller et al., 2013); (B) The localization of the strongest peak of activity in autistic individuals (in blue) shows higher variability than in typical individuals (in red) (Poulin-
Lord et al., 2014); (C) Regions showing greater cortical gyrification in autistic individuals than in non-autistic individuals. The warmer the color, the greater the significance
of the group differences (Wallace et al., 2013); (D) Clusters of brain structure alterations (differences in gray matter or white matter) between autistic and non-autistic
individuals (qualitative meta-analysis, whole brain FDR corrected) (Nickl-Jockschat et al., 2011); (E) Regions of enhanced resting-state local connectivity density in autistic
individuals. Warm colors show the regions with greater connectivity in the autistic individuals than in non-autistic individuals, and cool colors regions of lower connectivity
(Keown et al., 2013); (F) Regions where high connectivity with the right parietal region (yellow circle, MEG coherence analysis) is associated with high reading ability. The
darker the color, the stronger the correlation (Kikuchi et al., 2013); (G) Regions showing more activity in autistic individuals than in non-autistic controls when processing
visual information. Qualitative meta-analysis, whole brain FDR corrected (Samson et al., 2011a); (H) Regions of differences in activity between congenitally blind and sighted

individuals when processing auditory information (whole brain FWE corrected; adapted from Collignon et al., 2011).

in syndromic autism. Thus, the definition of a “recognizable syn-
drome” (and hence the classification of syndromic autism) may be
dependent on the progress of genetic knowledge.

3. Comparison between autism and cross-modal plasticity

Cognitive and imaging experiments have revealed that per-
ceptual strengths and cortical reorganization develop during
cross-modal plasticity following sensory deprivation. We will now
discuss this condition in relation to autism.

3.1. Perceptual strengths in autism and cross modal plasticity

Like autistic individuals, people experiencing early and
complete sensory loss (e.g., individuals born deaf or blind) have per-
ceptual enhancements. Such enhancements involve the remaining
senses (e.g., audition and smell in blind people) and are believed
to be linked to the recruitment (Bavelier and Neville, 2002) of
the brain areas deprived of their natural inputs to the remaining
senses. This reorganization is termed cross-modal plasticity. Cross-
modal plasticity in deaf or blind individuals is often considered as
adaptive because it results in a more efficient interaction with the
external environment. The magnitude of cross-modal recruitment

may correlate with the level of performance enhancement reported
in the blind (Amedi et al., 2003; Gougoux et al., 2005; Kupers et al.,
2007), and with the contribution of the temporal cortex in mediat-
ing non-auditory processing in deaf adults (Bolognini et al., 2012).
Cross-modal plasticity mechanisms are guided by the original com-
putation style (Cardin et al., 2013) and/or connections (Collignon
etal., 2011). Therefore, cross-modal plasticity is a particular case in
which cortical recycling (Dehaene and Cohen, 2007) occurs within
a sensory deprived region, with potentially beneficial effects for
behaviors (Collignon et al., 2009a).

The perceptual enhancements observed in autism and sensory-
deprived individuals exhibit striking similarities. For example, both
blind and autistic individuals show superior pitch discrimination
(Bonnel et al., 2010, 2003; Wan et al., 2010; Gougoux et al., 2004),
spatial localization (Collignon et al., 2009a, 2006; Caron et al., 2004;
Doucet et al., 2005), selective attention (Collignon et al., 2006,
2009b; O’'Riordan et al., 2001; Plaisted et al., 1998; Collignon and De
Volder, 2009; Kujala etal.,2000), tactile discrimination (Wonget al.,
2011), verbal memory (Amedi et al., 2003; Mottron et al., 1996; Raz
etal., 2007; Nakano et al.,2012), and an ability to quickly detect and
discriminate auditory information (Hyde etal.,2011; Hertrich et al.,
2013). Similarities also involve complex perceptual strategies: for
instance, peripheral vision is enhanced in both autism (Mottron
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et al., 2007) and early deafness (Voss et al., 2004; Chen et al., 2010;
Frey et al., 2013). Parallel search, which is a widely accepted expla-
nation for the enhanced visual search performance consistently
found in autism, also occurs in deaf (Stivalet et al., 1998; Remington
et al., 2012) individuals: both populations are less impaired by
increasing number of visual distractors than typical individuals.
People with intellectual disability plus deafness perform better
in visual sorting tasks involving detailed visual information than
intellectually disabled people, and autistic individuals also perform
well in such tasks (Maljaars et al., 2011). Behavioral compensa-
tions in deaf individuals mostly involve inputs originating in the
peripheral visual field (Neville and Lawson, 1987; Bavelier et al.,
2000).

Modifications of visual strategies such as parallel search and
enhanced peripheral vision that occur in deaf children strongly
resemble the modification of visual attention that is beneficial to
visual search in autism. These results reflect findings with con-
genitally blind individuals (or who became blind at a young age).
Such individuals demonstrate supra-normal performances in tasks
involving the localization of peripheral auditory sources, in which
subtle auditory cues (i.e., spectral) have to be exploited to resolve
the task efficiently (Voss et al., 2004; Roder et al., 1999; Fieger et al.,
2006). Compensations involving peripheral stimuli occur preferen-
tially in conditions where the task is difficult and where there is
room for perceptual enhancement. It highlights the extreme pre-
cision of sight in deaf individuals and hearing in blind individuals
(Voss et al., 2004; Roder et al., 1999; Lessard et al., 1998). Another
example of similarities between AS and cross-modal plasticity is
motion perception; despite some conflicting evidence, recent stud-
ies show that some aspects of visual motion perception may be
enhanced in autism (Foss-Feig et al., 2013), as is the case for
vision in congenitally deaf people (Hauthal et al., 2013) and for the
audition of moving sounds in congenitally blind people (Lewald,
2013).

In summary, the particular aspects of perception which are
enhanced following sensory deprivation (Cohen et al., 1997; Amedi
et al., 2004; Collignon et al., 2007) are also commonly enhanced
in individuals with autism. Adaptive value may decide what func-
tions are enhanced in blind and deaf people. For instance, enhanced
peripheral sound or visual localization in blind and deaf individuals,
respectively, enables them to rapidly detect sources of danger. A
similar adaptive benefit of enhanced perceptual functions is not
so obvious in autism. However, the striking similarities between
domains of enhanced perception in AS and sensory deprived peo-
ple suggest that common mechanisms underlie the development
of these supra-normal skills. Therefore, cross-modal plasticity may
be a useful “model” for autistic enhanced perceptual functioning
and may provide a mechanistic explanation for some characteris-
tics of autism. The similarity between the two groups may result
from neurobiological constraints, in particular from the superior
plastic potential of particular perceptual functions.

3.2. Cortical reorganization in autism and cross modal plasticity

The comparison of brain imaging results in autism and in
sensory-deprived individuals provides information about the cor-
tical reorganization that underlies cognitive changes in these two
conditions. Brain areas typically devoted to the de-afferented sen-
sory modality are diverted from their original function by another
intact sensory modality in blind or deaf individuals. However, not
all regions associated with the impaired modality are affected by
plastic reallocation and activated by sensory input of the intact
modality. The associative/multimodal perceptual areas are among
the regions the most commonly affected by these reallocations, in
autism, blindness (Fig. 1G) and deafness.

An ALE meta-analysis of studies of autistic individuals indi-
cated an atypical, strong activation of associative visual areas
during multiple perceptual, language, semantic and problem solv-
ing tasks (Samson et al., 2011a; Cardin et al., 2013; Koshino et al.,
2008; Souliéres et al., 2009; Iuculano et al., 2014). This enhanced
task-related activity in associative visual regions in autism is
domain-specific. When studies included in the ALE meta-analysis
were stratified according to broad categories of material presented
(faces, objects, letters), differences between the groups of par-
ticipants varied; nonetheless, regions of enhanced activity were
notably seen in the fusiform gyrus, which is a region typically ded-
icated to experience-dependent expertise.

Cortical reorganization in autism may be associated with a gain
of function, at least for situations where an additive processing
of information by visual cortex is an advantage. A study involv-
ing fMRI showed that the activity of extrastriate areas (BA18) is
higher in autistic than in non-autistic individuals during a task of
non-verbal reasoning. However, the activity in the lateral prefrontal
cortex (BA9) and the medial posterior parietal cortex (BA7) was
lower in autistic individuals and they performed the task 40% faster
than non-autistic individuals. The left middle occipital gyrus and
the medial precuneus were significantly more activated in autistic
individuals only during the most difficult items, consistent with the
implication of the visual cortex in the autism-associated strength of
non-verbal reasoning. In this case, cortical reorganization involves
the enhanced contribution of a region important for a particular
type of task (Souliéres et al., 2009).

In individuals who become deaf or blind at an early age,
cross-modal cortical reorganization are widespread in the sen-
sory deprived regions but mainly involves the recruitment of
de-afferented associative areas during the stimulation of the intact
modality. Recent studies on cross-modal plasticity demonstrated
that the cortical reallocation of a specific brain region may maintain
the cognitive role of this region, despite the change in sensory input
(Collignon et al., 2009a). For instance, in blind people, auditory
spatial processing relies on parts of the occipital cortex typically
involved in visual spatial processing (Collignon et al., 2011, 2007;
Dormal and Collignon, 2011). Thus, blind persons use the same
region as sighted persons for spatial processing, but blind peo-
ple use it to derive space based on auditory cues, whereas sighted
people use it to derive space based on visual ones. Similarly, inner
connectivity within the “Visual Word Form Area”, which is inactiv-
ated in illiterate, nonautistic people, is reinforced during reading
in adults leading to its activation during the acquisition of liter-
acy (Thiebaut de Schotten et al., 2014). This region is functionally
recruited in congenitally blind people during Braille reading (Reich
et al,, 2011). Similar reorganization patterns are associated with
higher level functions. For instance, the visual cortex is strongly
involved in higher order speech operations in congenitally blind
people (Amedi et al., 2003; Bedny et al., 2011). Overall, the cross-
modal recruitment of the occipital region in the congenitally blind
follows a division of computational labor (e.g., the “what” and
“where” distinction) comparable to that observed in the sighted
(Dormal and Collignon, 2011; Collignon et al., 2012).

Enhanced activation of auditory perceptual regions has also
been reported in autism, although few studies have investigated
this modality. Higher levels of spectral/temporal complexity in
speech-like stimuli are associated with greater activity in the pri-
mary auditory cortex in AS-SOD individuals than in nonautistic
individuals. In contrast, AS-SOD individuals showed low levels of
activity related to temporal complexity in non-primary auditory
regions within the superior temporal gyrus, which is aregion linked
with processing temporally complex sounds (Samson et al.,2011b).

Weak hemispheric asymmetry for functions that are typically
lateralized is another indicator of functional reorganization in both
autistic and sensory deprived persons. In autism, weak hemispheric
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asymmetry was reported for language (Lo et al., 2011; Eyler et al.,
2012), face perception (Dundas et al., 2012; Scherf et al., 2010) and
perceptual response in general(Dinstein et al., 2012). A similar pat-
tern is found in sensory-deprived individuals, since some aspects
of language processing are less lateralized in deaf (Emmorey
et al, 2010) and blind (Hugdahl et al., 2004) individuals than
in perceptually unimpaired individuals. Face (Vargha-Khadem,
1983; McCullough et al., 2005) and motion (Bavelier et al., 2001)
processing are more reliant on left brain regions in deaf people,
whereas these functions are preferentially implemented by right-
sided brain regions in hearing individuals.

Perception of visual and auditory motion is a crucial perceptual
skill for interacting with the environment. This ability relies on a
set of highly specialized brain regions (Watson et al., 1993; Warren
et al.,, 2002). Sensitivity to visual motion highly depends on early
visual experience (Ellemberg et al.,2002), and is therefore a percep-
tual skill prone to reorganization. In deaf, visual motion relies on
reorganized networks in temporal regions and in blind people the
same is true for auditory motion in occipital regions (Neville and
Lawson, 1987; Bosworth and Dobkins, 2002; Bedny et al., 2010;
Noser and Byrne, 2007). Motion perception is also processed by
modified neural networks in autism (McKay et al., 2012).

Regarding connectivity, sensory-deprived persons display alter-
ations overlapping with those observed in autistic people. Blind
people display an increase of intra-occipital and a decrease in long
range resting state connectivity (Liu et al., 2011, 2007). Further-
more, task-dependent enhanced connectivity has been reported
between the primary auditory and primary visual cortex (Klinge
etal., 2010a; Leclerc et al., 2005; Collignon et al., 2013) in the blind,
and between the parietal cortex and early visual areas in the deaf
(Bavelier et al., 2001). Interestingly, absolute pitch and synesthe-
sia, the prevalence of which is high in autism (Mottron et al., 2013),
are both associated with enhanced local connectivity in the non-
autistic population (Zamm et al., 2013; Loui et al., 2011), and can
follow blindness (Steven and Blakemore, 2004; Pring et al., 2008)
and brain damage (Bolognini et al., 2013).

In terms of the cellular mechanisms involved, both conditions
are thought to be associated with disrupted pruning mechanisms.
Disruption of pruning may explain high neural cell density in
autism (Courchesne et al., 2011). Similarly, connections normally
pruned away during development may be maintained following
sensory loss due to lack of competitive perceptual input from the
impaired sensory modality (Yaka et al., 1999; Berman, 1991). Stud-
ies of ocular dominance plasticity, acommonly used model to study
synaptic and cortical reorganization following experience, in the
fragile X mouse model revealed hyperplasticity involving an exag-
gerated response to visual deprivation (Délen et al., 2007). Fragile X
is a neurodevelopmental condition distinct but strongly associated
with autism, for which the role of genetically-triggered enhanced
plasticity is well established (see Section 4.1).

In summary, cortical reorganization in autism and in sensory-
deprived individuals shares several characteristics. These include
the identity of the reorganized areas, regional re-wiring of the
regions affected by functional reallocation, alteration of lateral-
ization, the reassignment of perceptual functions, and the gain of
perceptual functions. Another important similarity is that the plas-
tic modifications found in autism and sensory-deprived individuals
mostly occur in specific brain regions, as will be described below.

3.3. Regions of cortical reorganization in autism and cross-modal
plasticity coincide with regions of maximal variability in humans

Several reports suggest that the regions that are the most sus-
ceptible to reorganization in autism (the multimodal association
regions) are also those that have the largest variability in terms
of connectivity among non-autistic individuals (Mueller et al.,

2013; Aichhorn et al., 2006) (Fig. 1A). The highest inter-individual
differences in resting-state connectivity are in the multimodal asso-
ciation cortex and the lowest are in the unimodal sensory and motor
cortices. Mueller et al. (2013) reported that regions of enhanced
variability developed late during evolution, because they are the
most divergent regions between monkeys and humans. They also
demonstrated that cortical folding shows the highest degree of vari-
ability in these regions, and the slowest maturation. Thus, these
regions appear to be highly susceptible to changes affecting ongo-
ing learning and plasticity, and are therefore most likely subject
to functional reallocation due to atypical experience (Barnes and
Finnerty, 2010). These regions of maximum variability also show
the largest functional activation differences between autistic indi-
viduals and non-autistic controls during the processing of visual
information (Samson et al., 2011a) (Fig. 1F). In particular, the lat-
eral occipital cortex (LOC) is a region that shows greater cortical
gyrification (Wallace et al., 2013) and volumetry (Nickl-Jockschat
et al., 2012) in the autistic individuals than in non-autistic indi-
viduals. This region is selectivity implicated in processing visual
objects in sighted individuals (Martin, 2007) and is involved in
cross-modal recruitment for auditory or tactile object processing
in the congenitally blind (Amedi et al., 2007; Sathian, 2005).

For these reasons, high plasticity in autism should also be
characterized by large inter-individual variability between autis-
tic individuals in regions affected by plastic functional reallocation,
with each reallocation in each individual being dependent on var-
ious environmental constraints. We scanned 23 overtly verbal
autistic individuals and 22 non-autistic participants during a visuo-
motor imitation task to test directly the hypothesis of high intra
group variability in associative regions in autism (Poulin-Lord et al.,
2014). We extracted the coordinates of the strongest activation
peak in the primary and supplementary motor cortex, the visuo-
motor superior parietal cortex, and the primary and associative
visual areas. We then assessed the distance of each participant from
their respective average group peak of activation to assess group
differences in variability. The mean variability in the localization of
activations in the associative visual or motor areas was higher than
in the primary visual or motor areas for both groups. Importantly,
we observed a greater variability in the left visuo-motor superior
parietal cortex and in the left associative visual areas in the autistic
group than in the control group (Fig. 1B). This indicates that the
regions where autistic individuals display the maximum enhanced
activity when exposed to visual information, and the regions where
non-autistic individuals display the highest level of inter-subject
variability are all included in the visual associative complex. Other
autism studies have reported higher inter-individual variability of
activation for faces than for objects, or an alteration of the typical
distribution of allocation for faces vs. objects (Scherf et al., 2010;
Schultz et al., 2000; Pierce et al., 2001) in the same regions.

In summary, the regions of major differences in perceptual
brain activation between autistic and non-autistic individuals, as
well as regions displaying the largest cross-modal plasticity in
sensory-deprived individuals, overlap with regions that are the
most variable and most plastic in neurotypical individuals. This
overlap suggests a general mechanism for neuroplasticity, which
mostly involves brain regions that are highly susceptible to reor-
ganization. In contrast, primary sensory regions which probably
require a high degree of neural constraints due to their topographic
(e.g., retinotopic/tonotopic) organization may require a more hard-
wired rigid organization and connectivity.

4. Genetic or prenatal risks predisposing to autism

We have presented how autistic strengths and cortical realloca-
tions may be the result of enhanced cortical plasticity. We will now
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discuss the genetic and molecular mechanisms that may explain
these alterations.

4.1. Upregulation of synaptic plasticity

Due to recent advances in high throughput genomic tech-
nologies, deleterious mutations, including de novo copy number
variants (CNVs) (Levy et al,, 2011; Sanders et al., 2011; Marshall
et al., 2008; Sebat et al.,, 2007), and de novo point mutations
(lossifov et al., 2012; O’Roak et al,, 2012, 2011; Sanders et al.,
2012; Neale et al., 2012), have been recently identified. These alter-
ations involve a large number of genes in nonsyndromic autism
and its related phenotypes, in addition to over 100 genes impli-
cated in inherited monogenic syndromic autism (Betancur, 2011;
Lim et al., 2013; Chahrour et al., 2012; Yu et al., 2013). “Animal
models” (Chung et al., 2012; Shinoda et al., 2013) and neuronal cell
cultures make it possible to study in vivo micro-structural modifi-
cations resulting from mutated neuroplastic genes or in utero toxic
exposure. However, these are not “true” animal models of autism.
Such models do not exist and may never exist. They are nonetheless
experimental models of neuroplastic disruptions, which in humans,
mostly result in neurodevelopmental dysmorphic syndromes with
intellectual disability and a phenotype corresponding to current
autism criteria in a substantial proportion of cases. They can thus
contribute to understanding the mechanisms of syndromic autism,
and, by extension, to autism per se. These animal models have
revealed that most genes with strong effects and in utero toxic
exposure implicated in autism and autistic-like phenotypes act
upon a relatively small number of key biological processes affect-
ing the structure and function of the synapses (Gillis and Rouleau,
2011).

Cascades of neuroplastic proteins control the formation of
neural microcircuits between cells. This includes synaptogenesis,
axonal guidance and growth, as well as synaptic plasticity, i.e.,
the ability of synapses to strengthen or weaken over time, in
response to increased or decreased activity. Moreover, the timing of
microcircuit construction follows developmental milestones, with
a period of pruning starting in the second year of life, which is when
most cases of autism are detected. In turn, pruning is stimulated by
enriched environments (Sale et al., 2011), and coincides with learn-
ing and the formation of memory. Genes encoding many of these
neuroplastic proteins have been implicated in autism, including:
(1) cell adhesion molecules, e.g., neuroligin-3 (NLGN3) and neu-
roligin 4 X-linked (NLGN4X), mutations of which lead to high or
ectopic GABAergic synapse formation (Tabuchi et al., 2007; Hoy
et al., 2013); (2) postsynaptic “scaffolding” proteins, e.g., SHANK
genes (i.e., SHANK1, SHANK2 and SHANK3) which connect gluta-
mate receptors to the actin in cytoskeleton via various intermediary
elements and are a binding partner of neuroligins (Arons et al.,
2012); (3) ionotropic (AMPAR and NMDAR) and metabotropic glu-
tamate receptors (mGIuR) at synapses (Chiocchetti et al., 2014); (4)
transcriptional regulators of these synaptic proteins; and (5) signal
transduction and tumor suppressor genes (Rinaldi et al., 2008) such
as TSC1 and TSC2, NF1 and PTEN, involved in syndromic autism. The
production of the synaptic proteins listed in (2) is controlled by
genes that are in turn transcriptionally regulated by factors such
as MECP2, a transcriptional repressor of brain-derived neurotropic
factor (BDNF) and neuronal transcriptional regulators such as DLX5.
Their production is also controlled by the fragile X mental retar-
dation protein (FMRP) which binds mRNA transcripts in dendritic
spines, exerts control over protein translation and regulates several
families of synaptic proteins. Mutations of TSC1 and TSC2 are asso-
ciated with Tuberous Sclerosis, and mutations of NF1 and PTEN are
associated with Neurofibromatosis and Cowden syndrome, respec-
tively. The prevalence of autism is high in these disorders, and these
mutations deregulate the production of neuroplastic proteins and

modify the synaptic excitation/inhibition ratio (Bateup et al., 2013).
In these cases, altered mechanisms of molecular plasticity also lead
to tumors. These neuroplastic proteins regulate the production and
balance of excitatory and inhibitory GABAergic synapses (Desgent
and Ptito, 2012), and that of long term potentiation and depression
(LTP/LTD) proteins that stabilize and remodel new circuits. Muta-
tions in these genes cause dysregulation of activity-dependent
signaling networks that control synapse development, function and
plasticity (Ebert and Greenberg, 2013).

Mutations predisposing to autism appear to affect micro-
structural proteins and regulators. This alteration is mostly in
the direction of hyper microstructural connectivity and hyper
excitability (Arons et al., 2012), or more generally, the upregulation
of the local plasticity (Kelleher et al., 2008; Zuko et al., 2013; Zoghbi
and Bear, 2012). Disturbance of the regulation of gene expres-
sion following neural activity, or activity-dependent signaling, is
among the most common functional effects of causative mutations
involved in autism (see Ebert and Greenberg, 2013 for a review).
Mice models have revealed that the four main mutations predis-
posing to autism, Nlgn3, Fmr1, Tsc2 and Shank3, produce similar
physiological effects, involving the upregulation of typical synaptic
plasticity mechanisms (Baudouin et al., 2012), specifically a dere-
gulation of mGIluR-LTD. In utero exposure to valproic acid (VPA)
is the only environmental prenatal insult clearly associated with
autism (Christensen et al., 2013). When modeled in mice, exposure
to VPA also produces a hyper connectivity at the mini-columnar
scale (Rinaldi et al., 2008; Silva et al., 2009), and stimulates BDNF
expression (Almeidaetal.,2014). The neurobiological effects of sev-
eral factors predisposing to autism in humans are thus conserved
in mouse models despite the questionable similarity between the
phenotype of mouse models and autistic symptoms. Table 1 sum-
marizes the main genes involved in nonsyndromic and syndromic
autism, their effect on synaptic plasticity, and their “hyperplastic”
consequences.

4.2. Enhanced vs. altered synaptic plasticity

One of the most complex questions raised by the involvement of
upregulated synaptic plasticity in autism is how (dis) similar these
processes are from their equivalent in the neurotypical population.
Do these mechanisms exist in all individuals, and are they atypi-
cally triggered by various genetic alterations, leading to enhanced
synaptic plasticity? Alternatively, are these mechanisms “abnor-
mal”, without an equivalent in non-autistic individuals, and thus
can we describe them as altered synaptic plasticity? One possibil-
ity is that both exist at either end of a spectrum, with possible
intermediate conditions. In this model, nonsyndromic autism is
found at one end of the spectrum and syndromic autism at the
other. In non-syndromic autism, the upregulated transcription of
genes involved in the plasticity of network branch(es) (Kelleher
et al., 2008; Gkogkas et al., 2013) may generate hyper connectivity
(i.e., hyperplasticity) within certain local neuronal circuits (Tabuchi
et al., 2007). Alternatively, in syndromic autism, a mutation may
alter the basic synaptic mechanism involved in the construction
of all synapses and neural networks (Knoth and Lippé, 2012). For
instance, in “dysplastic” syndromes (e.g., Fragile X, tuberous scle-
rosis) that are associated with autism, neurogenetic alterations
disrupt normal mechanisms of synaptic plasticity, and are associ-
ated with intellectual disability and dysmorphic features. Knockout
Fmr1 mice have large dendrite spines and high spine density,
enhanced long-term depression, a high rate of protein synthe-
sis and up-regulation of the mGluR-mediated signaling pathway,
indicative of hyperplasticity (Hayashi et al., 2007; Connor et al.,
2011). PTEN mutations, which are associated with another neu-
rogenetic condition characterized by macrocephaly (more severe
than that commonly observed in nonsyndromic autism) and a high
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The main genes involved in nonsyndromic and syndromic autism, and their particular action on synaptic plasticity. “Syndromic” and “nonsyndromic” nature of the autistic
phenotype resulting from the mutation is indicated by the name of the neurodevelopmental syndrome associated with autism.

Gene Associated Gene function Overall mutation Specific effects of mutation on
neurogenetic effects synaptic plasticity
syndrome
FMR1 Fragile X Produces fragile X mental retardation Translational Enhanced long-term
protein (FMRP); derepression of depression (LTD); increase in
Represses translation of several mRNAs; the rate of cerebral protein
mRNAs. Up-regulation of the synthesis and of excitatory
mGluR-mediated activity (mGluR-dependent
signaling pathway LTD).
TSC1/TSC2 Tuberous sclerosis Inhibits the mTOR-raptor complex; Derepresses mTOR Enhanced translation in
regulator of cell growth in mitotic cells signaling; up-regulates neurons; Increased excitatory
the signaling pathway activity
which promotes cell
growth and
proliferation
PTEN Cowden syndrome Negative regulator of PI3K-mTOR Heightened mTORC1 Neuronal hypertrophy and
signaling activity macrocephaly;
Increased excitatory activity
MCP2 Rett syndrome Regulates neurotrophic factors, such as Increased transcription Hypoplasticity (mutation);
(mutation) brain-derived neurotrophic factor of genes and number of
(BDNF) excitatory
hippocampal synapses
MECP2 duplication Hyperplasticity
Syndrome (duplication)
(duplication)

NF1 Neurofibromatose Inhibits mTOR/PI3 K pathway Upregulation of Hyperplasticity; increased
Ras-dependent ERK availability of synaptic proteins
and mTOR activation

UBE3A Angelman Regulates ubiquitin-dependent protein Elevated synaptic Increased/abnormal dendritic

syndrome turnover protein levels spine development

CACNA1C Timothy syndrome Regulation of inward calcium ion Hyperactivation of the Overabundance of plasticity

currents signal to nucleus path related proteins

NLGN 3.4 None Regulates the formation and function Increased/ectopic Gain of function when

of excitatory and inhibitory GABAergic synapse mutation does not completely
postsynaptic transmission formation inactivates the gene

NRX 1,2,3 None Synaptic adhesion. Interacts with Impaired synaptic Increase in excitatory synaptic

or NLGN to induce neurite outgrowth; adhesion and neuron transmission
Pitt—-Hopkins-like initiates synapse formation differentiation
syndrome
SHANK 1,2,3 none Pre/postsynaptic signaling through the Shank 1: reduction of Shank 2: increase in the
or Neurexin-Neuroligin complex; dendritic spines number, size, and strength of
Phelan McDermid regulates AMPA and NMDA Shank 2: increase in excitatory synapses; increased
syndrome receptor-synaptic transmission number of glutamate LTP
receptors and Shank 3:alteration of
upregulation of shank 3 glutamatergic synapses
NBEA None Synaptic scaffolding protein, spine Reduced number of Alteration of neurotransmitter

formation. Regulator of membrane
trafficking; formation of central
synapses

spines

transport by large dense-core
vesicles

prevalence of autism, may result in hyper connectivity in sensory
areas (Xiong et al., 2012). The conditions associated with several
types of syndromic autism are thus characterized by altered plastic-
ity. These conditions (e.g., Fragile X or Tuberous sclerosis 1-2), are
associated with dimorphism, intellectual disabilities, aberrant cell
proliferation and a high prevalence of epilepsy even in the absence
of autism.

5. The Trigger-Threshold-Target model of autism

A heterogeneous neurogenetic origin, a characteristic devel-
opmental course, variability in language and intelligence level,
and superior perceptual or language abilities (depending on the
subgroup) are key features of autism (Cowen, 2011). In paral-
lel, there is increasing evidence for a role of genetic (Kelleher
et al., 2008), micro-structural (Markram and Markram, 2010) and
macrostructural cortical (Samson et al., 2011a) plasticity in autism.
We propose the Trigger-Threshold-Target (TTT) model to account
for this combination of features as well as for their variability. In
this model, autism occurs when genetic mutation(s) trigger(s) a

neuroplastic reaction in individuals with a genetically-determined
low threshold. In this model, variability in autistic phenotype and
cognitive strengths result from the unique combination of genetic
triggers and thresholds, and neurofunctional target regions of
this plastic reaction. Thus, the TTT model proposes that autism
results from a plastic reaction targeting the most variable cortical
regions; this plastic reaction may create a cascade effect yielding
the particular pattern of strengths and weaknesses of each autistic
individual.

5.1. Accounting for autistic strengths by cortical recycling

The “hijacking” of aregion typically dedicated to a certain type of
informational input by another neurological function, may result in
enhanced perceptual or verbal performance in autistic individuals.
For instance, there are now clear indications of cortical realloca-
tions involving the fusiform gyrus during the processing of written
material (Samson et al., 2011a), which is a strength of autistic indi-
viduals, and of enhanced temporo-occipital connectivity associated
with advanced decoding ability in autism (Kikuchi et al., 2013).
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This associative perceptual region appeared quite late, and its
expansion was strongly selected for in human evolution (Waltereit
et al,, 2013). This region displays a remarkable potential for plas-
ticity and is a striking example of a functional specialization that
may be further promoted by enhanced plasticity. Similarly, autistic
individuals may develop a strong perceptual “approach” to prob-
lem solving, in which case, the application of advanced perceptual
processing to reasoning tasks would result in strong fluid intel-
ligence (Dawson et al., 2007). This is confirmed by neuroimaging
showing that associative visual areas are strongly activated in autis-
ticindividuals solving Raven matrices, but only for the most difficult
problems (Souliéres et al., 2009). The activity in BA9 and BA7 is
lower in autistic individuals than in non-autistic individuals during
the same task, which suggests that functional recycling of percep-
tual brain regions is involved in tasks normally requiring frontal and
parietal regions. Reliance on perceptual regions for the completion
of reasoning activities would considerably modify the approach of
autistic people to these tasks such that autistic individuals com-
plete them faster and with less verbal mediation than non-autistic
individuals.

The recycling of perceptual brain regions for the performance
of reasoning tasks also probably accounts for autistic strengths
through the mechanism of veridical mapping (Mottron et al., 2013),
which involves the use of typical pattern recognition to detect
structural similarity among large input structures or abstract rep-
resentations. Veridical mapping enables an individual to memorize
the coupling between perceptually or structurally similar elements,
either within or between perceptual modalities. This phenomenon
exists in non-autistic individuals, and involves the processing of
non-visual information by visual structures (Pascual-Leone and
Hamilton, 2001). The retrieval of missing elements (e.g., phono-
logical code, day-of-the-date) when provided with a fragment of
the association (e.g., written code, date) is associated with many
savant abilities including hyperlexia and calendar calculation, as
well as absolute pitch and synesthesia. This key mechanism is
similar to pattern completion, but is applied to large-scale pat-
terns, for instance a musical phrase or a word. In some cases,
such as synesthesia, these mappings are largely idiosyncratic, but
in others such as hyperlexia, they are an adaptive method of
processing large structures, and ultimately lead to the mastering
of a socially relevant competence such as reading (Bouvet et al.,
2014).

However, there may be drawback to cortical reallocations that
stimulate perception. The perceptual origin of veridical mapping
implies that it has domain-specificity: “restricted interests” in
autistic individuals do not generalize easily to other domains
of categorically similar information. Another drawback is a high
dependence on access to materials, with a high level of exper-
tise reached when autistic people have access to an input that
fits their perceptual processing requirements. However, an envi-
ronment lacking in material that can be processed by perceptual
regions may produce deprivation (or “captivity”) behaviors, and
ultimately impair intellectual abilities (Lewis et al., 2007).

Last, these cortical reallocations may be involved in atypical face
processing tasks. Several studies have found that the Face Fusiform
Area for non-familiar faces is atypically activated in some individ-
uals with autism (Scherf et al., 2010; Pierce et al., 2001). During
facial processing, both autistic individuals and non-autistic indi-
viduals show activity in the expected Fusiform Face Area (medial
fusiform gyrus); however, only autistic people display activity in
the anterior portion of the fusiform gyrus, a region associated with
object processing and perceptual expertise. This pattern of activ-
ity may reflect enhanced perceptual resource allocation in autism
and the use of distinct perceptual strategies for the processing of
social and non-social information in this population (Di Martino
etal., 2009; Kanaetal.,2006) (Fig. 1F). It also suggests hyper-plastic

processes in perceptual associative regions, and a large contribu-
tion of experience to the development of these processes.

5.2. Accounting for AS subtypes by contrasted target/neglect
components

In the TTT model, we used the term “Target” to describe the
fact that a general mechanism (increase of synaptic plasticity) sti-
mulates mainly a limited subset of functions in the autistic brain.
The autistic plastic reaction has the potential to target either of
the two domain-general regions, the associative perceptual cor-
tex or language regions, because of their evolutionary, neural and
developmental similarity; these regions expanded recently, are
topographically variable and have a protracted period of devel-
opment. The different pattern of cognitive strengths and cortical
reallocations between AS-SOD and AS-NoSOD thus results from
topographic and functional differences in the target of this plastic
reaction.

In AS-SOD individuals, low level and mid-level perceptual
strengths, combined with the strong contribution of perception to
intelligence, encompass their enhanced abilities (Mottron et al.,
2012a). Furthermore, performances in perceptual tasks co-vary
between individuals in this subgroup, indicating that they depend
on a single domain-general factor (Meilleur et al., 2014). In con-
trast, speech is delayed or impaired in this subgroup. However,
the frequent late catch-up of delayed speech, and the preserva-
tion of some language functions in prototypical autism, suggest
that the early impairment of speech does not result from a pri-
mary dysfunction of the brain mechanisms devoted to spoken
language. Instead, impairment may result from the early neglect
of these functions. The TIT model proposes that superior per-
ceptual processing is an obstacle for the development of speech
(Heatonetal.,2008a), because neural resources are oriented toward
perceptual dimensions of language. Accordingly, the fractionation
of language into perceptual and linguistic components explains
why some language components are defective whereas others
are over-functioning. A perceptual processing of speech would
account for echolalia, the superior discrimination of pitch in speech
(Heaton et al.,2008b), early decoding strengths, and the occurrence
of speech delay with perceptual strengths. Conversely, percep-
tual processing of speech may be detrimental if speech conflicts
with perception, or if speech cannot be perceptually mapped with
nonlinguistic perceptual input, as is the case for joint attention
including a verbal component, or in the expression of subjective
states. Thus, language may be processed primarily within percep-
tual brain networks in individuals with AS-SOD, resulting in various
impairments and strengths of verbal abilities. Alternatively, in AS-
NoSOD individuals, incoming information is primarily processed by
an overextension of typical language-related processes, resulting in
language strengths, but not perceptual ones (Samson et al., 2009).
Thus, AS-NoSOD involves overdevelopment of language functions,
both in terms of performance and brain activity. The domain tar-
geted by the plastic reaction would consume neuronal resources,
resulting in competition between speech and motor abilities in AS-
NoSOD. This explains why the early overdevelopment of speech
coexists with motor clumsiness in this subgroup (Barbeau et al.,
2013b).

5.3. Neglect of socially oriented behaviors in the two main ASD
subgroups

We will now briefly address how the TTT model accounts
for autistic social behaviors (Forgeot D’Arc and Mottron, 2012).
Autistic toddlers are less overtly oriented toward social materials
(Dawson et al., 1998) than non-social ones, they disengage faster
from faces than typical toddlers (Chawarska et al., 2010), and they
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preferentially look at audiovisual synchrony rather than biological
motion (Klin et al., 2009), or at geometric figures rather than social
scenes (Pierce et al., 2011). Preference for non-social over social
material is therefore a diagnostic feature of autism in toddlers.
However, social prioritization is not perturbed in autistic individ-
uals (New et al., 2010) and the amygdala is activated during the
processing of non-social information (Forgeot D’Arc and Mottron,
2012; Grelotti et al., 2005). Furthermore, a review of behavioral
studies on face perception in adults (Weigelt et al., 2012) revealed
that facial identity is processed in a similar way between autistic
and non-autistic people. These observations suggest that the defec-
tive “social brain” may not be the primary cause of the cascade of
alterations characterizing autism.

From a TTT perspective, the cascade of events caused by compe-
tition coming from hyperplastic functions affects social cognition
to a similar extent as competition impacts different cognitive
domains in non-autistic individuals. Although some “neglected”
domains (motor ability and speech) differ between AS-SOD and
AS-NoSOD, neglect for socially-oriented signals is shared by the
two AS subgroups. In AS-SOD, perceptual cognition outcompetes
social cognition for brain resources. This results in weak exposure to
social information (Chawarska et al.,2010) during the development
of regions dedicated to perceptual expertise in the autistic brain,
which contributes further to the reallocation of brain resources.
Category-specific cortical allocation appears to be built at a later age
(Scherfetal., 2007) for faces than for objects, which makes it partic-
ularly sensitive to variations in early input. Similarly, the superior
temporal sulcus, which is a multimodal area (Redcay, 2008) impli-
cated in socially oriented behaviors as well as social and speech
perception (Redcay, 2008; Glasel et al., 2011), is one of the cor-
tical regions which is colonized after sensory loss (Bavelier et al.,
2001; Sadato et al., 2004). It is also a region which is frequently
under-activated by speech and other socially-oriented operations
in autism (Redcay, 2008; Zilbovicius et al., 2006), which may result
from its colonization by other functions (Paakki et al., 2010).

The example of facial processing is highly informative. The
fusiform gyrus is responsible for processing faces in non-autistic
individuals. It was first thought to be dysfunctional in autism
(Schultz et al., 2000), because it was responsive to objects rather
than faces. However, brain activity during facial processing appears
to normalize with age in autism and brain regions normally
involved in facial recognition are activated when familiar faces
or an attention cue is used during experiments (Pierce et al.,
2004; Hadjikhani et al., 2004). This indicates that faces can be
processed by adult autistic people, particularly under optimal con-
ditions. Thus, it appears that face perception in autism is initially
constrained by cortical functional reallocation, and by input com-
petition. This leads us to question the dominant view of autistic
social cognition, that a weak emotional response toward socially
relevant figures (as indicated by perturbed activation of the amyg-
dala (Swartz et al., 2013; Kleinhans et al., 2014) during exposure to
faces) impairs facial recognition. However, the reverse may also be
true (Klinetal.,2009). Perceptually defined patterns (for AS-SOD) or
verbal information (for AS-NoSOD) maybe emotionally appealing
or disturbing for autistic persons because they are more salient, as
is the case for blind people with auditory information (Klinge et al.,
2010b).

5.4. Accounting for neurogenetic variability

Two-hit genetic models (Girirajan and Eichler, 2010; Vorstman
et al., 2011; Leblond et al., 2012) and polygenic models (Murdoch
and State, 2013), propose that a combination of rare genetic events
and either common predisposition genes or specific environmen-
tal conditions account for the occurrence and variability of some
neurodevelopmental disorders. Here, we describe a two-hit genetic

model required for the occurrence of autism. A Trigger mech-
anism accounts for variability in causal genes, and a plasticity
threshold component accounts for the fact that autistic and non-
autistic outcomes are associated with similar mutations. Finally,
plasticity could be further described as enhanced (associated with
non-syndromic autism) or altered (associated with syndromic
autism).

5.4.1. A Trigger mechanism accounts for the genetic variability of
autism

It is now well established that a large series of mutations
(Betancur, 2011), either de novo or transmitted, are associated with
a common autistic phenotype in a subset of cases. A first genera-
tion of synthetic reviews established that these various mutations
commonly affect synapses (Gillis and Rouleau, 2011; Kelleher et al.,
2008; Shinoda et al., 2013; Zoghbi and Bear, 2012; Waltereit et al.,
2013). A second generation of synthetic reviews established details
of the underlying mechanism and revealed that enhanced plasticity
is a common result of both genetic and environmental factors (e.g.,
VPA) associated with autism (Baudouin et al., 2012; O’'Roak et al.,
2012; Chung et al., 2012; Shinoda et al., 2013; Chiocchetti et al.,
2014; Bateup et al.,2013; Ebert and Greenberg, 2013; Markram and
Markram, 2010). In summary, we propose that de novo or inherited
mutations in genes involved in synaptic plasticity trigger a plastic-
ity reaction (Markram and Markram, 2010). This reaction involves a
cascade of plastic mechanisms, beginning at the synapse, and end-
ing with cortical organization, and is the final common result of an
indefinite number of genetic alterations or rare, prenatal insults.
Perturbation of the experience-dependent development of cortical
organization and behavioral phenotypic consequences are the final
results of this reaction. The events that can trigger this plastic reac-
tion are inherently variable. Variability in the effect of the causative
mutation accounts for a part of the phenotypic heterogeneity, and
characteristics of each syndrome (Fig. 2).

According to the Trigger-Threshold model the link between
the trigger and the subsequent plastic reaction, at least in non-
syndromic autism, may be quite tenuous. Therefore, the potential
inventory of genetic triggers is indefinite. Genetic events may initi-
ate a chain of plastic modifications, they may be part of this chain,
or both. Accordingly, as observed in cross modal plasticity fol-
lowing sensory loss, most synaptic mechanisms associated with
the enhanced performance and function of neuroplastic regions
are already present and ready to function in a typically devel-
oping individual. For instance, Ben-David and Shifman (2012),
computed a gene co-expression network for common and rare vari-
ants described in the genetics of autism literature, and identified
functionally interconnected modules involved in synaptic and neu-
ronal plasticity that are expressed in brain areas associated with
learning, memory and perception.

5.4.2. The Threshold component accounts for the moderate
prevalence of autism in accompanying neurogenetic conditions

ASD mutations (or prenatal insults) predisposing to autism
show tremendous phenotypic variability, with identical variants
associated with a wide range of neurodevelopmental outcomes
besides ASD, including schizophrenia, intellectual disability, lan-
guage impairment, and epilepsy. This suggests that each of these
mutations, on its own, is not sufficient to result in an autistic phe-
notype. The inclusion of a threshold component in the genetic
mechanism of enhanced plasticity is based on the puzzling observa-
tions that: (a) neurogenetic disorders that are frequently associated
with autism can occur without autism (Peters et al.,2013); (b) males
are disproportionally represented in non-syndromic autism, and
this cannot be explained by an excess of autism genes on the X
chromosome; and (c) several common genetic variants with small
effects, frequently not reproducible between studies (Girirajan and
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Fig. 2. The Trigger-Threshold-Target model. The causal event is a genetic alteration that affects synaptic plasticity. This mutation triggers a plastic reaction in individuals with
alow threshold for plasticity, due to predisposing genes, the individual’s sex and/or environmental factors. A plastic reaction targets a domain-general function, the identity
of which determines the autism subgroup. In autism, perception is targeted and this results in enhanced visual and auditory perceptual functioning, but also in the neglect of
speech. In Asperger syndrome, speech is targeted and this manifests as precocious mastering of language, concurrent with motor clumsiness. Social behaviors are neglected
in both subgroups, as a result of the enhanced domain-specific neural investment. In nonsyndromic autism, mutations trigger a largely normal plastic reaction in individuals
with a low threshold for this reaction, resulting in hyper-functioning and no intellectual disability. Individuals with a normal threshold are asymptomatic carriers of these
mutations. In syndromic autism, causal mutations alter the plasticity reaction, resulting in aberrant cell proliferation, and frequent intellectual disability. In individuals with

a low plastic threshold, these mutations additionally result in syndromic autism.

Eichler, 2010), slightly increase the risk for autism. It is therefore
plausible that an indefinite number of factors, in addition to the
causative genetic mutation, come together to lower or elevate the
threshold at which the plastic reaction occurs in an individual.
Among these factors, common functional polymorphisms of genes
involved in plasticity may increase an individual’s risk of reac-
ting in an excessively plastic way when a triggering genetic event
occurs. Males appear to be particularly sensitive to the effects of
such polymorphisms. A low “threshold” would therefore account
for the heterogeneity of predisposing factors, and would explain
why a “trigger” mutation may or may not result in autism. It may
also explain the difficulty in finding common genetic variants with
significant effects, because these variants, in the absence of a trigger
mechanism, cannot result in autism on their own. However, these
variants may amplify the effects of de novo rare events on brain
plasticity. The concept of a “threshold” may be tested by compar-
ing plasticity mechanisms in populations possessing single gene
mutations with or without autism. This strategy has proven fruit-
ful in experiments involving neuroimaging, which demonstrated
that people with Tuberous sclerosis and autism have higher local
connectivity than people with Tuberous sclerosis alone (Tye and
Bolton, 2013).

5.4.3. Enhanced and altered plasticity accounts for the distinction
between syndromic and non-syndromic autism

In non-syndromic autism, a normal or quasi normal plastic
reaction is believed to occur. In this situation, the triggering muta-
tions would have no biological effect on the neural network and
would instead initiate a cascade of plastic reactions, meaning
that the stimulus needed to change synaptic connectivity in tar-
geted regions would be decreased. In this case, most alterations
would be functional reallocations resulting in the hyper function-
ing of targeted functions and subsequent neglect of non-targeted
functions. Variations in the target of the plastic reaction and in
raising conditions would account for inter-individual differences in
symptoms (e.g., with or without SOD) and in the nature of the cogni-
tive enhancements. Conversely, in syndromic autism, the triggering
mutations would introduce an aberrant plasticity process where

synaptic connectivity would occur in an abnormal way with no
equivalent in non-autistic individuals. Thus, the causal genetic
event has altered the plastic reaction, and the same alteration would
characterize the associated condition, regardless of whether it is
accompanied by autism. As is the case for non-syndromic autism,
a mutation which produces a neurodevelopmental disorder would
result in autism only when it occurs in individuals possessing a
low threshold for a plastic reaction (Fig. 2). In individuals with a
normal plasticity threshold, the mutation would only perturb the
construction of neural networks, resulting in dimorphism, intellec-
tual disability and/or epilepsy.

6. Concluding remarks
6.1. Summary of the TTT model

We suggest that a plastic reaction triggered by a series of muta-
tions in genes encoding proteins involved in the construction of
synapses accounts for enhanced perceptual or speech processing
associated with autism. This alteration of synaptic plasticity affects
the balance between the social vs. the perceptual or linguistic prop-
erties of materials that are preferentially processed. The structural
and functional alterations targeting perceptual associative regions
account for the superior performance of autistic individuals, and
for the influence of perception in autistic phenotype. Competition
with other cortical allocations results in the neglect of non-targeted
functions, leading to autistic “negative” social behaviors. Sensory
driven activity present at early stages of development influences
existing organization dictated by genes, and can fundamentally
alter the organization of the cortex, its connectivity and its func-
tion, resulting in enhanced perceptual functioning in autism, and
poor mastering of social interactions, speech, or motor coordina-
tion. The large number of mutations with the potential to trigger a
plastic reaction may explain the variety of neurological conditions
associated with autism. Conversely, the specific nature of the plas-
ticreaction found in autism and the resulting behavioral phenotype
may result from the genetic source of its trigger.
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6.2. Plasticity, interventions and pharmacological treatment

A plasticity model is also compatible with quantitative and
qualitative variations in the post-natal environment, which is a
prominent additional source of phenotypic variability (Dawson
et al, 2008; Schneider et al.,, 2006). If autism results from a
plasticity reaction, with potentially adaptive and non-adaptive con-
sequences, at least a part of these mechanisms should be modulated
by exposure to (or availability of) material associated with a high
performance in autistic individuals. Plasticity processes can be
modified by external interventions, and use of alternative brain
regions to support impaired processes forms the basis of numerous
intervention strategies (Belleville et al., 2011).

With this in mind, most early intervention programs adopt a
“restorative” approach by stimulating the neglected function; for
instance, social interest and competence are targetted by modeling
socio-communicative markers of social reciprocity, joint atten-
tion or speech, and by limiting functions that are spontaneously
enhanced in autism (like non-social perception) (Dawson et al.,
2010). However, focus on only impaired functions may monopo-
lize resources in favor of non-immediately processable material,
and is unlikely to reverse the reallocation process (Dawson et al.,
2008; Lyness et al., 2013). We therefore suggest that early inter-
vention in autism should be based on lessons learned from sensory
loss or memory impaired patients. For example, the congenitally
deaf children with late access to sign language develop lower cross-
modal plasticity (Pénicaud et al., 2012), and have generally poorer
language development than children with early access to sign lan-
guage (Lyness et al., 2013). A recent retrospective study compared
deaf children with early cochlear implantation coming from deaf
family (and thus native signers) with early-implanted deaf chil-
dren coming from hearing family (and thus with limited, if any,
access to sign language) at various times following implantation.
Implanted deaf native signers outperformed implanted deaf non-
signers on measures of speech perception, speech production and
language development (Lyness et al., 2013; Hassanzadeh, 2012).
These initial results then suggest that early exposure to a sign lan-
guage paired with early cochlear implantation may be beneficial for
an optimal spoken language development, rather than interfering
with it. Interventions in blind persons promote tactile stimulation
and the learning of Braille reading for the development of literacy.
In another field, episodic memory training in memory-impaired
patients most often relies on the teaching of non-conventional
alternative encoding strategies (for instance, using visual imagery
to encode verbal material) that relies on intact brain regions
(Belleville et al., 2011, 2006; Belleville, 2008; Belleville and Bherer,
2012). In sum, rethinking early intervention within a TTT frame-
work leads us to reconsider (a) the reversibility of the neglected
functions; (b) the efficiency of harnessing targeted vs. neglected
functions for the restoration of social functions; and (c) the possi-
ble adverse effects on the construction of cognitive architecture
as a result of competition between various types of input and
material.

Aberrant mechanisms of synaptic plasticity may also be treated
by new pharmacological approaches (Pignatelli et al., 2013;
Delorme et al., 2013; Walsh et al., 2008) in autism. One frequent
suggestion is to reduce plasticity to diminish autistic symptoms.
However, this should be done with caution, because it is difficult to
distinguish the effects of the detrimental trigger from the adaptive
effects of the plastic reaction. In cases where plasticity is altered,
leading to an associated neurogenetic syndrome and intellectual
disability, “repairing” the alteration is conceivable. However, if
plasticity is a partially adaptive reaction to a genetic event, block-
ing these mechanisms may deprive the autistic person of unique
strengths, and may bring back the initial, more detrimental deficit
(Auerbach et al., 2011).

6.3. Limitation of the model and future research priorities

Several limitations of the TTT model need to be considered. The
threshold component describes individual differences in plasticity.
Alternative theories of factors favoring autism suggest that a con-
tinuous distribution of autistic traits exists in the population, which
may be considered as favoring conditions, as minimal expression of
the variants that cause autism, or as unrelated phenotypic overlap
(Barbeau et al., 2009). Differences amongst individuals or between
the sexes in the processing of social information may favor the
development of an autistic or autistic-like phenotype, which may
occur independently from the genetic mechanism involved in pro-
totypical autism.

With the exception of one preliminary study that reported high
LTP/LTD (Oberman et al., 2010) activity in AS individuals, most
genetic and micro-structural data reported here come from exper-
iments in animals, looking at genes involved in “altered” synaptic
plasticity of syndromic autism. The next step needed is to vali-
date our model in studies involving autistic individuals and cell
cultures derived from them. In particular, it will be important to
validate our principal hypothesis that mutations involved in non-
syndromic autism can be understood within the context of normal
plasticity. We also assume that autism associated with a neuroge-
netic syndrome, and non-syndromic autism, are more similar than
dissimilar. Alternatively, neurogenetic syndromes may be consid-
ered as producing “phenocopies” of autism, with a low degree of
similarity with non-syndromic autism. However, the convergence
between synaptic processes involved in different types of syn-
dromic autism argues against this idea, and supports instead the
“Trigger” component of our model.

Enhanced micro-structural plasticity in perceptual associative
brain regions has not yet been directly linked to over-performance
in autism (see Hoy et al., 2013; Desgent and Ptito, 2012 for a
review and for an animal example). This gap in our understanding
is partially filled by sensory loss, which suggests that normal brain
microstructure has the potential, under an environmental trig-
ger, to over-develop perceptual function with measurable regional
effects. However, a more direct link between synaptic and regional
plasticity has to be empirically validated by combining genetic
investigation, cell cultures and fMRI studies in the same group of
individuals. In addition, the TTT model does not account for the
mechanism of choice among the two domain-general targets, and
why the two domains of enhancement are not frequently found
together. Moreover, enhanced cortical allocation in the AS-NoSOD
subgroup is based only on preliminary data, despite the fact that
speech can be considered as a target of plastic reaction. Finally,
the threshold component is the most difficult part of the genetic
model to define and validate. Investigation of the sex-component
of regional plasticity, in both the normal and sensory-impaired
population may constitute a way to answer this question.
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Objective: The worldwide prevalence es-
timates of attention deficit hyperactivity
disorder (ADHD)/hyperkinetic disorder
(HD) are highly heterogeneous. Presently,
the reasons for this discrepancy remain
poorly understood. The purpose of this
study was to determine the possible
causes of the varied worldwide estimates
of the disorder and to compute its world-
wide-pooled prevalence.

Method: The authors searched MEDLINE
and PsycINFO databases from January
1978 to December 2005 and reviewed
textbooks and reference lists of the stud-
ies selected. Authors of relevant articles
from North America, South America, Eu-
rope, Africa, Asia, Oceania, and the Mid-
dle East and ADHD/HD experts were con-
tacted. Surveys were included if they
reported point prevalence of ADHD/HD
for subjects 18 years of age or younger
from the general population or schools
according to DSM or ICD criteria.

Results: The literature search generated
9,105 records, and 303 full-text articles

were reviewed. One hundred and two
studies comprising 171,756 subjects from
all world regions were included. The
ADHD/HD worldwide-pooled prevalence
was 5.29%. This estimate was associated
with significant variability. In the multi-
variate metaregression model, diagnostic
criteria, source of information, require-
ment of impairment for diagnosis, and
geographic origin of the studies were sig-
nificantly associated with ADHD/HD prev-
alence rates. Geographic location was as-
sociated with significant variability only
between estimates from North America
and both Africa and the Middle East. No
significant differences were found be-
tween Europe and North America.

Conclusions: Our findings suggest that
geographic location plays a limited role in
the reasons for the large variability of
ADHD/HD prevalence estimates world-
wide. Instead, this variability seems to be
explained primarily by the methodologi-
cal characteristics of studies.

(Am ] Psychiatry 2007; 164:942-948)

Attention deficit hyperactivity disorder (ADHD) is
characterized by pervasive and impairing symptoms of in-
attention, hyperactivity, and impulsivity according to
DSM-1V (1). The World Health Organization (WHO) (2)
uses a different name—hyperkinetic disorder (HD)—but
lists similar operational criteria for the disorder. Regard-
less of the name used, ADHD/HD is one of the most thor-
oughly researched disorders in medicine (3). It has been
associated with a broad range of negative outcomes for af-
fected subjects (4, 5) and with a serious financial burden to
families and society (6), which characterizes it as a major
public health problem (7).

An understanding of the epidemiological aspects of
ADHD/HD may provide insight into its distribution and
etiology as well as information for planning the allocation
of funds for mental health services (8). In past decades, in-
vestigators from all regions of the world have made sub-
stantial efforts to define the prevalence of the disorder.
Several literature reviews have reported highly variable

rates worldwide, ranging from as low as 1% to as high as
nearly 20% among school-age children (8, 9).

Although the reasons for variability across studies re-
main poorly understood, it has been hypothesized that
geographical and demographic factors are associated with
it (10). Several investigators have suggested that preva-
lence rates in Europe were significantly lower than rates
found in North America (8, 11, 12). This hypothesis fueled
the concern that ADHD/HD may be a product of cultural
factors and promoted an enduring debate in the medical
literature (8, 11, 12). Other experts have argued that the
variability of ADHD/HD prevalence estimates may be best
explained by the use of different case definitions and that
no variability of the actual prevalence across geographical
sites should be found when case definitions are the same
(5, 8, 13). A similar position has been adopted by the
American Academy of Child and Adolescent Psychiatry,
which states that conflicting results of ADHD/HD preva-
lence estimates can be explained by methodological dif-

This article is discussed in an editorial by Drs. Moffitt and Melchior on p. 856.
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ferences across studies, such as method of ascertainment,
diagnostic systems and associated criteria (e.g., situa-
tional versus pervasive, degree of impairment), assess-
ment methods, informants, and the population studied
(4). Unfortunately, no empirical evidence to date supports
these assumptions, which led the American Medical Asso-
ciation (3), the National Institute of Mental Health (6), and
the Centers for Disease Control and Prevention (7) to call
for further research on this issue.

Therefore, the main purpose of this study was to con-
duct an extensive review of the literature on the preva-
lence of ADHD/HD to 1) calculate a worldwide-pooled
prevalence estimate and 2) determine factors implicated
in the variability of estimates by examining the assump-
tions of different estimates based on geographic location
of studies. Since some studies suggest that ADHD/HD
prevalence is higher in North America, cross-national
comparisons were conducted to investigate differences
between North American studies and those conducted
elsewhere. The main hypothesis was that geographic loca-
tion would not significantly explain the variability of
worldwide ADHD/HD prevalence estimates after adjust-
ment for methodological differences across studies.

Method

Data Sources

The following four search strategies were used for this system-
atic review of the literature: 1) computer search of databases, 2)
review of specialized textbooks, 3) review of reference lists of all
articles retrieved, and 4) contact with authors and experts on
ADHD/HD epidemiology. This search strategy is in accordance
with expert recommendations on the subject (14).

Computer search. We searched MEDLINE and PsycINFO from
Jan. 1978 to Dec. 2005 for articles in English, German, French,
Spanish, and Portuguese. Search words/terms were as follows:
child*, adolesc*, epidemiology, prevalence, rate, mental disor-
der*, psychiatric disorder*, ADHD, ADD, attention-deficit, atten-
tion-deficit/hyperactivity disorder, hyperactiv*, overactiv*, inat-
tent*, hyperkinetic disorder, and minimal brain dysfunction. An
asterisk after a term means that all terms that begin with that root
were included in the search.

Step 1. Abstracts were reviewed by the first author (Dr. Polanc-
zyk) and selected for further review if they met one of the follow-
ing three criteria: 1) significant reviews of literature that covered
ADHD/HD prevalence, 2) major guidelines on ADHD/HD, or 3)
original investigation of prevalence based on nonreferred sam-
ples (schools or community) of subjects 18 years of age or
younger diagnosed according to criteria established by any DSM
(III, III-R, or IV) (1) or ICD (9 or 10) versions (2). If a criterion was
not met because not enough information was provided, the ab-
stract was set aside for further evaluation.

Step 2. Abstracts were reviewed independently by two authors
(Drs. Polanczyk and Rohde) and were selected based on their con-
sensus according to the same criteria used in Step 1. If consensus
was not reached, the abstract was set aside for further evaluation.

Step 3. Full-text articles of abstracts selected in Step 2 were re-
trieved and reviewed by one author (Dr. Polanczyk). Inclusion was
based on consensus between two investigators (Drs. Polanczyk
and Rohde). Disagreements were discussed with a third author
(Dr. de Lima). Studies were included if they met the following cri-
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TABLE 1. Methodological Characteristics and Geographic
Location of the Studies (N=102)

Variable No. of Studies
Geographic location
North America 32
Europe 32
Asia 15
South America 9
Oceania 6
Middle East 4
Africa 4
Origin of sample
Community 42
School 60
Diagnostic criteria
ICD-10 13
DSM-IV 44
DSM-I1I-R 36
DSM-III 9
Impairment criterion?
Yes 44
No 48
Number of stages of evaluation
One 61
Two 33
Two, only screens positive at first stage 8
Source of information?
Best-estimate procedure 23
“And rule” 6
Parents 33
“Or rule” 9
Teachers 15
Subjects 7

a For some studies, data were not available for extraction.

teria: 1) original surveys on ADHD/HD prevalence (point preva-
lence), 2) diagnoses based on any DSM (III, III-R, or IV) or ICD (9
or 10) versions, 3) probabilistic sample from the general popula-
tion (e.g., households, birth registers) or from schools, and 4) sub-
jects 18 years of age or younger. Twin studies and data from the
first evaluation of longitudinal studies were included. The exclu-
sion criteria were 1) studies that did not report confidence inter-
vals (CI) or standard errors (SE) and that did not report data that
allowed the calculation of these parameters and whose authors
did not provide such data upon request and 2) studies that
adopted a retrospective diagnostic approach based on subjects’
records. Authors were contacted via e-mail if data were missing.

Review of specialized textbooks. The ADHD/HD sections of
five major textbooks on child and adolescent psychiatry and on
general psychiatry were reviewed to identify references to original
surveys that might meet Step 1 criteria.

Contact with experts. Forty-five scientific authorities in the
field of ADHD/HD from North America, South America, Europe,
Africa, Asia, Oceania, and the Middle East were contacted via e-
mail and asked whether they were aware of unpublished or ongo-
ing studies, and 28 experts returned responses.

Review of reference lists. The reference lists of all articles se-
lected in Step 3 were reviewed, and the full texts of potentially in-
teresting studies were examined.

Data Extraction

A protocol for data extraction was defined and evaluated by
two authors (Drs. Polanczyk and Rohde) (available from authors
upon request). Data were extracted from full-text articles by one
author (Dr. Polanczyk) and reviewed by a second author (Dr.
Rohde). Disagreements were discussed with a third author (Dr. de
Lima).

ajp.psychiatryonline.org 943
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FIGURE 1. Flow Diagram of Study Selection

Search Strategies

1) Computer searches

Date range: Jan. 1,
1978 to Dec. 31, 2005

Languages: English,
German, Spanish,
French, Portuguese

Key words: child*,
adolesc®,
epidemiology,
prevalence, rate,
mental disorder®,
psychiatric disorder®,
ADHD, ADD, attention-
deficit, attention-
deficit/hyperactivity
disorder, hyperactiv®,
overactiv¥, inattent®,
hyperkinetic disorder,
minimal brain

dysfunction
2) Review of textbooks

3) E-mail to scientific

Step 1: Abstracts reviewed by one
author (G.P) and selected according
the following criteria:

1) Significant reviews of literature that

covered ADHD/HD prevalence

2) Major guidelines on ADHD/HD

3) Original investigations of
prevalence based on nonreferred
samples (schools or community) of
subjects 18 years of age or younger
with mention of diagnosis based
on DSM or ICD criteria

Step 2: Abstracts reviewed
independently by two authors (G.P.
and L.A.R.) according to the same
criteria used in Step 1; inclusion of
the studies based on consensus

Step 3: Articles reviewed by one
author (G.P), inclusion of original

studies according to Step 1, criterion i l

3, after discussion with a second
author (L.A.R.), and decisions based
on consensus with a third author

authorities (M.S.L.)

4) Reference list reviews

¢ Clinical sample (N=9)

* Exclusions (a study could have fulfilled more than one criterion
* Absense of a DSM/ICD diagnosis (N=44)
* Prevalence rate not evaluated (N=37)

MEDLINE: PsycINFO: Review of E-mail to
6,478 2,627 textbooks experts
abstracts abstracts
9,105
abstracts
—
304
abstracts
Review of
—»i reference
lists \ \
239 articles ——————— = 64 articles
160 79 23 41
excluded* included included excluded*®
): ¢ ¢

102 studies
included

« Age range above 18 years old (N=16)
* Diagnosis based on clinical records or retrospective or lifetime

(N=12)
» Nonprobabilistic sample (N=7)
« Literature reviews (N=33)
* Duplicate samples (N=45)

* Impossibility of data extraction (N=1)

To determine pooled estimates, each study contributed with
only one estimate. Whenever a study generated multiple esti-
mates according to different diagnostic or methodological defini-
tions, one estimate was selected according to a previously defined
protocol. This protocol ensured that data on each subject were
extracted only once.

The computer program Epi Info version 6.04d (15) was used to
calculate ClIs if they were not reported in the study.

Data Analyses

The first step of our previously defined strategy of data analysis
was to determine an overall pooled-prevalence estimate of
ADHD/HD based on all studies. A test of heterogeneity (Q test)
was used to determine whether the differences in prevalence esti-
mates across studies were greater than expected by chance. Sig-
nificant heterogeneity was detected for the pooled estimate. At
this point, sensitivity analysis was also performed, and findings
showed that no study had skewed the overall result.

Since significant heterogeneity was found across studies, the
second step was to conduct univariate analyses to test the indi-
vidual association of each variable (methodological variables +
geographic location of the studies) with the overall pooled-preva-
lence estimate of ADHD/HD using metaregression analyses (16).
This analytical strategy evaluated which variables affected the re-
sults. Methodological variables were method of ascertainment of
the sample (community or school), sample size, diagnostic crite-

944 ajp.psychiatryonline.org

ria (DSM-III, -1II-R, or -IV; ICD-9 or -10), source of information
(best-estimate procedure, parents, “and rule,” “or rule,” teachers,
or subjects), requirement of impairment for the diagnosis (yes or
no), number of stages, and response rate (1-attrition rate).

We also tested the association between geographic location
and variability of the overall pooled-prevalence estimate of
ADHD/HD. Studies were divided into seven groups according to
their geographic location: Africa, Asia, Europe, the Middle East,
North America, Oceania, and South America. Three studies were
fully conducted in Central America (Costa Rica), and one was a
multisite study conducted in the United States and Costa Rica.
These studies were grouped with those from North America.

In the third step, a random-effects regression model was used
to evaluate sources of variability in the overall pooled-prevalence
estimate of ADHD/HD. All covariates associated with ADHD/HD
prevalence rates for a flexible p<0.2 (17) in univariate analyses
were included in the final multivariate metaregression model. For
these analyses, a significance level of 5% was established.

Age and gender were not included in the final multivariate
metaregression model because less than 50% of the studies re-
ported findings stratified by these variables, but individual esti-
mates were computed according to these strata (age was stratified
into the following ranges: 6-11 and 12-18). At this stage, we also
determined pooled estimates for each geographic region. All
analyses were performed using Stata 9.0 (Stata Corp, College Sta-
tion, Tex.).

Am | Psychiatry 164:6, June 2007



TABLE 2. Association Between Methodological Covariates
and Geographic Area With ADHD/HD Prevalence Estimates

Metaregression

Univariate (Multivariate
Model Model)?

Variable p p
Origin of sample <0.001

Community index

School 0.38
Source of information <0.001

Best-estimate procedure index

“And rule” 0.04

Parents 0.03

“Or rule” 0.003

Teachers <0.001

Subjects 0.46
Impairment criterion <0.001

Yes index

No 0.001
Diagnostic criteria <0.001

DSM-IV index

DSM-III-R 0.02

DSM-III 0.69

ICD-10 0.005
Number of stages of evaluation <0.001

One index

Two 0.25

Two, only screens positive at

first stageP 0.31

Response rate 0.25 —
Sample size <0.001 0.81
Geographic area 0.009

North America index

Europe 0.40

Oceania 0.45

South America 0.83

Asia 0.85

Africa 0.03

Middle East 0.01

a Between-study variance assessed by moment-based estimate (tau
2=7.815).

b Studies using two-stage sampling where only screening positives
were assessed in the second stage (for details see the data supple-
ment of the online version of this article).

Results

We screened 9,105 abstracts published in the last 27
years. A total of 303 full-text articles were reviewed, and 102
studies comprising 171,756 subjects were included in this
systematic review (Figure 1). The list of reviewed references
is available at http://www.ufrgs.br/psiq/prodah-e.html.
Studies from all continents were retrieved. Of the 102 stud-
ies included, 32 were conducted in North America and 32
in Europe. The most frequent diagnostic system was DSM-
IV. Characteristics of studies included in the analyses are
described in Table 1.

Overall, the pooled prevalence of ADHD/HD was 5.29%
(95% CI=5.01-5.56). This analysis revealed significant het-
erogeneity across studies (p<0.001). In univariate metare-
gression analyses (Table 2), all methodological variables
evaluated were significantly associated with ADHD/HD
prevalence rates, except response rate (p=0.25). The geo-
graphic location of studies was also significantly associ-
ated with the variability of ADHD/HD prevalence rates
and was included in the final metaregression model.
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FIGURE 2. ADHD/HD Pooled Prevalence According to De-
mographic Characteristics and Geographic Location
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In the final multivariate metaregression model (Table 2),
the methodological variables that remained significantly
associated with the prevalence rates were the requirement
of impairment for the diagnosis, diagnostic criteria, and
source of information. As expected, studies without a defi-
nition of impairment had significantly higher ADHD/HD
prevalence rates than those with a definition of impair-
ment (p<0.001). Studies based on DSM-III-R or ICD-10 cri-
teria, respectively, had significantly lower ADHD/HD prev-
alence rates than those using DSM-IV criteria (p=0.02 and
p=0.005, respectively). Studies that relied on information
provided by parents, teachers, and “or rule,” respectively,
were associated with significantly higher ADHD/HD prev-
alence rates than those relying on a best-estimate proce-
dure (p=0.02, p<0.001, and p=0.003, respectively), whereas
those relying on information provided using the “and rule”
criterion were associated with significantly lower ADHD/
HD prevalence estimates (p=0.04) (Table 2).

Geographic location was associated with significant
variability between estimates from North America and
both Africa (p=0.03) and the Middle East (p=0.01). Esti-
mates from these areas were significantly lower than esti-
mates from North America. No significant differences
were found in prevalence rates between North America
and Europe (p=0.40), South America (p=0.83), Asia (p=
0.85), or Oceania (p=0.45) (Table 2).

The multivariate metaregression model using Europe
for the comparison yielded similar findings. Impairment,
diagnostic criteria, and source of information remained
significantly associated with prevalence rates. Significant
differences were found only between Europe and both
Africa (p=0.05) and the Middle East (p=0.03).

To increase power by decreasing degrees of freedom, an
additional model was run using only methodological vari-
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ables initially. Methodological variables associated with
the prevalence rate for a p<0.20 in univariate analyses were
initially included and progressively deleted from the model
using a backward procedure. Then, the geographic loca-
tion of the studies was entered. In this multivariate model,
geographic location was not significantly associated with
prevalence rates after adjustment for methodological vari-
ables (data available from authors upon request).

Finally, since most studies were conducted in Europe
and North America (N=64), the same data analysis strat-
egy was applied using only these two regions. In the final
multivariate metaregression model, the same method-
ological variables remained significantly associated with
prevalence rates: impairment, diagnostic criteria, and
source of information. Again, geographical location (Eu-
rope versus North America) was not significantly associ-
ated with ADHD/HD prevalence rates (p=0.61).

ADHD/HD prevalence rates were stratified by age in 43
studies and by gender in 44 studies. In these studies, both
age and gender were significantly associated with preva-
lence rates (p<0.001). The pooled prevalence of ADHD/
HD stratified by gender and age can be found in Figure 2.
The pooled prevalence in the seven geographic areas as-
sessed is also shown in Figure 2. These analyses revealed
significant heterogeneity across studies (p<0.001).

Discussion

We have conducted a comprehensive systematic review
of studies addressing prevalence rates of ADHD/HD
worldwide and a metaregression analysis to understand
the reasons of estimate variability. Our findings show that
1) the ADHD/HD worldwide-pooled prevalence is 5.29%
(95% CI=5.01-5.56); 2) the large variability of ADHD/HD
prevalence rates worldwide resulted mainly from method-
ological differences across studies; and 3) adjusting for
methodological differences, prevalence rate variability
was only detected between studies conducted in North
America and those conducted in Africa and the Middle
East. Moreover, no significant differences in ADHD/HD
prevalence rates between North America and Europe were
detected in the overall metaregression analysis and in the
analysis restricted to studies conducted on these two con-
tinents. To our knowledge, this is the broadest systematic
review of this subject to date.

Our search strategy identified original studies of ADHD/
HD prevalence conducted on all continents. Despite the
higher number of studies conducted in North America
and Europe, our literature search showed that ADHD/HD
is a well-studied disorder and that its prevalence rate has
been estimated in several different cultures.

Although the ADHD/HD worldwide-pooled prevalence
is consistent with results reported in most previous re-
views (9, 18, 19), our results should be interpreted with
caution because of the large variability found in all analy-
ses. Our metaregression analysis reports, for the first time,
946
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on the critical role that methodological variables (i.e., im-
pairment criterion, diagnostic criteria, and source of in-
formation) play in the large variability of ADHD/HD prev-
alence estimates in different geographic locations. This
finding empirically supports assumptions previously dis-
cussed in the literature (8, 9). For instance, applying the
same methodological procedures and diagnostic crite-
rion, very similar rates of ADHD/HD were found in Russia
(20) and Britain (21) (1.3% and 1.4%, respectively). How-
ever, when the diagnosis of ADHD/HD was made in the
same geographic location but according to a different
methodological criterion (i.e., with or without the require-
ment of functional impairment) estimates ranged from
3.7% to 8.9% (22).

ADHD/HD terminology has undergone significant
changes over the past decades. The current ICD-10 and
DSM-1V criteria provide very similar lists of symptoms but
recommend different ways of establishing a diagnosis.
The ICD-10 requires a minimum number of symptoms in
all three dimensions (inattention, overactivity, and impul-
sivity). The DSM-1V defines only two dimensions (with hy-
peractivity and impulsivity symptoms included in the
same dimension), and a diagnosis can be made if there is
a minimum number of symptoms in only one dimension.
The ICD-10 requires that all criteria be met in at least two
different situational contexts, whereas DSM-IV requires
the presence of some impairment in more than one set-
ting. The ICD-10 includes mood, anxiety, and develop-
mental disorders as exclusion diagnoses. In DSM-1V, these
diagnoses may be classified as comorbid conditions.
Therefore, ADHD prevalence rates based on DSM-1V are
expected to be higher than those based on ICD-10, which
was demonstrated by individual studies (23) and corrobo-
rated by our analyses.

Our finding of lower ADHD/HD prevalence rates in Af-
rica and the Middle East than in North America should be
carefully interpreted. These geographic areas contributed
with only a few studies to the overall analysis, and there-
fore we cannot rule out the possibility of lower accuracy of
the adjustment for methodological aspects of these stud-
ies. Nevertheless, data concerning the lack of significant
differences in ADHD/HD prevalence rates between North
America and Europe in all sets of metaregression analyses
are extremely relevant. This finding argues against the
view that ADHD/HD is a culturally-based construct pecu-
liar to the North American culture (12). It is important to
note, however, that we do not suggest that culture has no
influence on the prevalence of this disorder in a given
population. Environmental and cultural aspects should
play a role in the etiology of ADHD/HD, since the esti-
mates of heritability in the disorder are approximately
80% (24, 25).

Our findings should be understood in the context of
some limitations. First, characteristics of the subjects (age
and gender) were not included in the final metaregression
model because less than 50% of the studies reported re-
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sults stratified by age or gender or provided data that al-
lowed us to calculate these distributions. Second, other
characteristics of the countries, besides geographic loca-
tion, could not be assessed. However, the geographic loca-
tion of a country is conceptually relevant for the purpose
of this study and is often cited as a factor that may explain
the variability of ADHD/HD prevalence rates. Finally, we
did not provide estimates of ADHD/HD prevalence
among adults, an emerging new area of research (26) that
should be addressed in future studies.

Despite these limitations, we found a large variability in
ADHD/HD prevalence rates worldwide. Results suggest
that geographic location may play a limited role in the ex-
planation of this variability. The many methodological dif-
ferences in the 102 studies assessed may be the most im-
portant source of variability in the pooled estimate of
ADHD/HD prevalence. These results indicate that inter-
national efforts from institutions such as WHO should be
directed to the standardization of epidemiological studies
so that comparable epidemiological data from all regions
of the world are made available for the study of relevant
mental disorders such as ADHD/HD.
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ESSENCE refers to early symptomatic syndromes eliciting neurodevelopmental clinical
examinations. It includes a broad range of early onset neurodevelopmental disorders affecting
more than 10% of children before 5 years of age. ESSENCE includes among others attention
deficit hyperactivity disorder (ADHD), intellectual disability (ID) and autism spectrum disorders
(ASD). Some degree of disability is the rule rather than the exception. The causes are
heterogeneous ranging from extreme social deprivation, pre- and perinatal risk factors, genetic
and metabolic diseases, immune and infectious disorders, nutritional factors, physical trauma,
and postnatal toxic and environmental factors (and combinations/interactions of some or several
of these). Treatments often involve a combination of psychoeducational interventions, home-
and school-based programmes, and medication. Here, I will first briefly review our main
knowledge on the biological pathways associated with early onset neurodevelopmental disorders
and will provide useful links to be informed of the progress in the field. Five main pathways
are associated with ASD and ID: chromatin remodelling, cytoskeleton dynamics, mRNA
translation, metabolism and synapse formation/function. I will then detail three propositions
coming from institutions, researchers and/or communities of patients and families to foster
research: 1) to use more dimensional and quantitative data than diagnostic categories; 2) to
increase data sharing and research on genetic and brain diversity in human populations; 3) to
involve patients and relatives as participants for research. Finally, I will provide examples of
very stimulating initiatives towards a more inclusive world for individuals with ESSENCE.

*  Autism, Genes, Synapses.

Thomas Bourgeron, Human Genetics and Cognitive Functions Unit, 25 rue du docteur Roux,
75015, Paris, France. E-mail: thomasb@pasteur.fr; Accepted 14 April 2015.

hildren with neurodevelopmental disorders can experi-

ence problems with language and speech, motor
skills, behaviour, memory, learning, or other neurological
functions. These difficulties are also frequently associated
with co-morbidities such as sensory-motor, sleep, and gas-
trointestinal problems (1). To better tackle this heterogene-
ity Christopher Gillberg coined the acronym ESSENCE,
referring to “early symptomatic syndromes eliciting neu-
rodevelopmental clinical examinations”. It is a term to
refer to the reality of children (and their parents) present-
ing in clinical settings with impairing child symptoms
before age 3-5 years in the fields of 1) general develop-
ment, 2) communication and language, 3) social inter-
relatedness, 4) motor coordination, 5) attention, 6) activity,
7) behaviour, 8) mood, and/or 9) sleep. Symptoms of neu-
rodevelopmental disorders often evolve and may improve
as a child grows older, but many disabilities are perma-
nent. Diagnosis and treatment of these disorders can be

difficult; treatment often involves a combination of profes-
sional therapy, pharmaceuticals, and home- and school-
based programmes. With progress in genetics and
neurobiology, the causes of early onset neurodevelopmen-
tal disorders (or ESSENCE) are better understood. Here,
I will summarize the current knowledge on the genetic
causes. Then I will summarize propositions that were sug-
gested to improve research in this field.

Definition and prevalence

Early onset neurodevelopmental disorders affect more
than 10% of children (Table 1) often with consequences
throughout their lives and with significant effects on their
families (1-3). This grouping is diverse in terms of sever-
ity and pathophysiology: fetal alcohol syndrome (FAS),
attention deficit hyperactivity disorder (ADHD), intellectual
disability (ID), tic disorder, developmental coordination
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Table 1. Prevalence and biological pathways associated with
ESSENCE.

Neurodevelopmental Proteins or biological
disorders Prevalence% pathways
Learning disabilities 2-4 Chromatin remodelling
Metabolism
Actin skeleton organization
Channels
Synaptogenesis
Neurotransmission
Dyslexia 5-15 Neuronal migration?
Attention deficit 1.7-9 Synapses?
hyperactivity Cortical maturation?
disorder
Autism spectrum 0.6-1.2 Chromatin remodelling
disorders Metabolism
Actin skeleton organization
Channels
Synapses
Epilepsy 0.45-1 Synapses
Channels
Fetal alcohol 0.1-5 -

syndrome

disorder, dyslexia, specific language disorders and autism
spectrum disorders (ASD). Neuromuscular disorders such
as Becker or Duchenne muscular dystrophies could also
be included in neurodevelopmental disorders since they
also affect cognition in a subset of patients, but such dis-
orders are often considered as a separate cluster because
of their predominant symptoms. Boys seem to be at ele-
vated risk compared with girls for most neurodevelop-
mental disorders, suggesting gender-specific risk and
protective factors.

The amount of funding and research dedicated to a
disorder is often correlated to its prevalence and its
severity (4). Thus, it is noteworthy that the amount of
research on intellectual disability is below the predicted
level (4). Causes of ESSENCE range from severe social
deprivation, genetic risk factors, metabolic diseases,
immune disorders, infectious diseases, nutritional factors,
physical trauma, and toxic and environmental factors.
Among these factors, we have recently gained better
knowledge concerning genetic risk factors, which is, in
turn, motivating new neurobiological research.

The genetics of ESSENCE

The growing list of genes that contribute to early onset
developmental disorders includes hundreds of genes. How-
ever, the complexity is multiplied by the observation that
each patient can carry a specific combination of alleles of
large and small effect that occur de novo or inherited.

De novo mutations in ESSENCE
De novo mutations include single base mutations, amplifica-
tion of trinucleotide repeats, copy-number variations (CNVs),

2

large chromosomal rearrangements and chromosomal aneu-
ploidy (5). Chromosomal aneuploidy (an abnormal number
of chromosomes) is observed in syndromic forms of neu-
rodevelopmental disorders such as Down, Klinefelter or
Turner syndromes. Large chromosomal rearrangements and
CNVs can be recurrent in some regions of the genome such
as on chromosome 22ql1 (velocardiofacial syndrome), 15q
(Angelman and Prader-Willi syndromes), or 17p (Smith-
Magenis syndrome). However, in most cases, CNVs are
unique to each patient, affecting from one to hundreds of
genes. A trinucleotide repeat expansion of CGG repeats is
observed in fragile X syndrome. This expansion upstream
of the FMRI gene impedes its expression resulting in
increased translation at the synapse. An additional example:
single nucleotide mutations can affect X-linked genes such
as MECP? to cause Rett syndrome or autosomal genes such
as CDHS or SHANKS3 to cause ASD.

Highly penetrant de novo mutations probably account
for a significant fraction (15-50%) of severe early onset
developmental disorders (6, 7—13). This has been clearly
demonstrated for ID (14) and ASD (11, 12, 15). The risk
factors that increase the occurrence of de novo mutations,
amplifications, deletions or duplications are better under-
stood (16). For example, regions of the human genome
flanked by large segmental duplications (such as on chro-
mosome 15, 16p,) are more prone to be deleted/duplicated
through illegitimate recombination. Increased paternal age
was also shown to be a factor in de novo single base pair
change. For ASD and ID, de novo chromosomal rearrange-
ments and CNVs are more frequently observed in patients
compared with controls. In contrast, patients and controls
usually carry the same number of de novo single base
mutations (on average 60-70 de novo mutations in each
genome of 3 billion base pairs and one in each exome of
60 million base pairs). However, in patients, there is a sig-
nificant increase, compared with controls, of damaging
mutations (e.g. loss of function) in evolutionarily con-
strained genes expressed in the brain (Fig. 1) (11-13, 17).

The vast majority of mutations reported in patients
with ASD were identified using DNA isolated from their
blood (or from saliva in some projects). As a conse-
quence, de novo somatic mutations occurring in specific
brain cell lineage are missed (18, 19). Only studies using
deep genomic sequencing and post-mortem brain tissues
of the patients will be able to inform us as to whether
somatic mutations in the brain are increased in early
onset neurodevelopmental disorders.

Inherited monogenic and polygenic forms of
ESSENCE

Among patients with early onset developmental disorders,
inherited monogenic forms might account for a relatively
significant fraction (>10%) (20). In ASD it was esti-
mated that 3—6% of patients are “homozygous knock-out”
carriers of two loss of function mutations in the same
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From Huguet et al. 2013 (36).

gene (21, 22). In countries with higher consanguinity, the
impact of recessive mutations is likely to be higher (23).

Multiple hits in different regions of the genome might
also contribute to susceptibility to early onset neurodevel-
opmental disorders. Several studies have demonstrated the
presence of more than one deleterious mutation in such
patients (24-26). In a large-scale study of 2312 children
known to carry a CNV associated with ID and congenital
abnormalities, 10% carried a second large CNV in addition
to the primary genetic lesion (25). Children who carried
two large CNVs of unknown clinical significance were eight
times more likely than controls to have developmental delay

NORD J PSYCHIATRY-EARLY ONLINE-2015

than controls. Among affected children, inherited CNVs
tended to co-occur with a second-site large CNV. No
parental bias was observed for the primary de novo or
inherited site, but for the second-site, 72% of the second-
site CNVs were inherited from the mother (25).

Other studies have supported a multiple-hits model in
patients carrying a similar “first hit”. In 42 carriers of a
16p11.2 microdeletion, 10 carried an additional large
copy-number variant, a significantly higher proportion
when compared with controls conditional on a large first
hit (10 of 42 cases, 21 of 471 controls; P=0.000057,
odds ratio =6.6) (24). The clinical features of individuals
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with two mutations were distinct from and/or more
severe than those of individuals carrying only the
co-occurring mutation. Another study showed that three
patients with ASD carrying a de novo SHANK?2 deletion
were also carriers of a second CNV at the 15q11 locus
(26). Two were carrying CNVs including CHRNA7 and
ARHGAPIIB; the third was carrying a mutation that
removed CYFIPI, NIPAI, NIPA2, and TUBGCPS5. After
this initial publication, another child with neurodevelop-
mental disorder carrying a SHANK? translocation and a
CHRNA7 duplication was reported (27).

Beside de novo and inherited rare mutations, one of the
current challenges for geneticists is to identify the myriad
of frequent alleles across the genome, which in an addi-
tive manner increase the risk of developing a disorder.
Common variants could contribute to 17-60% and
25-30% of the heritability of ASD and ADHD, respec-
tively (28-30). The same methodology was also used to
estimate the contribution of genotyped single nucleotide
polymorphisms (SNPs) in the heritability of the 1Q
(>40%) (31, 32) and on the human brain anatomy (50%)
estimates that common variants might contribute to such
quantitative  phenotypes (Toro et al. Molecular
Psychiatry, in press. Given that these common variants
have individually only a weak additive effect (33),
genome-wide association studies (GWAS) to date have
been significantly underpowered and identified very few if
any replicated common sequence variants that contribute
to risk of early onset neurodevelopmental disorders (34).
Based on these results, even if this genetic information is
difficult to translate into clinical diagnosis, the identifica-
tion of low risk alleles represents an important goal for
understanding the genetic architecture of early onset
neurodevelopmental disorders (35). Moreover, even weak
alleles shown with confidence to influence disease risk,
point to genes and pathways involved in pathogenesis.

Database of genes associated with ESSENCE

Several genetic databases provide clinical and functional
annotation of genes associated with early onset neurode-
velopmental disorders. The Online Mendelian Inheritance
in Man (OMIM) database catalogues more than
5000 human genetic diseases (http:/www.omim.org/).
Decipher (http://decipher.sanger.ac.uk/) and the Database
of Genomic Variants (http://dgv.tcag.ca/dgv/app/home)
are interactive Web-based databases which incorporate a
suite of tools designed to aid the interpretation of genomic
variants. Two databases of genes associated with ASD
are updated regularly: AutismKB (http://autismkb.cbi.pku.
edu.cn) and SFARI Gene (https:/gene.sfari.org) (36).
A total of 197 genes are included in both databases, and
481 are additionally included in either one or the other
(255 in AutismKB and 226 in SFARI Gene). The main
difference between the two databases concerns the
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selection of the genes. AutismKB usually selects genes
from linkage analyses, copy-number variant studies, and
GWAS, whereas SFARI Gene usually selects genes from
copy-number variant studies, sequencing analyses of large
cohorts, and case reports.

Biological pathways involved in ESSENCE

In the last 10 years, tremendous progress has been made
in our comprehension of early onset developmental disor-
ders. Animal models (37—47) as well as induced pluripo-
tent stem cells (48, 49) have both contributed to better
understanding of pathophysiology and to suggest new
treatments. Understanding the symptoms and course for
each individual, and the biology ranging from genetic
and environmental risk factors to the neural circuits
involved remains a substantial challenge for geneticists
and neurobiologists (50-52).

Several pathway analyses have been performed using
either genetic or transcriptome data to gain insight into
the biological functions associated with ASD. Pinto et al.
(53) recently analysed 2446 ASD-affected families and
confirmed an excess of genic deletions and duplications in
affected versus control groups (1.41-fold, p=0.00001) and
an increase in affected subjects carrying exonic pathogenic
CNVs overlapping known loci associated with dominant
or X-linked ASD and intellectual disability (odds
ratio=12.62, p=02.7x10" ~3% of ASD subjects).
Consistent with hypothesized sex-specific modulators of
risk, female patients with ASD were more likely to have
highly penetrant CNVs (»p =0.017) and were also overrep-
resented among subjects with mutations in genes that
encode fragile X syndrome protein targets (p =0.02) sug-
gesting that severe genetic lesions were required to over-
come the lower liability to ASD in girls. Genes affected
by de novo CNVs and/or loss-of-function single-nucleotide
variants converged on networks related to neuronal signal-
ling and development, synaptic function, and chromatin
regulation. Voineagu and colleagues (54) analysed genes
that are differentially expressed between two brain regions
(frontal and temporal lobes) in patients with ASD and
controls. Interestingly, the typical regional differences
between the gene expression profiles of the frontal and
temporal lobes were attenuated in patients. A first network
module was related to interneurons and to genes involved
in synaptic function, and was down-regulated in brains
from patients compared with those from controls; a sec-
ond module was enriched for genes related to immunity
and microglial activation, and was up-regulated in brains
from patients with ASD compared with those of controls.

To date, five main pathways have been identified as
candidates for early onset neurodevelopmental disorders
(Fig. 2): chromatin remodelling, cytoskeleton dynamics,
mRNA translation, metabolism and synapse formation/
function. This list is, however, far from exhaustive.
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Fig. 2. Five pathways are associated with early onset neurodevelopmental disorders. For each pathway, examples of mutated genes are

indicated.

The first pathway concerns chromatin remodelling and
was suggested by reports of mutations in genes such as
MECP2 or CDHS in Rett syndrome and ASD, respectively
(11, 12, 55, 56). A second pathway is related to metabo-
lism and includes mutations in genes such as PAH in phe-
nylketonuria, BCKDH in disorders of branched-chain amino
acids, TMLHE in carnitine deficiency or AGAT and GAMT
in creatine deficiency syndromes. Interestingly, patients
with mild forms of inborn errors of metabolism may pres-
ent with predominantly autistic symptoms (22). Identifying
such mutations is of clinical importance since treatments
may already be available (57). A third pathway is related
to aberrant translation of mRNA encoding synaptic pro-
teins, (58) and includes mutations affecting several proteins
that normally inhibit translation through the PI3K-mTOR
signalling pathway (TSC1, TSC2, NF1, and PTEN) as well
as mutations affecting proteins directly involved in inhibit-
ing mRNA translation at the synapse (FMRP, CYFIP1, and
EIF4E) (58, 59). A fourth pathway concerns the actin
cytoskeleton organization and includes mutations affecting
OPHN1, ARHGEF6, PAK3, MEGAP, ARHGEF9 and the
regulation of the RhoGTPase, the Ras, the Rab, the Arf
and the JNK pathways (60). While mutations affecting
these pathways were mostly identified in patients with ID,
they might account for a fraction of patients with ASD
(53). Finally, a fifth pathway is involved in synapse forma-
tion and excitation/inhibition balance (17, 61). Several
genes associated with ASD, such as NLGN3/4X, NRXN,
and SHANKI-3, appear to be involved in the formation of
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excitatory and inhibitory synapses (62—64). In addition,
genes associated with epilepsy, such as SCNIA, which
encodes a voltage-gated sodium channel, were also found
mutated in patients with ASD (7).

While different, these pathways most likely affect neu-
ronal homeostasis at the end point (17, 65). Some sug-
gest potential drug targets; indeed some early clinical
trials are ongoing to determine whether targeting some
such proteins could improve the symptoms of patients
(see (66, 67) for reviews).

Three propositions to improve research in the
field of ESSENCE

While tremendous progress has been made in the under-
standing of the causes of early onset neurodevelopmental
disorders, several issues detailed below represent poten-
tial breaks for research in this field. Three propositions
are listed below.

Proposition 1: fewer categories, more dimensions

The recent advances in genomics have demonstrated that
an identical genetic variant may increase the risk for a wide
range of diagnoses formerly thought of as distinct (29, 68,
69). These findings are contributing to an ongoing re-
conceptualization of the current psychiatric nosology. The
use of epidemiological samples, studies grouping individu-
als based first on genetic findings, and efforts at combining
existing categorical schema with dimensional phenotypes
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and biomarkers, all promise to provide important new
insights into the aetiology and classification of these disor-
ders. DSM-5 now makes it easier to recognize overlap
between different diagnostic categories, but in the main the
existing narrow and rigid categories tend to disconnect
researchers from the real phenotypes. Recently, several
initiatives such as the ESSENCE from Christopher Gillberg
were undertaken to improve phenotype characterization
using more dimensional approaches. The Research
Domain Criteria (RDoC) project has been launched by
the US National Institute of Mental Health (NIMH), calling
for the development, for research purposes, of new ways of
classifying psychopathology based on dimensions of observ-
able behaviour and neurobiological and genetic measures
(http://www.nimh.nih.gov/research-priorities/rdoc/nimh-
research-domain-criteria-rdoc.shtml). This effort is attempt-
ing to define basic dimensions of functioning related to
known neural circuitry to be studied across multiple units
of analysis, from genes to neural circuits to behaviours,
cutting across disorders as traditionally defined.

In summary, it is most likely that progress in the
comprehension of the risk factors for neurodevelopmental
disorders will come from dimensional and quantitative
data that goes well beyond current psychiatric classifica-
tion. One first step would be to gather the information
that is currently separated by DSM-5 diagnostic
categories and dispersed in different laboratories that may
fail to communicate. To achieve this, there is a need for
more data sharing (see below).

Proposition 2: more research on genetic and brain
diversity in human populations and more data sharing
Based on current case-control design, there is a tendency
for researchers to know better the genotypes and pheno-
types of the patients than those of the controls. Indeed, in
the vast majority of genetic studies, controls are often not
investigated at the phenotypic level, and in phenotypic
studies, controls are very limited in their number and their
cultural and socioeconomic status diversity (70). As a con-
sequence, early onset developmental disorders are therefore
considered as binary traits “affected” versus “non-affected”
without taking into account the genetic and phenotypic
diversity of both “affected” and “non-affected” individuals.
The same is true for studies using transgenic mice; most
of our knowledge is based on the effect of the mutations
in C57BL6 mice. However, we know that mutations might
produce a different phenotype in a different strain. The
crucial role of the genetic background was very nicely
illustrated in a recent paper showing the phenotypic conse-
quence of the scalloped mutation in different strains of
Drosophila melanogaster (71).

No progress could have been made in the genetics of
neurodevelopmental disorders if thousands of genomes
had not been sequenced to ascertain their genetic diver-
sity. The same is true for human brains. The first initia-
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tives of the Allen Brain Institute (http://www.brain-map.
org) or the Sestan Laboratory (http://medicine.yale.edu/
lab/sestan/index.aspx) are impressive in their description
of human gene expression at very high resolution. How-
ever, if we want to better ascertain the links that exist
between the variability of genomes and human brains,
thousands of brains will need to be studied at the gene
expression level as well as the functional level, even if
this proves costly and difficult.

Integrating diversity into our experimental design will
require an increase in the sample size of our study popu-
lations. Indeed, risk factors for early onset neurodevelop-
mental disorders are either rare with large effect or
frequent but with a small effect (72). In both situations,
robust genotype—phenotype relationships are difficult to
ascertain in small samples. One opportunity to increase
sample size is to foster data sharing. Many constraints
reduce efficient data sharing (73). Hence, there is need
1) to agree on an ethical informed consent for research
subjects that will allow data sharing; 2) to agree on stan-
dardized measures, 3) to change the reward system
regarding publications, 4) to set up systems to make data
sharing easy and secure.

There is an emerging community of researchers
involved in data sharing. Specifically in neuroscience, ini-
tiatives such as the Neuroscience Information Framework
(NIF) or the International Neuroinformatics Coordinating
Facility (INCF) were launched recently. NIF (http://www.
neuinfo.org) is a dynamic inventory of Web-based neuro-
science resources: data, materials, and tools accessible via
any computer connected to the Internet. This should
advance neuroscience research by enabling discovery and
access to public research data and tools worldwide
through an open source, networked environment. INCF
(http://www.incf.org/) develops collaborative neuroinfor-
matics infrastructure and promotes the sharing of data
and computing resources to the international research
community. Neuroinformatics integrates information
across all levels and scales of neuroscience to help under-
stand the brain and treat disease. In addition to increasing
sample size of the studies, these initiatives for more data
sharing in the scientific community should also lead to a
reduction of the important publication bias in the field of
early onset neurodevelopmental disorders (74).

Proposition 3: patients and relatives as participants
for research

Many aspects of the quality of life of patients and their
relatives are not adequately taken into account by
researchers. For example, in ASD, co-morbidities such as
gastrointestinal and sensory problems are under-explored.
The movement “no research about me, without me” is
calling for patients and their relatives to be more involved
in research designs. For example, the UK National health
Service (NHS) initiative INVOLVE (http://www.invo.org.
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uk) is a national advisory group that supports greater
public involvement in NHS, public health and social care
research. There is also the James Lind Alliance (http://
www.lindalliance.org), the Patient-Centered Outcomes
Research Institute (PCORI) (http://www.pcori.org) and
PatientsLikeMe (www.patientslikeme.org) initiatives for
patients who want to monitor their own health and
chronic illness. Using such frameworks, patients can pro-
pose and conduct their own studies among memberships
— with some successes to report already. For example, a
trial of lithium for amyotrophic lateral sclerosis (ALS)
was completed faster than randomized control trials
(RCTs) (75). In this study, PatientsLikeMe reached
exactly the same conclusion as previous RCTs suggesting
that data reported by patients over the Internet may be
useful for accelerating clinical discovery and evaluating
the effectiveness of drugs already in use. Another exam-
ple is the initiative for cancer research at Sage Bionet-
works (http://sagebase.org). Sage develops tools so that
medical patients can keep their own data rather than stor-
ing it in particular medical institutions. The aim is to
offer predictive, personalized, preventive, participatory
(P4) cancer medicine (76). These types of initiatives
require “the creation of new types of strategic partner-
ships — between patients, large clinical centers, consortia
of clinical centers and patient-advocate groups. For some
clinical trials it will be necessary to recruit very large
numbers of patients — and one powerful approach to this
challenge is the crowd-sourced recruitment of patients by
bringing large clinical centers together with patient-advo-
cacy groups. p. 184” (76)

Perspectives: towards a more inclusive world

For patients, the burden of neurodevelopmental disorders
makes daily activities difficult and lowers the odds of
living an independent life. Progress on the causes of neu-
rodevelopmental disorders hopefully will provide knowl-
edge-based treatments to improve quality of life for those
affected. Nevertheless, in addition to improved medical
care, innovative initiatives towards a more inclusive
world point towards other important advances. For exam-
ple, Aspiritech, a non-profit organization based in High-
land Park, Illinois, USA, places people who have autism
(mainly Asperger’s syndrome) in jobs testing software
(http://www.aspiritech.org). The Danish company Spe-
cialisterne has helped more than 170 individuals with
autism obtain jobs since 2004. Its parent company, the
Specialist People Foundation, aims to connect one mil-
lion autistic people with meaningful work (http:/www.
specialistpeople.com). Laurent Mottron, a psychologist
working in Montreal, has offered jobs for patients with
ASD in his group and this new perspective has had a
positive impact on his research on autism. As he said
“The hallmark of an enlightened society is its inclusion
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of non-dominant behaviours and phenotypes, such as
homosexuality, ethnic differences and disabilities. Gov-
ernments have spent time and money to accommodate
people with visual and hearing impairments, helping them
to navigate public places and find employment, for
instance — we should take the same steps for autistics”
(77). As suggested by Waterhouse and Gillberg, it might
be better to abandon the belief that there is a single
defining ASD brain dysfunction (78). Instead, we should
understand the diversity of ASD (or autismS). Consider-
ing autism not as a single entity, but as a continuum of
human diversity and tackling this heterogeneity using
information coming from different fields of research
(including direct information from the affected individu-
als and their families (79)) should allow a better diagnos-
tic, care and integration of individuals with autism (77).
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Article history: Co-existence of disorders - including attention-deficit/hyperactivity disorder, opposi-
Received 7 May 2010 tional defiant disorder, tic disorder, developmental coordination disorder, and autism
Received in revised form 25 May 2010 spectrum disorder - and sharing of symptoms across disorders (sometimes referred to as
Accepted 4 June 2010 comorbidity) is the rule rather than the exception in child psychiatry and developmental
medicine. The acronym ESSENCE refers to Early Symptomatic Syndromes Eliciting
Keywords: Neurodevelopmental Clinical Examinations. It is a term I have coined to refer to the reality
Qgtl-i[st of children (and their parents) presenting in clinical settings with impairing child

) symptoms before age 3 (-5) years in the fields of (a) general development, (b)
Developmental disorders C S . .

. o communication and language, (c) social inter-relatedness, (d) motor coordination, (e)
Learning disability . .. . . . . .
ESSENCE attention, (f) activity, (g) behaviour, (h) mood, and/or (i) sleep. Children with major

difficulties in one or more (usually several) of these fields, will be referred to and seen by
health visitors, nurses, social workers, education specialists, pediatricians, GPs, speech and
language therapists, child neurologists, child psychiatrists, psychologists, neurophysiol-
ogists, dentists, clinical geneticists, occupational therapists and physiotherapists, but,
usually they will be seen only by one of these specialists, when they would have needed
the input of two or more of the experts referred to. Major problems in at least one ESSENCE
domain before age 5 years often signals major problems in the same or overlapping
domains years later. There is no time to wait; something needs to be done, and that
something is unlikely to be just in the area of speech and language, just in the area of
autism or just in special education.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

While in the past, child psychiatry had little interest in operationalised diagnosis, recent trends have made categorical
diagnosis an integral part of everyday clinical and research practice (Sonuga-Barke, 2009). So focused are we now on the
dichotomous distinction between disorder and not disorder that clinics become more and more specialised and cater to the
needs of children with “autism only”, “attention-deficit/hyperactivity disorder/ADHD only” or “Tourette syndrome only”.
This has led to a situation in which the diffuseness of disorder has come to be underestimated.

At the same time, rather belatedly, there is a growing realisation that co-existence of disorders and sharing of symptoms
across disorders (so called comorbidity, a misnomer if ever there was one) is the rule rather than the exception (e.g. Kadesjo
& Gillberg, 2001). I pointed this out more than a quarter of a century ago (Gillberg, 1983), but, in clinical practice, this insight
has not led to new approaches to addressing the needs of children and families with “complex needs”. Instead, diversification
has boomed.

* Presented as The Blake Marsh Lecture at the RCPsych meeting in Liverpool, June 2009.
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There are legislational, scientific, and clinical attempts to separate out children with autism spectrum disorders (ASD)
from those who do not have ASD, all aiming to provide better societal guidelines, more focused attempts at finding the
causes, and autism-specific services. Children with ADHD are targeted in similar ways, even though legislation has yet to
catch up with them. The same holds for children with language impairments (often erroneously referred to as “specific”
language impairment (SLI); erroneous because the impairments are almost never specific), visual impairments and hearing
deficits (children who may, or may not, have additional impairments as regards general cognition, motor performance, ASD
or ADHD).

There is good evidence that ASD and ADHD can be separate and recognisable “disorders”, but, equally, there is mounting
evidence that they often overlap, constitute amalgams of problems, and that in some families they separate together and
probably represent different aspects of the same underlying disorder (Reiersen, Constantino, Volk, & Todd, 2007).

With growing insight that early onset childhood problems, such as those reflected in children who are diagnosed in early
childhood as suffering from ASD or ADHD, have long-term, indeed probably often, lifetime consequences (Billstedt, Gillberg,
& Gillberg, 2005; Cederlund, Hagberg, & Gillberg, 2010; Rasmussen & Gillberg, 2000), the incentive to screen and diagnose
these conditions has become a main priority for clinicians and administrators hoping to alter the often negative course
inherent in cases who have had little or no intervention (or indeed an exclusionary attitude on the part of those
“responsible”) during the course of growing up. The question to be addressed is: would making discrete diagnosis (of, say,
ASD or ADHD) before age 5 years contribute to a better understanding, better intervention, and more positive outcome in
children who present with problems that potentially could be indices of these disorders.

2. What is ESSENCE?

The acronym ESSENCE refers to Early Symptomatic Syndromes Eliciting Neurodevelopmental Clinical Examinations. It is
a term I have coined to refer to the reality of children (and their parents) presenting in clinical settings with impairing child
symptoms before age 3 (—5) years in the fields of (a) general development, (b) communication and language, (c) social inter-
relatedness, (d) motor coordination, (e) attention, (f) activity, (g) behaviour, (h) mood, and/or (i) sleep. Children with major
difficulties in one or more (usually several) of these fields, will be referred to and seen by health visitors, nurses, social
workers, education specialists, pediatricians, GPs, speech and language therapists, child neurologists, child psychiatrists,
psychologists, neurophysiologists, dentists, clinical geneticists, occupational therapists and physiotherapists, but, in the vast
majority of cases they will be seen only by one of these specialists, when, in fact, they would have needed the input of two or
more (occasionally even all) of the experts referred to.

The syndromes encompassed under the ESSENCE umbrella acronym are listed in Table 1.

Most of these syndromes are conceptualised as more or less discrete disorders in the DSM-IV-TR, and in the ICD-10. Here,
they are listed, not because I believe they exist “in their own right” (even though occasionally they do show up as isolated
conditions in individuals), but because they currently drive development in the whole field of child health, and all of them
have links to one or more of the other conditions on the list.

2.1. An example from the field of SLI

In a recent population study, Miniscalco identified 25 children with “specific language impairment” (SLI) at age 2.5
years (Miniscalco, Nygren, Hagberg, Kadesjo, & Gillberg, 2006). They had been screened by child health nurses and had
both screened positive (on one or more of the items (i) fewer than twenty-five communicative words, (ii) comprehension
difficulties, (iii) articulation difficulties) and been deemed to have some degree of speech and language impairment after
formal testing made by a pediatric speech and language therapist (SLT). They were contrasted with 80 children from the
general population without SLI and followed as regards speech and language development for a period of 5 years (seen by
an SLT at ages 4, 6 and 7.5 years). When they were 7.5 years they were, in addition, examined by a neuropsychiatric team,
who remained blind to the original assessments. At this age, more than 70% of the children with SLT had ASD, ADHD,

Table 1

Syndromes encompassed under the ESSENCE acronym.
Syndrome Prevalence Key reference
ASD/PDD 1% Gillberg and Wing (1999)
ADHD 5% Swanson, Wigal, and Lakes (2009)
ODD 4% Pliszka (2000)
SLI 6% Miniscalco et al. (2006)
LD 1.5% Gillberg and Soderstrom (2003)
NVLD ? Rourke (1988)
Tic disorders/Tourette syndrome 1% Comings (1990)
Bipolar disorder ? Biederman et al. (2003)
Behavioural phenotype syndromes 7% O’Brien (2000)
Rare epilepsy syndromes .01% Aicardi, Bax, and Gillberg (2009)
Reactive attachment disorder ? Minnis et al. (2009)

Total taking overlap into account 7-10% Gillberg (1995)
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mental retardation, or borderline learning disability (or combinations of these). None of them had been suspected of
having any of these problems at the original diagnosis of SLI. By age 4 and 6 years, only a small fraction had been
recognised to suffer from ASD or ADHD, and an even smaller proportion had received appropriate interventions for such
problems.

What can we conclude on the basis of these and similar findings from previous studies? Children with SLI at 2.5 years are a
large group—several per cent are affected according to UK and Swedish studies (Law et al., 2006; Miniscalco, Westerlund, &
Lohmander, 2005). When a child is recognised as having SLI in a child health setting he/she is usually referred for a hearing
test and assessment and possibly speech and language therapy to a pediatric SLT. The results of the study referred to indicate
that this might not be appropriate. It would probably be reasonable to characterise the problem signalled by the SLI as
belonging to the ESSENCE group and refer the child for multidisciplinary evaluation by a community pediatrician, a
psychologist and an SLT.

2.2. An example from the field of ASD

Two decades ago, our group demonstrated that autism diagnoses made before age 3 years were relatively stable over
time, 75% still meeting criteria for ASD at follow-up years later (Gillberg et al., 1990). However, in 25% this was not the case,
but all the children in this latter group met criteria for another developmental disorder, such as non-autism learning
disability or ADHD. Other groups (e.g. Chawarska, Klin, Paul, Macari, & Volkmar, 2009) have found similar results. In a new
study of more than 300 preschool children with a clinical diagnosis of ASD, the vast majority met research DSM-1V criteria for
autistic disorder, Asperger’s disorder, or pervasive developmental disorder not otherwise specified at follow-up after 2 years.
However, about one in 10 was not diagnosed with ASD, but had other developmental disorder diagnoses, such as non-autism
learning disability or ADHD (Fernell et al., 2010). Rates of speech and language problems, ADHD, DCD, gastrointestinal
problems, epilepsy, and learning disability in the ASD group varied from about 10% to 60%, but this had not been revealed in
connection with the original clinical diagnosis of ASD. The findings provide good support for the notion that these were
children suffering from ESSENCE, and, depending on the inclination, interest, and training of the professional first seeing the
child because of ESSENCE problems, the child may first have been diagnosed with SLI, ADHD, learning disability or ASD, and
any number of the comorbid problems might have been missed.

2.3. The early symptoms of ESSENCE

The “typical” symptoms of ESSENCE are listed in Table 2. These symptoms should not be seen as “specific” for ESSENCE.
Rather, they should be considered markers for the (very likely) presence of a neurodevelopmental disorder that (very likely)
will continue to cause symptoms long after their clinical surfacing in the first few years of life.

3. Scope of the problem

The estimated prevalence rates of the syndromes subsumed under the ESSENCE acronym are listed in Table 1. Most of the
disorders listed have been epidemiologically surveyed during the early or middle school ages, and only a few have been the
subject of prevalence studies in the preschool years. Even though all of the syndromes are present (and usually symptomatic)
from the preschool years, many cases will not have come to the attention of clinicians before school age. Thus, the sum
prevalence of about 10% of the general population of children suffering from these syndromes, may not reflect how many
children come to clinical attention during the preschool period. On the basis of preschool studies of ASD, ODD and ADHD
(Fernell et al., 2010; Kadesjo, Higglof, Kadesjo, & Gillberg, 2003), a reasonable estimate would be that about 5-7% of children
under age 6 years would meet “criteria” for ESSENCE (i.e. have clinical symptoms of a syndrome and have presented at a
clinic with a view to diagnosis and intervention). Boys would be extremely overrepresented in this group, even though they
probably would not outnumber girls by more than 2-3:1 had parents, teachers and clinicians been more aware that girls
with ASD, ADHD, ODD, and SLI, while meeting full criteria for these disorders, might have a slightly/clearly different pattern

Table 2
Symptoms (causing major impairment) signalling ESSENCE in the first 4 years of life.
Symptom Reference
Motor abnormality Gillberg (1995)
General developmental delay Gillberg (1995)
Speech and language delay Law et al. (2006)
Social interaction/communication problems Wing (2005)
Behaviour problems Richman, Stevenson, and Graham (1975)
Hyperactivity/impulsivity Spencer, Biederman, and Mick (2007)
Hypoactivity Lundervold, Posserud, Serensen, Ullebg, and Gillberg (submitted for publication)
Inattention/does not listen Bishop et al. (1999)
Sleep problems Stores (2006)

Feeding difficulties McDougall, Drewett, Hungin, and Wright (2009)
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of comorbidity (Kopp, Berg Kelly, & Gillberg, 2009; Mahone & Wodka, 2008; Pinkhardt et al., 2009). Girls, as a group, tend to
be less violent, less motorically active, more socially adept, and better at using language skills for communication. All of these
factors contribute to masking the early symptomatic presentation of disorders such as ASD, and ADHD. With better
awareness about the presence of such disorders in preschool girls, more and more female cases are likely to come to
attention over the next several years.

4. ASD

ASD is no longer considered a rare condition (Baird et al., 2006), rather, its prevalence during the school years is believed
to be slightly higher than 1% of the general population of children. Boys are clearly much more often affected than girls, at
least if we are referring to the clinically impairing variant of the autism phenotype. Skuse (2009) has argued that the autism
phenotype might be equally common in males and females, and that other factors are responsible for the large discrepancy in
male:female ratios seen in clinical and epidemiological populations. However, others (including Baron-Cohen, 2005) have
proposed that the autistic phenotype is an expression of the “extreme male brain”, which would make the male
preponderance in ASD a very real thing and not due to gender roles, comorbidity or other factors making boys more likely to
be diagnosed with the condition.

ASD is a group of multifactorially determined conditions, and there are almost as many different causes as there are cases
(Gillberg & Coleman, 2000). The prefrontal, temporal, brainstem and cerebellar regions of the central nervous system are
usually affected. These areas constitute a functional network, “the default network”, which appears to be critically
differently functioning in ASD (Buckner & Vincent, 2007; lacoboni, 2006; Monk et al., 2009). ASD with some degree of
cognitive impairment is probably associated with life-long disability in the vast majority of cases (e.g. Billstedt et al., 2005),
but it is unclear to what extent higher functioning individuals with ASD (including the group with Asperger syndrome)
continue to show pervasive impairments in adult life (e.g. Cederlund et al., 2010), even though there are indications that
persistence of some problems throughout life are more common than not. There is now good evidence that early intensive
training programmes have lasting beneficial effects on a number of aspects of the disorder.

ASD is almost never an isolated phenomenon. Co-existing problems and disorders are the rule. These include learning
disability (including non-verbal learning disability), epilepsy, motor control problems, ADHD, depression, and anxiety,
gastrointestinal problems, and sleep disorders. These problems and disorders are sometimes the reason for referral to a
specialist for evaluation. For instance, it is not uncommon for an extremely hyperactive child to be referred for evaluation of
ADHD, but the full appraisal, once considered, will reveal that the child’s main diagnosis is ASD, and it may, or may not, be
motivated to diagnose co-existing ADHD.

5. ADHD (and oppositional-defiant disorder)

ADHD (with or without ODD) is a very common condition, affecting at least 5% of school age children (Faraone, Sergeant,
Gillberg, & Biederman, 2003). In about 60% of the cases it is associated with ODD, which is usually symptomatic already
around 3 years of age (Kadesjo et al., 2003). Again, boys are affected much more often than girls, and, particularly in the
preschool period it is unusual for a girl to be recognised as having the condition (unless it is in the context of having another
diagnosis, such as ASD or learning disability). It appears that at least half of individuals diagnosed in childhood with ADHD
continue to have impairing ADHD in adult life, and that the majority have some remaining problems, even if they do not
meet full criteria for “clinical” ADHD (Dopheide & Pliszka, 2009; Rasmussen & Gillberg, 2000). There is evidence that
several aspects of the disorder can be positively affected by short- and long-term interventions combining a
psychoeducational and pharmacological approach (Ghuman, Arnold, & Anthony, 2008; Vaughan, Fegert, & Kratochvil,
2009). There are indications, that at least when it comes to certain associated conditions (such as ASD), “comorbidity”
needs to influence intervention choice in important ways in order to achieve the best possible outcome (Ollendick, Jarrett,
Grills-Taquechel, Hovey, & Wolff, 2008). Preschool ODD, perhaps the most common of all the associated problems in the
field of ADHD, indicates a much increased risk that the child may go on to develop conduct disorder, which, in turn, is a
strong predictor of later antisocial personality disorder. Recognising and intervening for ODD in ADHD would probably
ameliorate prognosis in a number of cases. Similarly, recognising and intervening for DCD in ADHD, has the potential of
improving outcome even further. DCD in ADHD is also a strong predictor/marker for associated ASD (Kadesj6é & Gillberg,
1999).

ADHD is largely genetic (Curatolo, Paloscia, D’Agati, Moavero, & Pasini, 2009), but a very similar phenotype can develop
after various types of brain damage/environmentally caused brain dysfunction (Strang-Karlsson et al., 2008). The brain
develops differently in children with ADHD than in typically developing children, with loss of the prefrontal component of
normal asymmetrical brain development (Shaw et al., 2009). There is also growing evidence that the brain’s dopamine-
dependent reward system is dysfunctional in ADHD (Volkow et al., 2009). Interestingly, there is now good evidence that ASD
and ADHD are clearly related in some families, and that CNS connectivity genes involved in ASD may also be relevant for the
development of ADHD symptoms (Kopp et al., 2009; Mulligan et al., 2009; Sharp, McQuillin, & Gurling, 2009).

ADHD, like ASD, is usually not a discrete disorder. Instead, even in the community, not just in clinics dealing with severely
impaired individuals, “co-morbidity” is the rule (Kadesj6 & Gillberg, 2001). ODD, DCD, depression, anxiety, ASD, substance
use disorder, and conduct disorder are all relatively or very common co-existing disorders.
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6. Learning disability, non-verbal learning disability, and dyslexia

Learning problems, including learning disability, borderline intellectual functioning, non-verbal learning disability, and
precursors of dyslexia (including phonological awareness problems) are common in the preschool period, and affect several
per cent of both boys and girls. More often than not, such learning problems co-exist with other neurodevelopmental/
neuropsychiatric disorders, such as ADHD, ASD and ODD. There is currently a clinical diagnostic substitution trend, at least in
the UK, Scandinavia, and the US (Bishop, Whitehouse, Watt, & Line, 2008; Coo et al., 2008; Fernell et al., 2010; Howlin, 2008),
leading to fewer children being diagnosed with learning disability and more being labelled as suffering from ASD. The
problem with this trend is that the very real learning problems suffered by many individuals with ASD and ADHD may go
undiagnosed for long periods of time. In the past, the opposite was often true. Non-verbal learning disability is common in
Asperger syndrome (Cederlund & Gillberg, 2004; Klin, Volkmar, Sparrow, Cicchetti, & Rourke, 1995), but often not
recognised, much less diagnosed. This is unhelpful for those who are clearly impaired by “both conditions”. Many individuals
with Asperger syndrome - and their parents and teachers - benefit greatly from a better understanding of the particular
neuropsychological profile (with its characteristic peaks and troughs) associated with non-verbal learning disability. The
reverse is also true, and Asperger syndrome is often missed by neuropsychologists who specialise in non-verbal learning
disability. Phonological awareness problems, a common precursor of dyslexia, are frequent in ADHD (with or without
associated autistic symptoms), but are often missed, once the “overshadowing” diagnosis of ADHD/ASD has been established
(Asberg, Kopp, Berg-Kelly, & Gillberg, 2009). Many of these clinical problems, stemming from the overfocus on one or other of
all the preschool neurodevelopmental disorders, could be avoided if clinicians were more aware of the implications of
ESSENCE, and had several different diagnoses (and associated/comorbid diagnoses) in mind whenever examining a child
presenting with impairing symptoms of ESSENCE.

7. Developmental coordination disorder

DCD has recently become the subject of more intense systematic study, after having been virtually neglected as an
important clinical problem and focus of research. It is quite common, affecting about 5% of all school age children (Gillberg &
Kadesjo, 2003), the majority of whom should be recognisable before age 5 years. However, currently, it is rare for a child to be
given this diagnosis before school age. There is now a need for all child psychiatrists to be trained in the field of motor
coordination assessment, and for pediatricians and other “non-psychiatry” physicians to keep abreast of developments in
the field of ASD and ADHD, the two psychiatric disorders that appear to be most commonly associated with DCD. A Swedish
population-study has suggested that there might be a specific connection between ADHD and ASD, and that it is mediated by
DCD (Kadesjo & Gillberg, 1999): children with ADHD who also have DCD (about half the group of all with ADHD) have a very
high risk of having impairing autistic symptomatology, whereas those without DCD have a low risk, and a much higher risk
for ODD and conduct problems.

8. Tics and Tourette syndrome

Tics are extremely common in middle childhood and probably affect at least 15% of all children at some time. Severe,
chronic motor and vocal tics (the combination that is referred to as Tourette syndrome) are much less common, probably
affecting about 1% of all school age children (Kadesj6 & Gillberg, 2000). Tics fluctuate in intensity and over time, which means
that even some severely affected individuals may not actually show any tics during consultation. Tics are rarely diagnosed in
the preschool years, but various forerunners of Tourettés disorder (such as impulsivity and a variety of obsessive compulsive
phenomena) are usually present long before the typical, sometimes striking, even dramatic, tics occur or surface at early
school age. Tourettés disorder is considered to be a strongly genetic disorder (but more heterogeneous than previously
believed) (Keen-Kim & Freimer, 2006; State, Pauls, & Leckman, 2001).

One of the clinically most important aspects of Tourette syndrome (and other severe motor or vocal tic disorders) is its
strong association with ADHD and OCD (Debes, Hjalgrim, & Skov, 2009). Almost all severely handicapped children with
Tourette syndrome are affected by either ADHD or OCD or both, and are usually more impaired by these “comorbid”
conditions than by the tic disorder itself. These associated problems, particularly ADHD (and perhaps particularly extremes
of impulsive-hyperactive behaviours), are often apparent already during the preschool years, and they, rather than the tics,
are what will lead to referral for clinical neurodevelopmental/neuropsychiatric examination.

9. Bipolar disorder

Pediatric bipolar disorder is still a somewhat controversial diagnosis (Biederman et al., 2003). However, it is becoming
increasingly recognised that bipolar disorder can present with symptoms already in the preschool years. Children with
“ADHD” and/or depression who have a family history of bipolar disorder may actually be presenting with prodromal signs
and symptoms of a bipolar disorder (Chang, 2008). Extremes of irritability, mood swings, and even classic manic symptoms
may onset in the first several years of life and signal the possibility of an underlying bipolar disorder. ADHD and ASD can both
occur in conjunction with bipolar disorder (and can probably overshadow the affective disorder). Longitudinal systematic
study of large groups of children with ESSENCE will help clarify the prevalence and importance of pediatric bipolar disorder.
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10. Behavioural phenotype syndromes

As many as 0.7-0.8% of all preschool children may be affected by one (or more) of the “rare disorders”, also referred to as
behavioural phenotype syndromes (Gillberg, 2009, chap. 23-25). Examples of such disorders are the fragile X syndrome,
22ql1deletion syndrome, tuberous sclerosis and Smith-Lemli-Opitz syndrome. Each of these disorders is really “rare”
(occurring, usually in fewer than 1 in 2000 children), but given that there are hundreds of them, taken as a group they are
actually quite common. The majority of these syndromes have a large subgroup - usually the majority — with some degree of
cognitive impairment, although it is important to point out that there are quite a number of affected individuals who do not
have learning disability, and some have high IQ (e.g. most individuals with Marfan syndrome and about half the group with
22ql1deletion syndrome). Large subgroups of individuals within each category of the rare disorders in addition have ASD or
ADHD or both, and other individuals may have other neuropsychiatric/neurodevelopmental problems that are symptomatic
from a very young age (Hagerman et al., 2009; Niklasson, Rasmussen, Oskardottir, & Gillberg, 2009; Sikora, Pettit-Kekel,
Penfield, Merkens, & Steiner, 2006). Indeed it is very common for such problems to be the original reason for referral. In our
centre we see quite a number of cases each year, in which the behavioural phenotype syndrome (and the genetic
abnormality usually underlying it) has been missed.

11. Rare epilepsy syndromes

Landau-Kleffner syndrome or “verbal auditory agnosia with seizures” is a relatively rare syndrome which often presents
in the preschool years and which is sometimes “misdiagnosed” as ASD, ADHD or both. Children with Landau Kleffner
syndrome very often meet criteria for one or both of these types of conditions, but it is essential that the underlying epileptic
syndrome not remain undiagnosed. Pulsed steroids, and, in certain cases, surgical treatments may be indicated (Cross &
Neville, 2009). The overlap with the syndrome referred to as Continuous Spike Wave activity during Slow-wave sleep (CSWS)
is considerable, and it is probably more a matter of the child’s age than of any intrinsic difference between Landau-Kleffner
syndrome (preschool children) and CSWS (older children) which of the named conditions gets a label in the individual case.

Infantile spasms (Saemundsen, Ludvigsson, & Rafnsson, 2008) and Dravet syndrome with SCN1A mutations
(Arzimanoglou, 2009) carry high risks of intellectual disability, ASD and ADHD. It is important that such additional
diagnoses are not overlooked in the follow-up of preschool children with these rare epilepsy syndromes, given that clinical
experience suggest beneficial effects of ASD and ADHD interventions even in the presence of the severe underlying seizure
disorder. Other rare epilepsy syndromes with onset in the preschool period is usually of such devastating character that
making additional diagnoses of neuropsychiatric disorders such as ASD and ADHD is often not discussed, nor indeed
relevant. However, just occasionally, epilepsies of the Lennox-Gastaut type (and other, even rarer conditions) can be
sufficiently well controlled and ASD or ADHD type problems so pronounced that the issue of ESSENCE might be raised. In
such instances it would not be appropriate to conclude that given the nature and severity of the epilepsy syndrome an
additional diagnosis of ASD, ADHD, or another ESSENCE behaviour disorder would makes little difference. There is sufficient
anecdotal support for the notion that even in cases considered “hopeless”, interventions targeting ASD and/or ADHD may
drastically improve quality of life for affected families.

12. Reactive attachment disorder

There is emerging evidence that reactive attachment disorder as defined under the DSM-IV-TR exists as a relatively
distinct problem (Minnis et al., 2009). It can be recognised in the preschool years (Zeanah, Keyes, & Settles, 2003), and
separated from - although symptomatically overlapping with - ADHD during the early school years (Minnis & Follan, in
press). It also is associated with severe pragmatic language problems that are not explained by the occasional co-occurrence
with ASD (Sadiq et al., submitted for publication). It is of considerable interest that a large subgroup of children meeting
symptomatic criteria for reactive attachment disorder have not been severely abused or deprived in early childhood (Minnis,
Marwick, Arthur, & McLaughlin, 2006). A brief screen for the disorder is available for school age children (Minnis et al., 2007),
but there is a need for development of more refined screening and diagnostic tools for preschoolers. The disorder should be
considered in all children who have suffered severe maltreatment or deprivation in the early years, and, perhaps also in all
children with any kind of impairing ESSENCE symptom who show the possibly discriminating feature of cuddliness with
strangers (Minnis & Follan, in press).

13. Overlap, co-existence and “comorbidity”

The word comorbidity is inadequate when it comes to describing and delineating the reality and meaning of the co-
occurrence of phenomena, problems, symptoms, syndromes and disorders and diseases in the clinical and research field of
ESSENCE. Most clinicians and researchers attach different meanings to the word comorbidity (Caron & Rutter, 1991). Using
the word in a literal sense, one would assume that a person diagnosed with “comorbid” ASD and ADHD would have
two different morbid (“disease”) conditions. These morbid conditions could have different etiologies, the same etiology, or
have no known etiology (“idiopathic”). In actual fact, when we talk about comorbidity, what we are usually referring to is
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“co-existence”, “association”, “overlap”, “additional problems” or suchlike. When the word comorbidity has been used here
(usually within quotes), it has been “in that sense”.

The syndromes subsumed under the ESSENCE label constitute collections of symptoms - sometimes, but certainly not
always, operationalised under rigidly structured algorithms - that, at the current state of our knowledge, appear to delineate
clinically meaningful conditions. However, as our knowledge base increases, so the algorithm barriers for making the specific
diagnoses will need to be reviewed, and, quite often, changed. This has happened over the past 30 years in ASD and ADHD.
The DSM-V is going to introduce another, probably major, change in how these categories are conceptualised,
operationalised, algorithmised, and diagnosed. There is growing realisation that (a) most so called syndromes, including
ASD, are, at least to some extent, partly arbitrary end- or cut-off-points on normal distribution curves, and depending on
where you draw the line you may be referring to autistic disorder or Asperger syndrome; (b) most syndromes comprise a
mixture of symptom collections from end- or cut-off points of different normal distribution curves, so that, at intersections,
some individuals affected will meet criteria for ASD, others for ASD with ADHD, and others still for ADHD “only”; (¢) most
syndromes can be “mimicked by” (or may have actually be modelled around) more circumscribed brain disorders (genetic or
environmental) or diffuse or unspecific/specific brain injury/dysfunction (temporary or chronic) caused by a variety of
factors including the effects of myelin disorder after extreme prematurity, periventricular bleeding after perinatal asphyxia,
thalidomide - or extremes of alcohol — exposure in fetal life, and exposure to products included in diets currently considered
to be “normal”, or, at least, not harmful. Against this background, it should come as no surprise that the introduction of the
term ESSENCE, as suggested by the definition of the acronym, is nothing but an attempt to acknowledge this state of affairs,
and the fact that there is a need to implement this approach to thinking about the problems in the whole wide field of child
health and development services.

14. The implications of ESSENCE

What then are the implications of introducing a term such as ESSENCE? Let me list them, in no specific order, but with the
most important conclusion summarised at the end:

(1) ESSENCE is a new acronym but not a new way of thinking about early onset childhood problems that continue to affect
children’s development long after the preschool period;

(2) ESSENCE is introduced so as to detract from the current trend towards compartmentalising syndromes in child and
adolescent psychiatry and developmental medicine to the extent that “things” such as ASD and ADHD are considered
“boxes” that are exclusive and separable from each other;

(3) ESSENCE is a term that draws attention to the fact that there is no easy way out in terms of diagnosis in preschool children
who present with ESSENCE symptoms. All children presenting with an ESSENCE problem need to be considered from the
point of view of multiproblem and multidisciplinary assessment;

(4) Children with ESSENCE need to get a holistic approach - on first presenting to services — to diagnosis and intervention. If
the child suffers from ASD, it is likely that he/she also suffers from LD, ADHD, etc., and if the child suffers from ADHD, it is
likely that he/she also suffers from ODD and DCD. The approach to diagnosis is likely to be unhelpful if it is exclusively
directed to the diagnosis of one of these “disorders”;

(5) The overlap of problems encountered in the field of ESSENCE indicates that we are not dealing with discrete disorders or
syndromes, but with brain dysfunctions/neurodevelopmental problems that reflect circuitry breakdown, network
dysfunctions and decreased/aberrant/increased connectivity, or, indeed, in quite a number of cases, “normal” brain
function variants, and, that, therefore, it would be inappropriate to diagnose one problem and not consider the
implication of the other(s). Currently, there is a trend towards compartmentalisation, services and clinics being
developed specifically for ASD or ADHD or Tourette syndrome. This does not appear to be a helpful approach. In the
future, as we learn more about the extent of normality, and as we teach a growing generation of children that we are all
different, there may not be a need for lumping diagnoses (such as ESSENCE), but for specific diagnosis of genetic and
environmental contributors to the problems encountered in each individual case;

(6) Taken together, all of the above would appear to combine to suggest the obvious solution. There is a need for Child
ESSENCE Centres (rather than Community Pediatrics, GP centres, CAMHS, SLT-services, Special Education Units, Child
Neurology, ASD, ADHD, Tourette or Affective disorder centres) to be organised for all preschool children, catering to the
diagnostic, intervention planning, and follow-up requirements that are clearly warranted for all preschool children
presenting with a major ESSENCE symptom. There is abundant evidence that major problems in at least one ESSENCE
domain before age 5 years signals major problems in the same or overlapping domains several years later. There is no
time to “sit down and wait”; something needs to be done, and that something is unlikely to be “just” in the area of speech
and language. “just” in the areas of ASD or ADHD or “just” in special education.

14.1. Lumping, splitting, splitting, lumping, or both?
Progress in medical research usually leads to refinement of diagnostic criteria and increasingly sophisticated methods of

subgrouping according to etiology, with important consequences for intervention. Superficially, this much-accepted view of
cutting-edge medicine could be seen as support for a “splitter” approach to medical progress. The introduction of the
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ESSENCE label could, by some, be taken to mean a step backwards in development in child psychiatry, given its implicit
support for a “lumper” view. However, lumping of ESSENCE is only meaningful and, | would suggest, very helpful, if clinicians
and researchers start by approaching the area of early child developmental problems by accepting that splitting in a state-of-
the-art way (making refined and individualised diagnosis and intervention plans) will only be possible if there is anything to
start splitting from (i.e. from a “lumped” group of cases). Also, if splitting occurs already in the mind of the original beholder/
referrer (i.e. delayed language is seen as the “property” of the SLT, social interaction problems is seen as the “property” of the
“autism centre”, and delayed overall development with behaviour problem is seen as the “business of the learning disability
psychiatrist”) this would lead to inadvertent delay in recognising that the child with ESSENCE very likely will have more than
one problem (i.e. ASD with ADHD, ASD with ADHD and epilepsy, ADHD with DCD and reactive attachment disorder, etc.). In
summary, the introduction of the ESSENCE-mode of thinking about problems to do with deviations from normal child
development, should not be taken as support for lumping rather than splitting, but for the order in which those two aspects
of diagnosis is approached.
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Attention-Deficit/Hyperactivity Disorder: Diagnosis, Lifespan,
Comorbidities, and Neurobiology

Thomas J. Spencer, MD, Joseph Biederman, MD, and Eric Mick, ScD
Department of Psychiatry, Massachusetts General Hospital, Boston, Mass.

In this report, we provide an evidence-based overview of attention-deficit/hyperactivity disorder (ADHD),
including diagnosis, prevalence, developmental expression of symptoms, persistence, the heterogeneity of
functional outcome, impairment in afflicted adults, psychiatric comorbidity, pathophysiology, genetics,
psychosocial and biologic risk factors, and neurobiology. Attention-deficit/hyperactivity disorder is an early-
onset, highly prevalent neurobehavioral disorder, with genetic, environmental, and biologic etiologies, that
persists into adolescence and adulthood in a sizable majority of afflicted children of both sexes. It is
characterized by behavioral symptoms of inattention, hyperactivity, and impulsivity across the life cycle and is
associated with considerable morbidity and disability. Comorbidity is a distinct clinical feature of both
childhood and adult ADHD. Although its etiology remains unclear, emerging evidence documents its strong
neurobiologic and genetic underpinnings. Despite the high diagnostic reliability and the robust evidence of
the validity of ADHD, there are many underlying issues that remain to be resolved. These include establishing
developmentally appropriate diagnostic criteria at older ages, further elaborating the impact of gender on
symptom expression, and examining risk and protective factors in relationship to prevention or amelioration

of ADHD as well as related functional impairments.

Key words attention-deficit/hyperactivity disorder; comorbidity; diagnosis; neurobiology.

Attention-deficit/hyperactivity disorder (ADHD) is the
most common emotional, cognitive, and behavioral
disorder treated in youth."? Epidemiological studies
indicate that ADHD is a prevalent disorder affecting
from 4% to 7% of children worldwide, including the
United States, New Zealand/Australia, Germany, and
Brazil.” Although previously thought to remit largely in
adolescence, a growing literature supports the persistence
of the disorder and/or associated impairment into
adulthood in a majority of cases. It is a major clinical
and public health problem because of its associated
morbidity and disability in children, adolescents, and
adults.”> Data from cross-sectional, retrospective, and
follow-up studies indicate that youth with ADHD are at
risk for developing other psychiatric difficulties in child-
hood, adolescence, and adulthood, including delinquency
as well as mood, anxiety, and substance use disorders.*

Early reports

The first coherent description of ADHD was by George
Still>” in the Coombs lectures of 1902. He described an
“abnormal defect in moral control in children.” Moral
control was defined as ‘“the control of action in
conformity with the idea of the good of all ... (thao
can only exist when there is a cognitive relationship to
the environment.” Thus, moral control required a
“consciousness” that informed the capacity of “inhibitory
volition.”>™" Other early observations on the relationship
between behavioral disorders and cerebral trauma or
encephalitis supported theories of a biologic etiology. For
example, Strecker and Ebaugh8 and FEbaugh and
Franklin® noted behavior disorders, including hyperkin-
esis, explosive behavior, fatigability, and attention deficit,
after acute epidemic encephalitis and cerebral trauma in
children.
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Diagnostic Criteria

In the 1930s, hyperkinesis, impulsivity, learning disabil-
ity, and short attention span were described as ‘‘minimal
brain damage”—and later as ‘“‘minimal brain dysfunc-
tion”—due to similarities to patients with frank central
nervous system (CNS) injuries. In the 1950s, this label
was modified to “hyperactive child syndrome” and then
“hyperkinetic reaction of childhood” in Diagnostic and
Statistical Manual of Mental Disorders (DSM)-II in 1968.
Each of these labels and sets of criterion were focused
exclusively on children and placed the greatest emphasis
on motoric hyperactivity and overt impulsivity as hall-
marks of the disorder.

The DSM-III represented a paradigm shift as it began
to emphasize inattention as a significant component of
the disorder. The DSM-III definition also recognized
developmental variability presentation of the disorder at
different ages. DSM-III introduced a residual type of
ADHD if the remaining symptoms continued to cause
significant levels of impairment. DSM-IV now defines 3
subtypes of ADHD: predominantly inattentive, predomi-
nantly hyperactive-impulsive, and a combined subtype.
Criteria for each DSM-IV subtype require 6 or greater of 9
symptoms in each respective category. There are 4
additional criteria that include age of onset by 7,
ADHD-specific adaptive impairments, pervasiveness, and
separation from other existing conditions. The combined
subtype is the most commonly represented subgroup
accounting for from 50% to 75% of all ADHD
followed by the subtype
(20%-30%), and the hyperactive-impulsive subtype (less
than 15%).'%""

Factor analyses have revealed that ADHD is com-
prised of 2 separate dimensions of symptoms (hyper-
active/impulsive and inattentive).'* Accordingly, DSM-IV
moved away from the unitary model of DSM-III-R and

individuals, inattentive

returned to a model with separate dimensions. In
addition, the 2 dimensions are associated with a different
developmental course, comorbid disorders, sex ratios,
and forms of functional impairment. In a multivariate
analysis that included ADHD, oppositional defiant
disorder (ODD), conduct disorder (CD), anxiety and
depressive symptoms, hyperactive/impulsive symptoms
were strongly related to Children’s Global Assessment
Scores and inattentive symptoms were related to
academic impairment. Further analysis revealed that
both combined and inattentive types of ADHD were
associated with significant social impairment. Cluster
analyses revealed the 3 subtypes mnow codified
in DSM-IV.'*

Children, adolescents, and adults with the inattentive
subtype of ADHD are more likely to be female and have
fewer other emotional or behavioral problems compared
with the other subtypes. Youth with prominent inatten-
tive problems as part of their ADHD (combined or
inattentive subtype) have greater academic impairment
compared with those with predominate hyperactivity/
impulsivity. The combined-type ADHD individuals have
more co-occurring psychiatric and substance abuse
disorders and are the most impaired overall.

Diagnostic Considerations

The diagnosis of ADHD is made by careful clinical
history.'” A child with ADHD is characterized by a
considerable degree of inattentiveness, distractibility,
impulsivity, and often hyperactivity that is inappropriate
for the developmental stage of the child. Although ADHD
is often first observed in early childhood, many overactive
toddlers will not develop ADHD.'® Other common
symptoms include low frustration tolerance, shifting
activities frequently, difficulty organizing, and daydream-
ing. These symptoms are usually pervasive; however, they
may not all occur in all settings. Children with
predominately inattentive symptoms may have more
difficulties in school and in completing homework, and
somewhat fewer difficulties with peers or family.
Conversely, children with excessive hyperactive or
impulsive symptoms may do relatively well in school
but have difficulties at home or in situations with less
guidance and structure.

Adults must have childhood-onset, persistent, and
current symptoms of ADHD to be diagnosed with the
disorder. Adults with ADHD often present with marked
inattention, distractibility, organization difficulties, and
poor efficiency, which culminate in life histories of
academic and occupational failure. !>

Rating scales are extremely helpful in documenting
the individual profile of ADHD symptoms as well as
assessing the response to treatments. It is important to
emphasize that they should not be used for diagnosis
without careful clinical confirmation and elicitation of the
other criteria necessary for diagnosis. Although neuro-
psychological testing is not relied upon to diagnose
ADHD, it may serve to identify particular weaknesses
within ADHD'” or specific learning disabilities co-
occurring with ADHD (for review see Barkley'”).

A thorough review of rating scales for ADHD was
recently published.'® Rating scales are available for all age
groups and can be useful in assessing and monitoring

home, academic, and occupational performance.
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In general, ADHD rating scales have evolved over the last
few decades in a manner consistent with the evolution of
understanding and the general shift from hierarchal to
nonhierarchal models of diagnosis in DSM. For example,
there has been a growing appreciation of the relative
independence of ADHD and aggression dimensions.'”
Factor analyses, including the DSM field trials, have
consistently found that these are separate dimensions."*

Increasingly, there has been a remarkable congruence
of opinion in this area, with a number of the most widely
used scales consisting of Likert ratings of the existing
DSM-IV criteria.”” There are 2 types of scales in wide use,
the so-called “‘narrow’ scales that are specific for ADHD
and “broad” scales that measure additional dimensions,
including comorbidity.”! The broad scales are useful for
separating straightforward and complex cases, and the
narrow scales are most useful for honing in on exclusively
ADHD dimensions—for diagnosis and to monitor specific
responses to treatment.

In looking to the future, there are proposals to
expand the set of diagnostic symptoms to include
executive functions (such as time management and
multitasking), especially in older individuals.** In fact,
the symptom ‘“‘often has difficulties organizing” is the
most complex DSM item and appeared for the first time
in DSM-IV. Field trials will have to clarify whether the
executive function items identify a somewhat different
population or are developmentally analogous to current
criteria.

Prevalence of ADHD

Prevalence estimates of childhood ADHD in the USA are
estimated to be 5% to 8%.>> Estimates vary predictably
depending on methodology. Definitions that require both
symptom dimensions (hyperactivity/impulsivity and inat-
tention) are more restrictive than those that require only
one of these dimensions. Thus, estimates based on pre-
DSM-III definitions or the International Classification of
Diseases (ICD) codes of hyperkinetic disorder produce
lower estimates. In addition, the surveys that estimate
based on symptoms alone and do not include impairment
yield higher estimates.'? As recently reviewed by Faraone
et al** other factors that affect apparent prevalence
estimates include pervasiveness criteria, informants
(teacher, parent, and child), use of rating scales versus
clinical interviews, and ascertainment issues. Community
samples have higher rates than school samples.*
Gender and age of the sample also affect estimates of
prevalence. Girls more commonly have the inattentive

type and also less commonly have accompanying

Attention-Deficit/Hyperactivity Disorder

ODD/CD and disruptive disorders, factors leading to
lower rates of diagnosis. The original descriptions were
derived from a child-focused perspective and do not
reflect what are thought to be more salient aspects of
adult ADHD: the executive function disorders of poor
organization, poor time management, and memory
disturbance associated with academic and occupational
failure. The lack of appropriate description of adult
symptoms may reduce the true prevalence of ADHD in
adulthood.

While there is a popular conception that ADHD is
a cultural phenomenon, much of the cross-cultural
disagreement has been due to criterion variance. In a
scholarly review, Faraone et al** reviewed 20 US studies
and 30 non-US studies. The results revealed that the
prevalence in non-US studies was at least as high as
that in US studies, especially when using DSM-1V criteria.
In addition, studies of ADHD outside of the US have
reported remarkable concordance with those of the US in
external correlates of diagnosis, such as the pattern of
adaptive impairments and neuropsychologic deficits;
degree of familiality; and estimation of the magnitude of
genetic influence; association of specific candidate genes;
structural, functional, and molecular imaging findings;
and response to specific pharmacological treatment.®

Despite the existence of studies from 5 continents,
there is a paucity of studies in developing countries.
Based on the higher prevalence of psychosocial risk
factors in these countries, there may be a higher
ADHD

Epidemiological studies in developing countries are

prevalence  of and  other  disorders.
needed to determine the nature of the condition in

these countries.

Impact of Normal Development on ADHD
Symptom Expression

We addressed the relative rate of decline of the core
symptoms of ADHD from childhood into early adulthood
to offer a developmental perspective on symptom
decline.”” As seen in Figure 1 we found a differential
rate of symptomatic decline for inattention and hyper-
activity/impulsivity. Although symptoms of inattention
declined at a very modest rate, those of hyperactivity and
impulsivity remitted much more abruptly. Hart et al*®
also documented a similar pattern of ADHD-subtype
specific persistence: the mean number of hyperactive/
impulsive symptoms declined with age, whereas the mean
number of inattentive symptoms remained stable from
age 8 to 15 years.

633
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Figure 1. Age-dependent decline of symptoms of attention-deficit/
hyperactivity disorder. Adapted from Biederman et al.?’

Follow-up Studies of ADHD

Samples ascertained before the publication of DSM-III
relied on earlier definitions that highlighted hyperactivity
as a hallmark of ADHD. Since it is hyperactivity that
wanes earliest, it may be that older samples were
enriched with subjects more likely to remit from ADHD
than individuals identified today. There is evidence for
this hypothesis in the data. A combined estimate of
the persistence of ADHD is shown in the Table I
The persistence rate was lowest in studies ascertained
according to DSM-II attention-deficit disorder and
highest in those studies ascertained according to
DSM-III-R ADHD.

Heterogeneous Outcome in Persistent ADHD

The adolescent and young adult with ADHD is at risk for
school failure, emotional difficulties, poor peer relation-
ships, and trouble with the law.2%3° Factors identifiable
in younger youth that predict the persistence of ADHD
into adulthood include familiality with ADHD and
psychiatric comorbidity—particularly aggression or delin-
quency problems. *®2%3132

Although the literature provides compelling evidence
that the diagnosis of ADHD in childhood predicts
persistent ADHD and poor outcome in adolescence,
these findings also suggest that all children with
ADHD do not share such a compromised outcome.
The discussion thus far has not addressed a related
clinical question: can the functioning of children with
ADHD normalize in the context of persistent ADHD? We
analyzed data from a 4-year-longitudinal study of referred
children and adolescents with ADHD to assess

normalization of functioning and its predictors among
boys with persistent ADHD.>?

Using indices of emotional, educational, and social
adjustment, we found that 20% of children with
persistent ADHD functioned poorly at follow-up in all
3 domains, 20% did well in all 3 domains, and 60% had
intermediate outcomes.>> These findings suggested that
the syndromic persistence of ADHD is not associated
with a uniform functional outcome but leads instead to
a wide range of emotional, educational, and social
adjustment outcomes that can be partially predicted by
exposure to maternal psychopathology, larger family size,

psychiatric comorbidity, and impulsive symptoms.>*

Related Impairment in Untreated
Adults With Persistent ADHD

If adult ADHD is a clinically significant disorder, then
ADHD adults should show functional impairments in
multiple domains. Several studies suggest this to be
true. In an early study, Borland and Heckman®* com-
pared ADHD adults with their non-ADHD siblings. The
ADHD adults had lower socioeconomic status, more work
difficulties, and more frequent job changes. Morrison>”~°
compared ADHD adults with psychiatric controls
matched for age and sex. The ADHD adults had fewer
years of education and lower rates of professional
employment. Similarly, others have shown that among
patients with substance use disorders, ADHD predicts
social maladjustment, immaturity, fewer social assets,
lower occupational achievement, and high rates of
separation and divorce.>’®

Murphy and Barkley®® compared 172 ADHD adults
with 30 non-ADHD adults. The ADHD adults reported
more psychological maladjustment, more speeding viola-
tions, and more frequent changes in employment.
Compared with the non-ADHD adults, more ADHD
adults had had their drivers license suspended, had
performed poorly at work, and had quit or been fired
from their job. Moreover, the ADHD adults were more
likely to have had multiple marriages.

Given that academic underachievement is a well-
known correlate of ADHD in childhood,* ADHD adults
ought to have histories reflecting school problems. Our
work*"** demonstrated that compared with control
adults, ADHD adults had significantly higher rates of
repeated grades, tutoring, placement in special classes,
and reading disability. Similarly, Murphy and Barkley®”
showed that ADHD adults had histories marked by
poorer educational performance and more frequent
school disciplinary actions against them.
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Table 1. Follow-Up Studies of ADHD

Attention-Deficit/Hyperactivity Disorder

Study

Baseline Mean Age

Follow-Up Mean Age

Follow-Up Diagnostic Criteria

Persistence N%

DSM-II Diagnosis at Baseline

Mendelson (%) 9.9 13.4
Borland (*)? 7.5 30.4
Mannuzza (#3) 7.9 17.4
Gittelman (*%) 93 183
Mannuzza (¢%) 7.3 18.5
Mannuzza (®%) 93 25.5
Mannuzza (1) 73 24.1
Lambert (') 7.7 143
Lambert (5°) 93 183
Feldman (®")* 10.0 15.5
August (*9)? 10.7 14.2
Weiss (8%)? 6-12 25.1
Yan (%%* 10.0 25.5

Combined estimate; Rate (95%CI)

DSM-III Diagnosis at Baseline

Cantwell (*°) 5.5 9.7
Offord (° 4-12 8-16
Claude (°%) 73 19.7
Rasmussen () 7 22
Rasmussen (*)° 7 22

Combined estimate; Rate (95%CI)

DSM-IIIR Diagnosis at Baseline

Barkley (")° 4-12 14.9
Barkley (")° 4-12 14.9
Barkley (°°) 4-12 211
Barkley (%) 4-12 21.1
Hart @® 9.4 10.4
Hart (*%) 9.4 11.4
Hart (*%) 9.4 12.4
Biederman ("®) 10.5 14.5
Biederman ("®) 10.5 14.5

Combined estimate; Rate (95%CI)

DSM-TI* 42 50
DSM-II* 10 50*
DSM-TIT 12 33
DSM-TIT 31 31
DSM-TIT 21 22
DSM-IIL, TR 8
DSM-IIIR 4
DSM-111 25 43
DSM-IIT 47 80"
DSM-TI* 35 43
DSM-111 19 86"
DSM-111 42 66*
DSM-IIRY 140 70*
40 (36-45)
DSM-TIT 28 80
DSM-TIT 16 34
DSM-IIIR 26 50
DSM-TV 28 56*
DSM-TV 24 48
52 (39-67)
DSM-IIIR 88 72
DSM-IIIR 102 83"
DSM-IV 78 58
DSM-TV 89 66"
DSM-IIIR 89 77
DSM-IIIR 90 85
DSM-IIIR 92 84
DSM-TITR 109 85"
DSM-TITR 78 61
74 (69-79)

*Residual ADHD diagnosis.

Diagnostic system not stated but completed in DSM-II era.
"Diagnoses shown to be equivalent to DSM-IIIR.
“Diagnoses shown to be equivalent to DSM-IIL.

Diagnostic system not stated but completed in DSM-IIIR era; adapted from Faraone S, Biederman J, Mick E: A Re-evaluation of the age dependent decline of attention deficit

hyperactivity disorder. American Journal of Psychiatry 2003.

Psychiatric Comorbidity
Oppositional Defiant Disorder and
Conduct Disorder

There are important nosologic distinctions between
attention and hyperactivity per se and that of associated
symptoms common to the disruptive behavioral disorder
category. Oppositional defiant disorder is characterized by
a pattern of negativistic, hostile, and defiant behavior.'®
Attention-deficit/hyperactivity disorder and ODD/CD
have been found to co-occur in 30% to 50% of cases
in both epidemiologic and clinical samples.*’ In contrast,

CD is a more severe disorder of habitual rule breaking
defined by a pattern of aggression, destruction, lying,
stealing, or truancy.

A recent follow-up study of children with ADHD
confirmed that the overlap of CD and ODD was
asymmetric.** While CD was almost always comorbid
with and was preceded by ODD, ODD at baseline was a
weak predictor of new onsets of CD at follow-up into
midadolescence 4 years later. In addition, while CD was a
strong predictor of substance abuse at follow-up, ODD
without CD was not.
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Mood Disorders

Major depression in a child may be apparent from a sad
or irritable mood or a persistent loss of interest or
pleasure in the child’s favorite activities. Other signs and
symptoms include physiologic disturbances, such as in
changes in appetite and weight, abnormal sleep patterns,
psychomotor abnormalities, fatigue, and diminished
ability to think, as well as feelings of worthlessness or
guilt and suicidal preoccupation. Associated features of
depression in children include school difficulties, school
refusal, withdrawal, somatic complaints, negativism,
aggression, and antisocial behavior. Conduct disorder
and substance abuse commonly co-occur with depression
in older children and adolescents.

Classical mania in adults is characterized by
euphoria, elation, grandiosity, and increased -energy.
However, in many adults and most children, mania is
more commonly manifested by extreme irritability or
explosive mood with associated poor psychosocial
functioning that is often devastating to the patient and
family. In milder conditions, additional symptoms
include unmodulated high energy such as a decreased
sleep, overtalkativeness, racing thoughts, or increased
goal-directed activity (social, work, school, and sexual)
or an associated manifestation of markedly poor
judgment, such as thrill seeking or reckless activities.
It is often difficult to differentiate juvenile mania
from ADHD, CD, depression, and psychotic disorders
because of overlapping developmental features. In
adolescent-onset mania, one may obtain a clearer
picture of childhood onset disorders such as ADHD,
whose symptoms may precede the first manic episode
by many years.

In several prospective studies, our group at
Massachusetts General Hospital examined rates of
depression in children with ADHD.*> In a 4-year
follow-up, lifetime rates of comorbid depression in
children with ADHD increased from 29% at baseline to
45% at average age 15. A baseline diagnosis of major
depression predicted lower psychosocial functioning,
a higher rate of hospitalization, and impairments in
interpersonal and family functioning. Similarly, mania was
detected in 11% of children at baseline (mean age 11)
and increased to 23% at 4-year follow-up. Children
with ADHD with comorbid mania at either baseline
or follow-up assessment had other correlates expected
in  mania, including additional psychopathology,
psychiatric hospitalization, severely impaired psychosocial
functioning, and a greater family history of mood
disorders.

Childhood Anxiety Disorders

Anxiety symptoms are generally expressed in 4 domains:
cognitive, affective, physical, and behavioral.** Cognitive
elements may range from rumination and vigilant
apprehension to catastrophic thinking, such as the
anticipation of great embarrassment or threat to life.
Behavioral features may include agitation, tantrums,
attention seeking, overdependence, and rituals. Many of
these symptoms may be misinterpreted because of
overlap with ADHD. Childhood anxiety disorders are
often not suspected in an overactive child, just as ADHD
is often not assessed in inhibited children. When present,
both contribute to social, behavioral, and academic
dysfunction. In addition, anxiety may be associated with
intense intrapsychic suffering. Thus, having both ADHD
and anxiety disorders may substantially worsen the
outcome of children with both disorders. In the
Massachusetts General Hospital (MGH) follow-up study,
children with ADHD with comorbid anxiety disorder had
increased psychiatric treatment, more impaired psycho-
social functioning, and a greater family history of anxiety
disorders.*’

Cognitive Performance and Learning Disabilities

Children with ADHD perform more poorly than controls
on standard measures of intelligence and achievement.*®
In addition, children with ADHD perform more poorly
in school than do controls, as evidenced by more grade
repetitions, poorer grades in academic subjects, more

. . L4951
placement in special classes, and more tutoring.

The reported degree of overlap ranges from as low’>”> as
10% to as high as 92%.°* The prevalence varies
by definition, the more restrictive definition has a rate

of 20% to 25%.

ADHD Plus Tics

Children with ADHD have higher rates of tic disorders,
which may contribute additional dysfunction due to
distractions and social impairments directly attributable
to the movements or vocalizations themselves. A number
of studies have noted that anti-ADHD treatment is highly
effective for ADHD behaviors, aggression, and social skill
deficits in children with Tourette’s Syndrome (TIS) or
chronic tics.

Substance Use Disorders

Combined data from retrospective accounts of adults and
prospective observations of youth indicates that juveniles
with ADHD are at increased risk for cigarette smoking
and substance abuse during adolescence. Recent work
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suggests that ADHD youth disproportionately become
involved with cigarettes, alcohol, and then drugs.’®’
Individuals with ADHD, independent of comorbidity,
tend to maintain their addiction longer compared with

their non-ADHD peers.”®

Pathophysiology and Genetics
Genetics and ADHD

Because ADHD is believed to be highly genetic, studies of
twins have been used to establish its heritability, or the
degree to which this disorder is influenced by genetic
factors. Based on numerous studies of twins, which
varied considerably in methodology and definitions of
ADHD, the mean heritability for ADHD was shown to be
77% (Figure 2).

Molecular Genetics Studies

Two approaches are used to evaluate the genetic etiology
of ADHD: 1) the genome scan, which examines all
chromosomal locations without a priori guessing as to
which genes underlie ADHD and 2) the candidate gene
approach, which examines 1 or more genes based on
theory and empirical evidence. A genome-wide linkage
scan in 204 nuclear families (853 individuals and 270
affected sibling pairs) suggests that regions 16pl3 and
17p11 likely harbor risk genes for ADHD.”®

Seven candidate genes show statistically significant
evidence of association with ADHD on the basis of the

Martin et al 2002

Kuntsi and Stevens on 2001
Coolidge et al 2000
Willcutt et al 2000
Hudziak et al 2000
Nadder et al 1998
Levy et al 1997
Sherman et al 1997
Silberg et al 1996
Gjone et al 1996
Thapar et al 1995
Schmitz et al 1996
Edelbrock et al 1995
Stevenson 1992

Gillis et al 1992
Goodman and Stevenson 1989
Matheny 1980
Willerman 1973
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pooled odds ratio (1.18-1.46) across studies: DRD4,
DRD5, DAT, DBH, 5-HTT, HTRIB, and SNAP-25.%°

Other Etiologic Factors

Biologic Adversity

Several biologic factors have been proposed as contribu-
to ADHD, including food additives/diet, lead
contamination, cigarette and alcohol exposure, maternal

tors

smoking during pregnancy, and low birth weight
Although the Feingold Diet for ADHD was popularized
by the media and accepted by many parents, systematic
studies showed that this diet was ineffective and that food
additives do not cause this disorder.®' Several investiga-
tors have shown that lead contamination can cause
symptoms of ADHD. However, lead does not account for
the majority of ADHD cases, and many children with
high lead exposure do not develop ADHD. An emerging
literature documents that maternal smoking and alcohol
exposure during pregnancy, low birth weight, and
psychosocial adversity are additional independent risk
factors for ADHD.%*%3

Pregnancy and delivery complications (i.e., toxemia,
eclampsia, poor maternal health, maternal age, fetal
postmaturity, duration of labor, fetal distress, low birth
weight, and antepartum hemorrhage) appear to have a
predisposition for ADHD.®* Several studies documented
that maternal smoking during pregnancy is an indepen-
dent risk factor for ADHD.®?¢>¢°

Mean =0.77

0 01 02 03 04 05 06 07 08 08 1

Figure 2. Heritability of attention-deficit/hyperactivity disorder. Adapted from Faraone et a

Heritability of ADHD
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Psychosocial Adversity

Compelling work by Rutter and colleagues®” in the classic
Isle of Wight studies revealed that the aggregate of
adversity factors (i.e., severe marital discord, low social
class, large family size, paternal criminality, maternal
mental disorder, and foster care placement), rather than
the presence of any single factor, led to psychopathology.
Findings of more recent studies support the previous
work of Rutter et al°” and stress the importance of adverse
family-environment variables as risk factors for ADHD.%*%®
In one of these, chronic family conflict, decreased family
cohesion, and exposure to parental psychopathology
(particularly maternal) were more common in ADHD
families compared with control families.”> However, some
of the findings are likely secondary to ADHD in the child
and/or parent, rather than primary.

It remains unclear whether exposure to violence in
childhood is a risk factor for ADHD. There are theoretic
reasons to examine this potential association. Exposure to
violence may act through psychosocial adversity but may
also lead to permanent brain changes, based on the
impact of prolonged exposure of the developing brain to
steroid hormones.®’

It is important to note that, although many studies
provide powerful evidence for the importance of psycho-
social adversity in ADHD, such factors tend to emerge as
universal predictors of children’s adaptive functioning
and emotional health, rather than specific predictors of
ADHD. As such, they can be conceptualized as
nonspecific triggers of an underlying predisposition or
as modifiers of the course of illness.

Neurobiology of ADHD

The neurobiology of ADHD is not completely understood,
although imbalances in dopaminergic and noradrenergic
systems have been implicated in the core symptoms that
characterize this disorder.”””" As reviewed by Seidman
et al,’> many brain regions are candidates for impaired
functioning in ADHD. Prefrontal hypotheses in ADHD
have primarily involved the dorsolateral prefrontal cortex,
associated with organizational, planning, working memory,
and attentional dysfunctions, and orbital lesions associated
with social disinhibition and impulse control disorders.
While morphometric imaging studies cannot be used
to make diagnoses, they are ideal for testing hypotheses
about the locus of brain dysfunction in ADHD and provide
direct assessments of brain structure and function.
Structural imaging studies using computerized tomography
or magnetic resonance imaging found evidence of structural
brain abnormalities among ADHD patients, with the most

common findings being smaller volumes in frontal cortex,
cerebellum, and subcortical structures. One of the most
important neuroimaging studies of ADHD is that of
Castellanos et al.”> They found smaller total cerebral
brain volumes from childhood through adolescence. This
work suggested that genetic or early environmental
influences on brain development in ADHD are fixed,
nonprogressive, and unrelated to stimulant treatment.
Limitations included the combining of both longitudinal
and cross-sectional assessments. As reviewed by Bush
et al,”* numerous functional magnetic resonance imaging
studies have reported dorsal anterior cingulate cortex
hypofunction in ADHD on tasks of inhibitory control.

Brain imaging studies fit well with the concept that
dysfunction in frontosubcortical pathways occurs in
ADHD. Three subcortical structures implicated by the
imaging studies (i.e., caudate, putamen, and globus
pallidus) are part of the neural circuitry underlying
motor control, executive functions, inhibition of behavior,
and the modulation of reward pathways. These frontal-
striatal-pallidal-thalamic circuits provide feedback to the
cortex for the regulation of behavior.”’

The frontosubcortical systems pathways associated
with ADHD are rich in catecholamines, which are
involved in the mechanism of action of stimulant
medications used to treat this disorder. A plausible
model for the effects of medications in ADHD suggests
that, through dopaminergic and/or noradrenergic path-
ways, these agents increase the inhibitory influences of
frontal cortical activity on subcortical structures.””

Imaging studies also implicate the cerebellum and
corpus callosum in the pathophysiology of ADHD. The
cerebellum contributes significantly to cognitive function-
ing, presumably through cerebellar-cortical pathways
involving the pons and thalamus. The corpus callosum
connects homotypic regions of the 2 cerebral hemi-
spheres. Size variations in the callosum and volume
differences in number of cortical neurons may degrade
communication between these 2 hemispheres, which may
account for some of the cognitive and behavioral

symptoms of ADHD.”>"®

Received January 7, 2006; accepted July 22, 2006
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