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Abstract
We investigated infant’s manual motor behaviour; specifically behaviours crossing the body midline. Infants at elevated likelihood of Autism Spectrum Disorder (ASD) and/or Attention Deficit Hyperactivity Disorder (ADHD) produced fewer manual
behaviours that cross the midline compared to infants with a typical likelihood of developing these disorders; however this
effect was limited to 10-month-olds and not apparent at age 5 and 14 months. Although, midline crossing did not predict ASD
traits, it was related to ADHD traits at 2 years of age. We rule out motor ability and hand dominance as possible explanations
for this pattern of behaviour, positing that these results may be a consequence of multisensory integration abilities, and the
neurobehavioural shift period, in the first year of life.
Keywords Autism spectrum disorder · Attention deficit hyperactivity disorder · Reaching · Motor ability · Midline crossing

Introduction
Transdiagnostic approaches to neurodevelopmental disorders have gained increasing traction over the last decade
(e.g., Livingston and Happé 2017; Rigney et al. 2018; Peralta and Cuesta 2017). Such approaches recognise growing evidence that the aetiology of a range of mental health
conditions significantly overlap, both in terms of genetic
(e.g., Meda et al. 2014; Owen and O’Donovan 2017) and
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environmental (e.g., Beauchaine and Constantino 2017;
Chisholm et al. 2015) risk factors. Attempts to dissect relevant dimensional domains include the Research Domain
Criteria Framework (Insel et al. 2010), which has been suggested as an alternative to clinical diagnostic frameworks
in ‘carving nature at its joints’. However, one challenge
to transdiagnostic approaches is applying them to clinical
cohorts. Such cohorts are recruited on the basis of discrete
clinical diagnoses, and this may create significant confounds
in our ability to identify shared versus distinct phenotypes.
Further, a central question is the developmental emergence
of convergence or divergence in early risk profiles, which
requires longitudinal studies before the age at which clinical diagnosis can be made. One solution to this issue is to
examine transdiagnostic phenotypes in longitudinal studies
of populations enriched for subsequent development of a
range of neurodevelopmental disorders.
Two conditions in which a transdiagnostic approach
might be particularly appropriate are Autism Spectrum
Disorder (ASD) and Attention Deficit Hyperactivity Disorder (ADHD). Both are early-onset neurodevelopmental
disorders that can be diagnosed by early to mid-childhood.
Both significantly co-occur, with 20–50% of children diagnosed with ASD also meeting the diagnostic criteria for
ADHD (Russell et al. 2014; Stevens et al. 2016). Further,
the two conditions are associated with the same range of
co-occurring conditions such as anxiety (Shephard et al.
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2018; Gordon-Lipkin et al. 2018), depression (Davidsson
et al. 2017), cognitive impairment (Corbett et al. 2009),
and motor problems (Reiersen et al. 2008; Piek and Dyck
2004). However, the two conditions can be readily and reliably distinguished in clinical assessments (Mayes et al.
2012). In a recent review, Johnson et al. (2015) propose that
understanding the nature of the overlap between ASD and
ADHD requires longitudinal prospective studies that trace
the developmental trajectories of risk and protective factors
for the two conditions. Taking such an approach allows us to
identify the mechanisms that contribute to both phenotypic
overlap and divergence.
In the present study, we focus on early motor function
as a potentially transdiagnostic phenotype that is critical in
early development, and has been implicated in both ASD
and ADHD. ASD is a neurodevelopmental disorder characterised by social communication difficulties, restrictive
and repetitive behaviours and sensory anomalies (DSM-5,
2013). Whilst not included in diagnostic frameworks, the
high prevalence of motor difficulties has led some to argue
that this is a core feature of the disorder (Fournier et al.
2010; Leary and Hill 1996). Indeed, research has identified
differences within oral-motor functioning, postural control,
co-ordination, manual control, gross and fine motor skills
and reaching motor milestones (e.g., Gernsbacher et al.
2008; Noterdaeme et al. 2002; Iverson and Wozniak 2007;
Minshew et al. 2004; Athanasiadou et al. 2019). Similarly,
though ADHD is diagnosed through parent and caregiver
report of inattention and hyperactivity (DSM-5, 2013),
there is a high prevalence of motor difficulties (Kaiser et al.
2015). Domains affected include gross and fine motor skills,
motor co-ordination, slower reaction times and preparation
and execution of motor actions (Fliers et al. 2008; Klimkeit
et al. 2005; see Kaiser et al. 2015 for a meta analysis). Thus,
motor difficulties may be a common feature of both ASD and
ADHD. However, the degree to which motor problems are
a secondary consequence of behavioural symptoms of the
two conditions (phenotypic causality and convergence) or a
primary feature that emerges early in development and has
cascading effects on both phenotypes is unclear.
There are several reasons to focus on motor skills in early
development. Motoric skills allow children to explore their
environment, gating self-directed experience (e.g., Adolph
and Robinson 2015). Further, in typical development, motor
ability has been tightly coupled with cognitive abilities such
as language, memory and visual processing (Iverson 2010;
Davis et al. 2011; Stöckel and Hughes 2015), with research
indicating that improvements in perceptual skills (such as
visual discrimination, working memory and selective attention) occurs as a by-product of motor training programmes
(Alesi et al. 2015; Palter et al. 2011). The relationship
between motor and cognitive skills has also been illustrated
in conditions where there is significant motor impairment,
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specifically cerebral palsy. Individuals with cerebral palsy
demonstrate delays in acquiring motor skills and reaching
motor milestones (e.g., Allen and Alexander 1997) which
can then impact cognitive functioning. For example, if they
are unable to crawl or walk, this limits the environment in
which they can actively explore to the space immediately
around themselves, reducing the number of new sources of
information about the world (Piaget 1952; Gibson 1988).
Further to this, delays in meeting motor milestones have
also been implicated in conditions where motor impairment
is not a core feature of the symptoms of the disorder, for
example in schizophrenia. In a longitudinal study that followed individuals from the first year of life until 46–48 years
of age, it was found that those participants that went on to
a diagnosis of schizophrenia attained developmental motor
milestones much later than individuals who did not go on
to be diagnosed with the disorder (Sørensen et al. 2010).
Additionally, gross motor deficits have been demonstrated in
children and adolescents at an elevated likelihood of schizophrenia, by virtue of having a parent with the disorder, who
then go on to obtain a diagnosis in adulthood (ErlenmeyerKimling et al. 2000). Interestingly, this study also demonstrated the predictive value of childhood verbal memory and
attentional deficits for later diagnosis, which may lend itself
to the tight coupling between motor and perceptual abilities.
Indeed, longitudinal studies have shown relationships
between early motor delays and other domains of functioning, suggesting there may be cascading effects on other
domains of development (Bedford et al. 2016; Leonard et al.
2015; Libertus and Violi 2016; Bhat et al. 2012; Flanagan
et al. 2012). Motor skills are also important because they
provide an early assessment of the integrity of the nervous
system. Motor skills such as reaching, crawling and walking emerge gradually over the first years of life through a
process of experience-dependent learning (see Adolph and
Joh 2007; Thelen 1995). Closely tracking the development
of such motor skills can thus provide a sensitive measure of
a brain that is not developing optimally.
One particularly important early motoric achievement
is goal-directed reaching. Reaching is defined as a manual
behaviour whereby individuals manipulate the posture of
their hand and arm in order to grasp an object. Infants do
not engage in skilled reaching behaviours until just before
5 months of age (e.g., White et al. 1964; Galloway 2004;
Thelen et al. 1993; von Hofsten 1984). Skilled reaching
facilitates infants’ haptic and visual exploration of their
environments during a period in which other major motor
behaviours such as sitting up, crawling and walking are yet
to develop. Accordingly, the development of skilled reaching
has been linked to improvements in perceptual abilities like
selective attention and action perception (Eppler 1995; Ruff
and Rothbart 1996; Libertus and Needham 2010; Melzer
et al. 2012).
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Research examining reaching abilities using the infant
sibling design has shown a number of atypicalities within
this population (Libertus et al. 2014; Bryson et al. 2007;
Ekberg et al. 2016). However, one question that remains
is whether these atypicalities are specific to ASD or more
general across a number of neurodevelopmental disorders.
A behaviour that emerges from skilled reaching is that
of midline crossing. Midline crossing refers to the act of
placing one’s hand in the contralateral side of space, thus
crossing the body midline. When the ipsilateral arm is
restrained, reaches that involve crossing the midline seem
to emerge between 4 and 7 months (Provine and Westerman 1979). In contrast, spontaneous midline crosses (where
the ipsilateral arm is not restrained) emerge a little later in
development, at 6 months (Morange and Bloch 1996; White
et al. 1964), as a consequence of bimanual reaching (van
Hof et al. 2002). Thus, midline crossing emerges in the first
half year of life, with the frequency of crossing increasing
with age (Fagard et al. 2009; Melzer et al. 2012; Carlier
et al. 2006; Pryde et al. 2000; Stilwell 1987). Crossing the
midline is an important developmental milestone because
it increases the type of interactions an infant can have with
its environment as the right/left hand is no longer limited to
the right/left sides of space. This then enables bimanual coordination and manipulation of objects, further increasing
manual skill repertoire and opportunities for environmental
interactions (Provine and Westerman 1979). Complementary
arguments have proposed that midline crossing behaviours
are also related to maturation of neuronal connections in
the brain (specifically the corpus callosum) and hemispheric
specialisation (Provine and Westerman 1979; Morange and
Bloch 1996; Bishop 1990). Thus, examining the development of midline crossing and its relation to risk for ASD
and ADHD can provide insight into critical mechanisms of
experience-dependent learning that may form part of a phenotypic cascade to one or both disorders. Whilst there is,
as yet, no research examining midline crossing behaviours
in the infant sibling literature, there have been a few studies that have investigated this in older participants with a
diagnosis of ASD. For example, Lagasse and Hardy (2013)
describe a case study of ‘Mark’; a 7-year-old boy with ASD
that has difficulties with motor co-ordination that included
reaching across the midline without a tactile cue or prompt.
It is also important to consider whether midline crossing
behaviours in early life are related to later emerging phenotypic characteristics of ASD and/or ADHD beyond infancy
(e.g., in toddlerhood and early childhood). For example, it
may be possible that midline crossings in the first year of life
could potentially predict later ASD/ADHD traits at 2 years
of life.
The current study examined the emergence and development of spontaneous midline crossing behaviours in infants
with a first degree relative (older sibling or parent) with ASD

and/or ADHD. Infants with an older sibling with ASD have
an approximately 20% chance of developing ASD themselves (Ozonoff et al. 2011; see Jones et al. 2014). Recurrence rates of ADHD in similar designs have been less well
characterised, but estimates of heritability are similar for
both conditions (see Wade et al. 2015; Musser et al. 2014;
Miller et al. 2019). We tested whether increased familial
likelihood of ASD and/or ADHD influences the development of midline crossing behaviours in a naturalistic reaching task. To do this, we examined the ways in which infants
at 5, 10 and 14 months of age engaged in manual behaviours
when playing with toy blocks. Given the current landscape
of research in motor impairments and midline crossing, we
expect midline crossing behaviours will increase with age
and there will be differences across the different participant groups. As the current literature is not entirely clear,
it is difficult to make predictions regarding directionality of
these differences. As such, we conducted two tailed tests on
our dataset. To our knowledge, this is the first longitudinal
study (in infancy generally) to investigate the developmental
trajectory of midline crossing behaviours in a completely
naturalistic task.

Methods
Stimuli
There was a standard administration for this task. Infants
were seated in either a baby high chair (10 and 14 month
protocol) or on the caregiver’s lap, with the caregiver holding their trunk (5 month protocol). A box of foam (5 month
protocol) or wooden (10 and 14 month protocol) blocks were
placed on the table top in front of the infants. The blocks
were always placed within reach of the infants, if they were
ever positioned out of reach, either the researcher or the parent would place them back within reach. Three custom built
cameras recorded infant’s behaviours (see Fig. 1). All infants
were presented with the blocks for up to three minutes. Parents were instructed to allow their infant to play independently with the blocks, but not to intervene unless the infant
became particularly fussy. If necessary, the researcher and/
or parent encouraged the infant to play with the blocks, but
parents did not play with the infant during the task.

Participants
Participants were recruited for a longitudinal study running from 2013 to 2019. Infants could be enrolled in the
study if they either had a first degree relative with ASD, a
first degree relative with diagnosed or probable ADHD, or
no first degree relatives with either diagnosis. We defined
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Fig. 1  Photo of an infant
completing the Blocks task. a
‘contralateral hand movement’
and b ‘contralateral reach’

the presence of ASD as a clinical diagnosis of ASD from a
licensed clinician.
We defined the presence of ADHD as a community clinical diagnosis of ADHD or a probable research diagnosis of
ADHD. For those who report concerns of ADHD traits in
the family where the parent or older sibling does not have a
community clinical diagnosis of ADHD, screening questionnaires are used to examine the probable existence of ADHD.
This was implemented because co-occurring conditions are
often underdiagnosed in children with ASD (e.g., Musser
et al. 2014; see Visser et al. 2016 for a review of co-occurrence rates) both because previously DSM-IV and ICD-10
gave primacy to an ASD diagnosis and due to lower rates
of ADHD in children and adults compared to prevalence
estimates (Sayal et al. 2018; Ginsberg et al. 2014) and, for
example, to rates in the US (e.g., Merten et al. 2017). Had
we required a clinical diagnosis for an infant to be coded
as ‘elevated likelihood of ADHD, we would have risked
under-identification in those families with a proband with
an ASD diagnosis, significantly compromising the familial
diagnosis elevated likelihood design we adopted for sampling. Further, we didn’t want to apply different criteria
to those families with and without an older sibling with
ASD. Thus, we adopted an additional screening process for
ADHD in first degree relatives. For siblings (aged less than
6 years), a shortened version of the Conners Early Childhood (Conners 2008; Conners and Goldstein 2009) form
is used. For siblings (6 years or older), a shortened version
of the Conners 3 was used. Thresholds for inclusion were

the presence of 6 ADHD traits on either the hyperactivity/
impulsivity or inattention scale, and a positive score on the
impairment scale. For parents a shortened version of the
Conners Adults ADHD Rating Scale (CAARS) was used.
Thresholds for inclusion were the presence of 5 ADHD traits
on either the hyperactivity/impulsivity or inattention scale as
per updated DSM V guidelines (see Table 1 for categorisation of the cohort). In terms of the use impairment scores,
we used a reduced version of the Conners EC and Conners
3 for individuals under 18 and the CAARS for individuals
aged 18 + years. The Conners EC and Conners 3 included
questions regarding impairment, as such we also included
these questions in our screening forms. In comparison, the
CAARS (adult questionnaire) did not include questions
regarding impairment. In order to maintain consistency of
measure, we did not adapt the CAARS to add impairment
questions. Of note, at initial contact with participants, parents were asked if there were any diagnoses of ADHD in the
immediate family or if they had any concerns about ADHD.
It is only if parents reported concerns that the screening
process took place. This is a very similar categorisation
protocol to that adopted by other labs using the prospective
longitudinal study model in infants at elevated likelihood of
ADHD (see Miller et al. 2020).
We defined no familial likelihood of ASD or ADHD
as infants who had at least one older sibling with typical
development and no first-degree relatives with a diagnosis
of ASD or ADHD. These infants were recruited from a
volunteer database at the Centre for Brain and Cognitive

Table 1  Categorisation of the
elevated likelihood cohorts
Parent reported diagnosis in older sibling
Parent reported diagnosis in parent
Parent reported diagnosis in both older sibling + parent
Screened parent (for ADHD traits)
Screened older sibling (for ADHD traits)
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EL-ASD

EL-ADHD

ELASD + ADHD

75
3
3

7
18
1

15
2
1

4
1

1
1
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Development, Birkbeck University of London. Inclusion
criteria included full-term birth (gestational age greater
than 36 weeks). At the time of enrolment, none of the
infants had a known medical or developmental condition.
Informed written consent was provided by the parent(s)
prior to the commencement of the study. The testing only
took place if the infants were in a content and alert state.
Ethical approval was granted by the National Research
Ethics Service and the Research Ethics Committee of the
Department of Psychological Sciences, Birkbeck, University of London. Participant families were reimbursed
expenses for travel, subsistence and overnight stay if
required. Infants were given a certificate and t-shirt after
each visit.
Each infant in the study was assigned a rating for familial likelihood of ASD and ADHD. A rating of 1 for ASD
indicates the presence of ASD in a parent or older sibling;
a rating of 1 for ADHD indicates the presence of ADHD
in a parent or older sibling; and a rating of 0 for either
category indicates no confirmed presence of the relevant
condition. Ratings were primarily based on the presence
of a clinical diagnosis of ASD or ADHD. This approach
allowed us to test the effect of familial likelihood of ASD,
familial likelihood of ADHD, and their interaction (see
Supplementary Materials Participants section for full
details on this approach).
Our sample for this paper includes: 81 infants with
an elevated likelihood of ASD (ASD-L), 31 infants with
an elevated likelihood of ADHD (ADHD-L), 20 infants
with an elevated likelihood of both ASD and ADHD
(ASD + ADHD-L) and 29 infants with a Typical Likelihood for either ASD or ADHD (TL). A number of participants were excluded from the final analyses for fussy
behaviour (n = 5 at the 5-month timepoint) or technical
difficulties with the video recording (n = 4, n = 1 and n = 1
at the 5, 10 and 14 month time points respectively). See

Table 2  Participant
characteristics of all participants
included in the final analyses,
across likelihood and age
groups

5 months
n
Gender
Age in days (SD)
10 months
n
Gender
Age in days (SD)
14 months
n
Gender
Age in days (SD)

Table 2 for the final demographic breakdown by group at
each time point.

Coding Scheme
Infant’s manual motor behaviours were coded for as long
as the blocks were in front of them. Broadly, behaviours
fell into three categories: ‘reaches’, ‘hand movements’ and
‘object manipulation’. A motor behaviour was considered
a reach if infants extended their hand to grasp an object.
If, however, the infant extended their arm and placed their
hand on top of the object, without the grasping motion, this
was considered a ‘hand movement’. Other ‘hand movements’ included sub categories such as: waving hand/arm,
placing hand in mouth, and sliding/swiping hand where the
infant is moving their hand in the space around them without
grasping or contacting a block. Any instance of the infant
acting upon the block was considered ‘object manipulation’, e.g., banging blocks, throwing blocks, putting blocks
in the mouth. Every behaviour was coded; for example, if
the infant banged a block three times in a row, this would
be considered three distinct ‘object manipulation’ behaviours. Every behaviour was also coded for which hand (left
or right) carried it out. If both hands worked in unison, with
actions starting and ending at the same time (e.g., hand waving where both hands synchronously/symmetrically carried
out the action), this was coded as ‘both hands’ for the one
action. If, however, the hands were not working in unison
(but were engaging in similar actions asynchronously), this
was considered to be two distinct actions and the handedness was assigned to each action separately. Crucially, every
behaviour was also coded for whether infant’s crossed their
body midline to engage in the behaviour. For example, did
the right hand pass into the left side of space when the infant
was executing a reach? If the hand crossed the body midline,
this was considered a ‘contralateral’ action. If the hand did
not pass the body midline and stayed within the same side

TL

EL-ASD

EL-ADHD

EL-ASD + ADHD

26
17m, 9f
177.42 (13.69)

52
26m, 26f
174.65 (20.18)

16
9m, 7f
170.44 (15.57)

13
8m, 5f
176.62 (14.87)

27
16m, 11f
321.93 (16.7)

77
39m, 38f
319.53 (14.84)

26
15m, 11f
323.54 (27.75)

20
12m, 8f
319.7 (14.66)

23
13m, 10f
447.74 (18.31)

73
38m, 35f
449.14 (21.2)

25
17m, 8f
444.76 (23.71)

19
12m, 7f
451.21 (19.25)
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of space, this was considered an ‘ipsilateral’ action. Every
action was also marked with the time stamp in the video for
when the behaviour occurred.
All videos were coded by one researcher (JBA). Twelve
percent of the videos were randomly selected and double
coded by a second researcher who was blind to the group
status of each infant. Intraclass correlations (two way mixed;
single measures; absolute agreement) were conducted on
the coded variables. A high level of reliability was found for
the following coded behaviours: ‘Total midline crossings’
(ICC = 0.86,) ‘Contralateral hand movements’ (ICC = 0.73),
‘Contralateral object manipulations’ (ICC = 0.79), ‘Ipsilateral reaches’ (ICC = . 84), ‘Ipsilateral object manipulations’
(ICC = 0.89) and ‘Total behaviours’ (ICC = .92). A moderate level of reliability was found for the following coded
behaviours: ‘Contralateral reaches’ (ICC = 0.7) and ‘Ipsilateral hand movements’ (ICC = 0.67); all ps ≤ 0.001).

Measures of ASD and ADHD Traits
As we were also interested in determining how related midline crossing behaviours were to phenotypical characteristics
of ASD and/or ADHD, we also included data from a number
of parent report measures at 2 years. At this age, we do not
make clinical determinations about the presence or absence
of ASD/ADHD. We are currently re-assessing this sample at
an older age, and when that process is complete we will be
able to show how the motor behaviours reported here relate
to categorical diagnostic outcome.
Parents completed the Quantatitive Checklist for Autism
in Toddlers (QChat; Allison et al. 2008) and the Child
Behaviour Checklist (CBCL; Achenbach and Rescorla
2000, 2001) at the 24-month time point. These measures
allow us to determine whether or not the infant motor behaviours reported associate with dimensional variation in later
clinical traits. The QChat measures autistic traits in young
toddlers in terms of domains relating to pretend play, joint
attention, language development, repetitive behaviours and
social communication. The questionnaire is comprised of 25
questions on a 5–6 point scale. Item scores are then summed
to produce a total score. In regards to the CBCL, we were
particularly interested in the ADHD sub-scale. This scale
measures children’s inattentive and hyperactive behaviour
for individuals aged 1.5–5 years of age. Parents are asked
to indicate how well each statement describes their child’s
behaviour as observed within the past 2 months on a 3-point
Likert rating. Item scores are then summed to produce a total
score. The CBCL manual recommends that missing items
are treated as 0 (“Not True”); this approach is used here
where at least 1 item rating on the ADHD scale is provided.
The CBCL has been used in a number of studies in the
toddler and early childhood age range (e.g., O’Shea et al.
2014; Gagne et al. 2020). There is some evidence regarding
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its stability and predictive validity beyond toddlerhood, with
research indicating that it maps well onto diagnostic criteria
for ADHD in the DSM-5 (e.g., de la Osa et al. 2016; Kim
and Ha 2019). For the purpose of this study, we are not using
the CBCL as a means of ASD/ADHD diagnosis, but rather
as a measure of ASD/ADHD related traits.
Further, trained researchers in the BASIS/STAARS teams
administered the Autism Diagnostic Observation Schedule Toddler Module (ADOS-T; Luyster et al. 2009) at the
24-month time point. This measure is a semi-structured play
based behavioural assessment that measures ASD traits.

Mullen Scales of Early Learning (MSEL)
The MSEL (Mullen 1995) was administered at all time
points by trained researchers in the STAARS team. To allow
for the greatest level of replicability and consistency across
examiners, we have extremely strict guidelines about how
the MSEL should be administered and marked. To this end,
our guidelines for Mullen scoring include only behaviours
that are captured on camera (so can be confirmed by a second/third researcher if necessary) within the Mullen session.
For example, if an infant demonstrates babbling throughout
the rest of the testing day (i.e., during another task or a lunch
break), but not during the specific Mullen administration
session, we would not score this infant as being able to produce babbling sounds on the Expressive Language scale.
To further ensure the fidelity of the scoring, a second fully
trained researcher watches the administration in real time
(via a video feed) and consensus discussions take place after
the testing session. These strict administration and scoring
guidelines (although those recommended in the Mullen
manual) may not be those applied more broadly in the field,
and thus may account for relatively poorer performance in
this cohort at infant timepoints relative to US norms.

Results
As there were very slight variations in the duration of the
task (often due to ending the task earlier than 3 min because
of infant fussiness), we calculated the “rate per minute”
for each behaviour (frequency of the behaviour/duration of
task).
Separate linear mixed models (LMMs) with the following dependent variables were run: ‘Total contralateral
behaviours’, ‘Contralateral reaches’, ‘Contralateral hand
movements’, ‘Contralateral object manipulations’, ‘Total
ipsilateral behaviours’, ‘Ipsilateral reaches’, ‘Ipsilateral
hand movements’, ‘Ipsilateral object manipulations’ and
‘Total behaviours’. We decided to decompose the ‘Total
behaviours’ variable (for both contralateral and ipsilateral
behaviours which are the sum of all three types of behaviour;
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reaches, hand movements and object manipulations), to
examine if there was a type of motor behaviour that especially contributed to ipsilateral or contralateral behaviours.
All LMMs used the following fixed factors: Time point
(5 months, 10 months, 14 months), Sex (male, female) and
Likelihood (ASD-L, ADHD-L). The Likelihood factor was
computed as follows: each infant was given a score of ‘0’ or
‘1’ for ASD and a score of ‘0’ or ‘1’ for ADHD, depending
on familial history of these disorders. As such, an infant
with a first degree relative with ASD, but not ADHD would
be assigned a ‘1’ for ASD-L and a ‘0’ for ADHD-L. An
infant with a first degree relative with ADHD, but not ASD
would be assigned a ‘0’ for ASD-L and a ‘1’ for ADHD-L.
An infant with familial history of both disorders would be
assigned ‘1’ for ASD-L and ‘1’ for ADHD-L and an infant
with no familial history of either disorder would be assigned
a ‘0’ for ASD-L and a ‘0’ for ADHD-L. We computed likelihood in this way so we could examine the interaction of
the two disorders and if there were any additive/protective
effects of having an elevated likelihood of both disorders.
To account for slight variations in age across infants,
infants’ exact age (in days) was added as a covariate to each
model. The repeated covariance type was set as ‘compound
symmetry’ and the maximum likelihood estimate was used
for each model.
For follow up analyses (where LMMs indicated interactions between elevated likelihood groups) and figures, the
more traditional elevated likelihood approach was taken and
infants were split into four groups: EL-ASD, EL-ADHD,
EL-ASD + ADHD and TL.

Total Contralateral Behaviours
The LMM revealed a main effect of Time [F(2, 276) = 8.41,
p < 0.001, η2p = 0.06], with means indicating that the frequency of crossing the body midline to conduct a manual
action in the contralateral side of space increased with age
(see Fig. 2). Furthermore, the model showed a significant

Total number of midline
crossings (rate per minute)

10
9
8
7

***

6

**

EL-ASD

5

EL-ADHD

4

EL-ASD+ADHD

3

TL

2
1
0
5

10

14

Time point (months)

Fig. 2  Graph showing the total number of contralateral behaviours
across likelihood and age group

interaction of Time*ASD-L [F(2, 276) = 3.49, p = 0.032,
η2p = 0.03] and of Time*ASD-L*ADHD-L [F(2, 276) = 5.17,
p = 0.006, η2p = 0.04]. No other significant effects were found.
To examine the contributions of ASD and ADHD likelihood on contralateral behaviours, we conducted separate
LMMs at each time point (using the same model parameters as above but removing Time point as a repeated and
fixed factor). These showed there were no interaction
effects of ASD-L*ADHD-L at 5 [F(1, 96) = 0.11, p = 0.74,
η p2 = 0.001] or 14 months [F(1, 133) = 0.12, p = 0.73,
η p2 = 0.001]. However, there was a significant interaction at 10 months [F(1, 146) = 10.54, p = 001, ηp2 = 0.07].
Follow-up analyses showed that, at 10 months of age,
the TL group engaged in more contralateral behaviours
that involved crossing the midline than both the EL-ASD
[t(100) = 5, p < 0.001, d = 1.15] and the EL-ADHD groups
[t(49) = 3, p = 0.004, d = 0.9] and the EL-ASD + ADHD
group, though the latter did not survive Bonferroni correction [t(43) = 2.15, p = 0.037, d = 0.62]. Further, no differences were found when comparing the EL-ASD group
with EL-ADHD [t(99) = 1.1, p = 0.3, d = 0.21], EL-ASD
with EL-ASD + ADHD [t(93) = 1.1, p = 0.26, d = 0.35] and
the EL-ADHD group compared with the EL-ASD + ADHD
group [t(42) = 0.25, p = 0.8, d = 0.16] at 10 months of age.
Following this set of analyses, we decomposed the Total
number of contralateral behaviours into three categories:
contralateral reaches, hand movements and object manipulations; the analyses for these sub categories of behaviours
are presented below.
Contralateral Reaches
The LMM analysis revealed a significant main effect of
ADHD-L; [F(1, 161) = 4.64, p = 0.03, η2p = 0.03], with means
indicating that this group produced overall fewer reaches
that involved crossing the midline (see Fig. 3a).
Contralateral Hand Movements
The LMM analysis revealed a significant main effect of
ASD-L [F(1, 154) = 4.4, p = 0.038, η2p = 0.03], with means
indicating that those with a Typical Likelihood of ASD performed a greater number of contralateral hand movements
compared to those with an elevated likelihood of ASD (see
Fig. 3b). Further, a significant interaction effect of ASDL*Time [F(2, 275) = 3.17, p = 0.044, η2p = 0.02] was also
found. Examining this interaction with pairwise comparisons, it was found that infants with a Typical Likelihood of
ASD (TL) performed a greater number of contralateral hand
movements compared to those with an elevated likelihood of
ASD (EL-ASD) at the 10 month time point [t(100) = 4.59,
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Fig. 3  Graph showing the number of contralateral behaviours across likelihood and age groups. a Contralateral reaches, b contralateral hand
movements and c contralateral object manipulations

p < 0.001, d = 1.05] but not at the 5 [t(68) = 1.07, p = 0.29,
d = 0.27] or 14 [t(89) = 1.05, p = 0.3, d = 0.26] time points.
Contralateral Object Manipulations
The LMM revealed a significant main effect of Time [F(2,
268) = 6.56, p = 0.002, η2p = 0.05] and Sex [F(1, 161) = 6.31,
p = 0.013, η2p = 0.04], with means indicating that there is an
increase in these behaviours as infants age and that male
infants carry out a greater number of object manipulations
respectively.
Further to this, the analysis showed a significant interaction between Time*ASD-L*ADHD-L [F(2, 268) = 3.78,
p = 0.024, ηp2 = 0.03]. Examining the data at each time
point, LMMs indicated that the above interaction was only
significant at the 10 month time point [F(1, 146) = 10.54,
p = 0.001, η2p = 0.07] and not the 5 [F(1, 96) = 0.05, p = 0.83,
η 2p = 0.001] or 14 month time points [F(1, 133) = 0.04,
p = 0.84, ηp2 = 0.0].
As such, follow up independent samples t-tests showed
that the TL group crossed the midline to manipulate
an object more than the EL-ASD group [t(100) = 3.88,
p < 0.001, d = 0.89] (see Fig. 3c) and the EL-ADHD group,
though the latter did not survive correction [t(50) = 2.4,
p = 0.02, d = 0.68) and t(42) = 1.06, p = 0.3, d = 0.33, respectively]. The EL-ASD group showed fewer crosses than
the EL-ASD + ADHD group, which again did not survive
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correction [t(92) = 2.16, p = 0.03, d = 0.57]. No differences
were found when comparing EL-ASD with EL-ADHD
[t(100) = 0.17, p = 0.87, d = 0.04], and EL-ADHD with the
ASD + ADHD-L group [t(42) = 1.48, p = 0.15, d = 0.47].

Total Ipsilateral Behaviours
Control analyses of ipsilateral behaviours across Time
(Fig. 4) indicated that effects were not due to performance of different numbers of behaviours overall (which
could reduce the opportunities for contralateral manual
behaviours). A LMM showed no main effect of Time [F(2,
272) = 0.46, p = 0.64, η2p = 0.005], ASD-L [F(1,163) = 0.3,
p = 0.59, ηp2 = 0.004], ADHD-L [F(1, 163) = 0.11, p = 0.74,
η p2 = 0.0] and no interaction of ASD-L*ADHD-L [F(1,
163) = 0.21, p = 0.65, ηp2 = 0.004]. We also examined ipsilateral behaviours by category.
Ipsilateral Reaches
Ipsilateral reaches increased with Time [F(2, 274) = 4.2,
p = 0.016, η p2 = 0.03] (see Fig. 4b). Additionally, there
was a significant interaction of ADHD-L*Sex [F(1,
169) = 4.24, p = 0.041, η p2 = 0.02], with pairwise comparisons indicating that male infants in the EL-ADHD
group performed a greater number of ipsilateral reaches
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Fig. 4  Graph showing the number of ipsilateral behaviours across likelihood and age group. a The total number of ipsilateral behaviours, b the
number of ipsilateral reaches, c the number of ipsilateral hand movements and d the number of ipsilateral object manipulations

than female infants in this group [t(28) = 2.07, p = 0.048,
d = 0.8].
Ipsilateral Hand Movements
Ipsilateral hand movements increased with Time [F(2,
269) = 18.12, p < 0.001, ηp2 = 0.12], but was not influenced
by ASD-L [F(1, 152) = 0.08, p = 0.78, ηp2 = 0.0], ADHD-L
[F(1, 152) = 0.03, p = 0.87, ηp2 = 0.0] or ASD-L*ADHD-L
[F(1, 152) = 0.02, p = 0.89, ηp2 = 0.0], (see Fig. 4c).
Ipsilateral Object Manipulations

ASD-L [F(1, 157) = 0.7, p = 0.41, η2p = 0.004], ADHD-L
[F(1, 157) = 0.03, p = 0.87, η2p = 0.0] or ASD-L*ADHD-L
[F(1, 157) = 0.003, p = 0.95, η2p = 0.0], (see Fig. 4d).

Total Behaviours
The LMM showed a main effect of Sex [F(1, 163) = 4.1,
p = 0.045, η2p = 0.25] with means indicating that male infants
perform more manual behaviours compared to female
infants. Figure 5 shows the proportion of ipsilateral vs contralateral behaviours performed across likelihood groups and
time points).

Ipsilateral manipulations increased with Time [F(2,
270) = 8.8, p < 0.001, η2p = 0.06], but did not interact with
100%
Proportion of Ipsilateral and Contralateral total
behaviours

Fig. 5  Graph showing the
proportion of contralateral and
ipsilateral behaviours across
likelihood and age groups. a
The contralateral and ipsilateral
behaviours across all types of
behaviour, b the proportion
of contralateral and ipsilateral
reaches, c the proportion of contralateral and ipsilateral hand
movements and d the proportion
of contralateral and ipsilateral
object manipulations
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General Motor Skills
An explanation for the group differences in manual contralateral behaviours could be that of a more generic motor
delay in the Elevated Likelihood groups. As such, we examined the motor scales on the Mullen Scales of Early Learning (Mullen 1995). As mentioned in the ‘Methods’ section,
we used strict administration and scoring guidelines for
this behavioural assessment. Whilst, the TL group in this
study may report slightly poorer performance relative to
US norms, it is worth noting that there is stable individual
variation in our Mullen scores across age points indicating
internal consistency and that within-cohort comparisons are
valid (see Jones et al. 2014), Further, at 2 years of age, participants are within the typical range of scores (see Table 3),
which would suggest this group are typically developing.
Considering that we were only investigating this at the
10 month time point (where significant differences between
groups had been shown previously), there was no need to
conduct LMMs as above (although see Supplementary

Table 3  Mullen scales of early
learning T scores (means and
SE) across likelihood and age
groups
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Materials for the 5 and 14 month time points). Instead, we
conducted post-hoc analyses only. Independent samples
t-tests demonstrated that there were no significant differences between the TL and EL-ASD groups on the Gross
[t(101) = 1.46, p = 0.15, d = 0.33] or Fine motor scales
[t(101) = 0.52, p = 0.61, d = 0.12] respectively (see Table 3
for Means and SE for all Mullen scales across all groups
and time points). This pattern of findings was also true
when comparing the TL group with the EL-ADHD and the
EL-ASD + ADHD groups; no significant differences on the
Gross [t(52) = 1.1, p = 0.27, d = 0.34; t(44) = 0.33, p = 0.7,
d = 0.12] or Fine motor scales [t(52) = 0.06, p = 0.95,
d = 0.01; t(44) = 0.63, p = 0.53, d = 0.19] respectively.
Further, we also conducted a number of linear regression analyses to determine whether total midline crossings at 10 months predicted Gross and Fine motor skills
at the 10 and 24 month time points (see Table 3). We
found a marginally significant positively associative relationship between total midline crossings and Fine motor
skills at 10 months [R2 = 0.03, F(1, 144) = 3.79, p = 0.054,
ηp2 = 0.03]. However, total midline crossings did not significantly predict Gross motor skills at the 10 month time

TL
5 months
Fine motor
Gross motor
Visual reception
Expressive language
Receptive language
Composite score
10 months
Fine motor
Gross motor
Visual reception
Expressive language
Receptive language
Composite score
14 months
Fine motor
Gross motor
Visual reception
Expressive language
Receptive language
Composite score
24 months
Fine motor
Visual reception
Expressive language
Receptive language
Composite score

EL-ASD

EL-ADHD

EL-ASD + ADHD

42.92 (2.05)
43.69 (1.85)
47.27 (1.24)
41.85 (1.46)
36.88 (2.21)
85 (1.83)

43.02 (1.34)
47.08 (1.09)
46.08 (1.35)
40.65 (1.05)
34.67 (1.72)
82.96 (1.51)

44.56 (1.57)
48.56 (1.7)
44.56 (1.97)
37.69 (2.75)
41.19 (3.51)
84.5 (2.45)

42.92 (2.27)
49 (1.17)
48.25 (2.52)
40.5 (2.15)
43.42 (4.21)
87.75 (2.8)

51.63 (2.48)
34.89 (2.27)
48.85 (1.54)
36.85 (1.9)
39.26 (1.72)
88.89 (2.35)

50.24 (1.34)
38.25 (1.11)
49.82 (1.08)
36.53 (1.47)
38 (1.21)
88.03 (1.73)

51.85 (2.64)
38.3 (2.05)
47.26 (1.86)
33.85 (2.34)
34.67 (1.96)
84.67 (2.97)

49.21 (2.93)
36.16 (2.2)
47.68 (1.77)
36.58 (3.42)
35.63 (2.47)
85.42 (3.86)

49.65 (2.54)
36.74 (2.79)
35.09 (1.85)
37.09 (1.83)
32.87 (1.35)
78.78 (2.5)

48.22 (1.36)
46.64 (1.55)
37.67 (1)
36.67 (1.33)
31.48 (1)
78.37 (1.39)

47.21 (2.51)
45.5 (2.21)
36.33 (1.19)
40.75 (1.91)
31.54 (1.88)
79.08 (2.27)

43.89 (2.27)
45.58 (2.64)
33.47 (1.49)
34.37 (3.15)
28.52 (2.45)
72.53 (3.33)

55.31 (2.49)
59.63 (2.18)
55.42 (2.51)
57.67 (1.78)
114.25 (3.66)

50.81 (1.32)
48.89 (1.62)
49.74 (1.86)
51.06 (1.73)
100.63 (2.62)

51.31 (2.28)
56.23 (2.55)
52.59 (2.93)
52 (2.95)
106.86 (4.52)

51.37 (2.76)
47.94 (2.57)
44.94 (2.77)
49 (2.6)
96.94 (4.28)
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Handedness
A further potential explanation could relate to infants’
handedness. To explore this, we first calculated the laterality quotient for each infant at the 10 month time point
(proportion of ‘Right’ hand behaviours – proportion of
‘Left’ hand behaviours) and then used this quotient to
classify hand dominance (negative values were considered to show a greater left hand dominance, whereas positive values indicated a greater dominance for the right
hand). Considering that we were only investigating this
at the 10 month time point (where significant differences
between groups had been shown previously), there was no
need to conduct LMMs as above. Instead, we conducted a
mixed ANOVA to examine group differences in handedness. Here, we found a found a main effect of Handedness
[F(1, 142) = 15.17, p < 0.001, ηp2 = 0.1] with means indicating that participants performed more behaviours with their
right hand compared to their left hand (indicating a right
hand dominance across participants). However, there were
no main or interaction effects of Group [F(3, 142) = 0,
p = 1, η p2 = 0; F(1, 143) = 0.08, p = 0.97, η p2 = 0.002,
respectively]. Further, the total number of Right/Left hand
behaviours did not correlate with the proportion of total
behaviours that involved crossing the midline (r = 0.06,
n = 149, p = 0.47 and r = 0.09, n = 149, p = 0.26 for the
Right and Left hand behaviours, respectively).
To examine whether TL infants perform more contralateral behaviours with their dominant hand, an analysis contrasting the proportion of contralateral behaviours
performed with the dominant hand across group was
conducted. A univariate ANOVA found no significant
differences in the proportion of contralateral behaviours
performed with the dominant hand across Group [F(3,
137) = 2.36, p = 0.08, ηp2 = 0.05].

Relationship with ASD and ADHD Traits
We examined the relationship between the frequency of
contralateral behaviours and whether they were related to
ASD and/or ADHD traits. Examining scatter plots of total
midline crosses by the various measures indicated 2 outliers (more than 4 standard deviations from the mean; see
Fig. 6), which we removed. Then, we conducted a multiple
regression analysis investigating the total midline crosses
at 10 months of age with the raw scores from both the

14

CBCL ADHD Subscale (raw scores)

point [ R 2 = 0.01, F(1, 144) = 1.6, p = 0.21, η p2 = 0.01]
or Fine motor skills at 24 months of age [ R 2 = 0, F(1,
138) = 0.06, p = 0.81, ηp2 = 0].
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Fig. 6  Graph showing the total number of contralateral behaviours at
10 months against ADHD subscale raw scores on the CBCL. Outliers
outlined in red

Table 4  QChat, CBCL and ADOS-T consensus standard scores
(means and SE) across typical and elevated likelihood cohorts

CBCL (ADHD-subscale)
CBCL (PDP-subscale)
CBCL Total
QChat
ADOS-T (CSS Total)
ADOS-T (CSS Restrictive and
Repetitive Behaviours)
ADOS-T (CSS Social affect)

TL

EL groups

3.52 (0.49)
0.95 (0.31)
19.23 (2.8)
46.77 (1.03)
1.63 (0.15)
2.79 (0.45)

4.76 (0.32)
3.49 (0.45)
35.8 (2.9)
47.75 (0.92)
2.94 (0.21)
3.59 (0.25)

1.63 (0.15)

3.38 (0.2)

ADHD subscale of the CBCL (Achenbach and Rescorla
2000, 2001) and the QChat (Allison et al. 2008) at the
24 month time point in our EL groups (see Table 4). We
found that total midline crosses performed at 10 months
significantly associated with ADHD traits on the CBCL
[R2 = 0.21, F(1, 91) = 4.26, p = 0.04, η2p = 0.04], with more
contralateral behaviours related to greater ADHD traits.
However, total contralateral behaviours did not significantly predict ASD traits on the QChat [ R2 = 0.14, F(1,
91) = 1.83, p = 0.18, ηp2 = 0.02]. Including the entire EL
sample and conducting nonparametric bivariate correlations, we found a significant relationship between
total midline crossings and the CBCL ADHD subscale
[r(94) = 0.21, p = 0.047] and a trend between total midline
crossings and the QChat [r(94) = 0.16, p = 0.12].
To investigate whether midline crossing behaviours show
specificity to one neurodevelopmental disorder (e.g., ADHD
as suggested by the analysis above), we also examined the
Pervasive Developmental Problems (PDP) subscale of the
CBCL as well as the Total CBCL score. The PDP maps
well onto DSM-5 criteria for ASD, whilst the Total CBCL
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score encompasses a range of internalising/externalising
problem behaviours in children. A linear regression found
no relationship between total contralateral behaviours and
raw scores on PDP subscale [R2 = 0.005, F(1, 90) = 0.44,
p = 0.51, η2p = 0.005]. In order to examine the relationship
between total midline crossings and the Total CBCL score,
we conducted a multiple hierarchal regression analysis
(enter method; so we could partial out ADHD subscale
scores) and found that Total contralateral behaviours and
ADHD CBCL scores explained a significant amount of variance in the CBCL Total score [F(2, 89) = 77.9, p < 0.001,
η2p = 0.63, R2 = 0.64, adj R2 = 0.63]. However, much of this
explained variance was a result of the ADHD subscale score
[Beta = 7.42, t(89) = 12.44, p < 0.001], with no relationship
between total contralateral behaviours and CBCL Total
scores [Beta = − 0.54, t(89) = − 1.31, p = 0.19]. Further to
this, if we conduct the same multiple hierarchal regression
analysis with the PDP subscale (and once again, the ADHD
subscale partialled out), we find similar results; Total contralateral behaviours and ADHD CBCL scores explained a
significant amount of variance in the CBCL PDP score [F(2,
90) = 30.97, p < 0.001, η2p = 0.41, R2 = 0.41, adj R2 = 0.4];
however it is only the ADHD subscale that significantly
explains the variance in the model [Beta = 0.94, t(90) = 7.82,
p < 0.001].
The above measures were parent report questionnaires
to examine ASD and ADHD traits. We also conducted a
number of clinical/research based assessments to investigate the relationship between contralateral motor behaviours
and ASD symptoms. For example, examining the ADOS-T,
we found that total midline crosses performed at 10 months
did not significantly predict ASD traits on the Calibrated
Severity Score for Restrictive and Repetitive Behaviours
[R2 = 0.01, F(1, 96) = 0.01, p = 0.91, η2p = 0.0] or the Total
Calibrated Severity [R2 = 0.15, F(1, 96) = 2.04, p = 0.16,
η2p = 0.02].

Discussion
The current study was the first to examine midline crossing behaviours in a naturalistic, longitudinal design. We
demonstrated, for the first time, that (at 10 months of age),
infants with an Elevated Likelihood of ASD or ADHD produced fewer manual actions that involved their hand passing
the body midline and crossing into the contralateral side of
space. However, it must be noted this pattern of findings was
only exhibited at the 10 month time point and not at either
the 5 or 14 month time point. In comparison, our Typical
Likelihood sample demonstrated ‘n shaped’ development,
with midline crossing behaviours increasing significantly at
10 months (compared to the Elevated Likelihood groups)
before decreasing at 14 months of age and becoming more in
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line with the EL groups. A number of control analyses ruled
out differences in hand dominance and motor ability as possible explanations for this finding. Indeed, midline crossing
did not seem to be related to large scale motor development.
We discuss a number of potential accounts for our findings
below.
Firstly, a possible suggestion is that our EL groups are
more rigid in the way they segment peri-personal (near the
body) space. It may be that infants with an Elevated Likelihood of ASD or ADHD segment space according to left/
right parameters and are much less likely to cross the midline boundary with an ‘incongruent’ limb (e.g., the left hand
acting in the right side of space and vice versa). Indeed,
research with children with ASD has suggested that this
population relies much more heavily on an anatomical reference frame when locating the hands in space (Wada et al.
2014); locating a limb is a necessary precursor to performing
actions with that limb e.g., reaching. As such if, when locating a hand, individuals are more reliant of where it usually
lies in space, perhaps they adopt more ‘usual’ postures and
less ‘unusual’ postures, such as crossing over of the arm into
the opposite side of space.
A second, related, explanation of our findings refers to
attention shifting. Previous research has indicated that individuals with ASD have difficulties in disengaging from one
stimulus and shifting attention to a second target (e.g., Landry and Bryson 2004; Richard and Lajiness-O’Neill 2015;
Elsabbagh et al. 2009, 2013; see Landry and Parker 2013
for a meta-analysis of the gap-overlap literature in ASD
populations), with further research indicating that they also
demonstrate slower spatial visual orienting to visual stimuli
(e.g., Sacrey et al. 2013; Townsend et al. 1996). Though less
studied, similar things have been reported in older children
and adolescents with ADHD (McAlonan et al. 2009). As
such, it may be that those with an Elevated Likelihood of
ASD and/or ADHD may initially attend to (and act within)
the ipsilateral side of space. However, if they are slower (and
less likely) to attend to the spatial array of visual targets
that are in the contralateral side of space, it may also follow
that they are less likely to act on these contralateral targets.
We feel that this explanation is less compelling as we usually observe disengagement issues after 12 months of age in
infants with an elevated likelihood of ASD (e.g., Elsabbagh
et al. 2013; Sacrey et al. 2013).
A final explanation is that midline crossing behaviours
may be related to multisensory integration abilities. We
know that at 10 months, typically developing infants
become more proficient in integrating visual, tactile and
proprioceptive information and are able to update the location of their limbs when they are crossed over in space
(Bremner et al. 2008; Rigato et al. 2014). It may be that
the EL groups are less proficient in this integrative process
and, as such, may engage in behaviours that require this
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process (e.g., midline crossing behaviours) much less than
their TL counterparts. Indeed, multisensory integration
has been identified as an area where ASD/ADHD populations demonstrate atypical patterns (e.g., Klin et al. 2009;
Falck-Ytter et al. 2013, 2018; Panagiotidi et al. 2017; see
Iarocci and McDonald 2006 for a review).
Further, it may be that these disrupted multisensory
integration processes are also related to neural connectivity. Perhaps in typical development, at 10 months, there
is an increase in both intra and inter-hemispheric connections in the brain (e.g., Thatcher et al. 2008; Xie et al.
2018), with particular emphasis on increased connections
within the somatosensory network (see Nevalainen et al.
2014) and maturation of the corpus callosum (Ballesteros
et al. 1993; Teicher et al. 2004; Barkovich and Kjos 1988).
Increased neural connections within the somatosensory
network and corpus callosum are required to initiate, or
more efficiently, integrate inputs from vision, touch and
proprioception which would allow infants to dynamically
update where their limbs lie in space, allowing them to
then act with these limbs. This increase in neural connections could also be a contributing factor to the range of
motoric, limb movements and postures (e.g., crossing over
themselves) the developing infant is capable of adopting.
If these processes are disrupted in some way, and typical neural connectivity trajectories are not present (Piven
et al. 1997; Vidal et al. 2006; Just et al. 2006; Alexander
et al. 2007; Boger-Megiddo et al. 2006; Wolff et al. 2015;
Haartsen et al. 2019) we may see reduced instances of
infants engaging in midline crossing behaviours (as we do
with our EL groups).
Related to the above explanation, Rigato et al. (2014)
found a tentative relationship between midline crossing
and tactile remapping. Here, it was found that 8 month
old infants that engaged in at least one reach that involved
crossing the midline, demonstrated tactile remapping abilities. In contrast, those infants that did not cross the midline
when reaching did not show neural remapping of a tactile
stimulus on the body. It may be that midline crossing abilities are related, in some way, to updating the posture of the
limbs and somatosensory remapping. However, the current
study is unable to tease apart this relationship. Future studies
examining tactile remapping and midline crossing abilities
in elevated likelihood groups are necessary to elucidate this
relationship.
Other studies using the infant sibling design have found
that infants with an elevated likelihood of ASD demonstrate
delays in gross and fine motor behaviours such as reaching, object manipulation and sitting independently (Bhat
et al. 2011; Koterba et al. 2014; Iverson and Wozniak 2007;
Nickel et al. 2013; Focaroli et al. 2016; Libertus et al. 2014;
Iverson et al. 2019; Ozonoff et al. 2008). As such, it may be
that midline crossing behaviours is part of a broader range of

early motoric differences within EL populations. However, it
must be noted that we did not see a lot of the reported motor
atypicalities in our sample (as measured by the MSEL gross
and fine motor scales).
This is the first study to show early motor differences
in infants with an elevated likelihood of ADHD. The findings suggest that these differences start early in life (within
the first year) and demonstrate a very similar profile to that
of ASD likelihood. Indeed, attention shifting and multisensory integration atypicalities have also been found in
ADHD populations (e.g., Panagiotidi, et al. 2017; Perchet
et al. 2001; McAlonan et al. 2009), thus the potential explanations outlined above hold for both EL groups. However,
a point of note is that the majority of this previous research
has been conducted on individuals (primarily adults) who
already have a diagnosis of ADHD. What is especially novel
about the current study is that early motor differences have
been found in infants, in the first year of life, who have an
increased likelihood of going on to develop ADHD, but who
do not have a diagnosis of the disorder. The fact that these
infants share the same patterns of behaviour as those with an
elevated likelihood of ASD may point to a shared, generic
difference in nervous system functioning across the two
neurodevelopmental disorders. This is in line with research
demonstrating that infants with an elevated likelihood of
ADHD display higher levels of irritability and a reduced
ability to self regulate (Sullivan et al. 2015; Gurevitz et al.
2014).
In terms of the TL group, we must ask what could explain
the ‘n shaped’ developmental trajectory demonstrated in
this group, with midline crossing behaviours peaking at
10 months (and significantly greater than the EL groups) and
then decreasing dramatically to be more in line with the EL
groups at 14 months? Here, we must reiterate that this was a
fairly surprising finding given that previous research indicated
incremental increases in midline crossing behaviours as typically developing infants aged (e.g., Van Hof et al. 2002). One
possibility is that, initially, TL infants over engage in midline
crossing behaviours. As infants age and learn about the arsenal of postures their limbs are capable of adopting, they begin
to engage in postures that are less effortful and more efficient
when executing a manual action (e.g., ipsilateral reaches). It
is important to thus consider that EL groups may be engaging in more ‘efficient’ manual behaviours through completing
primarily ipsilateral behaviours. When differences are found
between EL groups and typical likelihood infants, researchers
can often view these differences as challenges or difficulties
for the EL groups. However, it is important to recognise that
these differences may illustrate early strengths or compensatory mechanisms within the EL groups. This stresses the
importance of examining neurodevelopmental disorders with
the perspective of both strengths and limitations.
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This leads us to the question of the relationship between
midline crossing behaviours and ASD and/or ADHD traits.
We found a predictive relationship between midline crossing and ADHD traits on the CBCL, suggesting that individuals who engage in more midline crossing behaviours
also demonstrate more ADHD traits. Control analyses of
the frequency of manual behaviours observed ruled this out
as a possible explanation for our findings. If viewed in the
context of the potential explanations we present above, one
possibility for this relationship may be that ADHD traits may
act as a protective factor against the effects of background
ASD elevated likelihood. For example, perhaps ADHD traits
reduce the rigidity in the way these infants segment peripersonal space or increase motor and/or perceptual nimbility,
resulting in more behaviours that cross the body midline. To
lend some support for this potential explanation, Gliga et al.
(2018) examined visual foraging behaviours in infants with
an older sibling with ASD and either low or high levels of
hyperactivity and inattention. The researchers showed that, at
8 months of age, the EL-ASD low hyperactivity and inattention group were more likely to return to areas they had previously visited in the visual scene, as compared to the EL-ASD
high hyperactivity and inattention group, which was more in
line with results from the TL group. This study both demonstrates that ADHD traits mitigates EL-ASD behaviours
and that ADHD traits may be linked to less rigid patterns of
spatial exploration. However, these reduced levels of spatial
rigidity may not be enough to completely overcome differences in midline crossing behaviours, which is why we see
a significant difference between our EL groups with ADHD
and the TL group.
Taken together, the present study found that infants with an
Elevated Likelihood of ASD or ADHD (compared to infants
with a Typical Likelihood of these disorders) demonstrated
significantly fewer manual behaviours that involved the hand
crossing the body midline and passing into the contralateral side
of space. We have ruled out motor abilities and hand dominance
as possible accounts of our findings. Importantly, we have found
the same pattern of behaviour for two EL groups: EL-ASD and
EL-ADHD, which points to subtle changes in motor behaviours
that are not specific to either disorder. As such, midline crossing
behaviours may potentially be a transdiagnostic early risk factor. This reiterates the necessity to examine behaviours across
multiple disorders; as otherwise, we would have interpreted
midline crossing behaviour differences to be syndrome specific to ASD or ADHD. Examining the relationship between
this index and ASD/ADHD traits demonstrated a predictive
relationship with ADHD traits; this would suggest that whilst
midline crossing behaviour manifests in infancy in the same
way in these EL cohorts (in that it is reduced), it may be more
specifically related to ADHD traits later on in toddlerhood.
Furthermore, the current study employed a nuanced coding scheme that decomposed a broad behaviour (crossing
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the midline) into categories that tapped into subtly different types of behaviours. As a result of this nuanced coding
scheme, one sub-category of crossing the midline behaviours
(object manipulations) may lend itself to be a specific early
risk marker, potentially differentiating between ASD and
ADHD; however this requires further investigation.
Acknowledgments This research was supported by awards from
the Medical Research Council (MR/K021389/1; MHJ, TC), MQ
(MQ14PP_83, MHJ, EJHJ, TC). Further, this work was also supported
by the EU-AIMS and AIMS-2-TRIALS programmes funded by the
Innovative Medicines Initiative (IMI) Joint Undertaking Grant Nos.
115300 (MHJ, TC) and No. 777394 (MHJ, EJHJ and TC; European
Union’s FP7 and Horizon 2020, respectively). This Joint Undertaking
receives support from the European Union’s Horizon 2020 research and
innovation programme, with in-kind contributions from the European
Federation of Pharmaceutical Industries and Associations (EFPIA)
companies and funding from Autism Speaks, Autistica and SFARI.
We would like to thank the researchers who helped with data collection and recruitment; Kim Davies, Janice Fernandes and Natalie Vaz.
We would also like to thank the placement students who helped in data
collection and coding; Francesca Conti and Zoë Freeman. Finally, we
would like to warmly thank all the parents and infants that took part
in this study. The BASIS/STAARS team consists of: Mary Agyapong,
Tessel Bazelmans, Leila Dafner, Mutluhan Ersoy, Teodora Gliga, Amy
Goodwin, Rianne Haartsen, Alexandra Hendry, Rebecca Holman,
Sarah Kalwarowsky, Anna Kolesnik, Sarah Lloyd-Fox, Luke Mason,
Greg Pasco, Andrew Pickles, Laura Pirazzoli and Chloë Taylor.
Author contributions JBA conceptualised the research question, collected the data, analysed the data and wrote the paper. EJHJ contributed to the analyses and write up of the paper, secured grant funding
and conceptualised the broader STAARS study. TC provided clinical
insight and contributed to the write up of the paper, secured grant
funding and conceptualised the broader STAARS/BASIS studies.
MHJ secured grant funding and conceptualised the broader STAARS/
BASIS studies and commented on the paper. The BASIS/STAARS
Team recruited participants or collected data from this cohort and commented on the paper.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References
Achenbach, T. M., & Rescorla, L. A. (2000). Child behavior checklist for ages 1 1/2-5. Burlington/Vermont: ASEBA/University
of Vermont.
Achenbach, T. M., & Rescorla, L. (2001). Manual for the ASEBA
school-age forms & profiles: An integrated system of multiinformant assessment. Burlington, VT: ASEBA.

Journal of Autism and Developmental Disorders
Adolph, K. E., & Joh, A. S. (2007). Motor development: How infants
get into the act. In A. Slater & M. Lewis (Eds.), Introduction
to infant development (pp. 63–80). Oxford: Oxford University
Press.
Adolph, K. E., & Robinson, S. R. (2015). Motor development. In L.
S. Liben & U. Muller (Eds.), Handbook of child psychology and
developmental science (pp. 1–45). Hoboken, NJ: Wiley.
Alesi, M., Bianco, A., Padulo, J., Luppina, G., Petrucci, M., Paoli, A.,
et al. (2015). Motor and cognitive growth following a Football
Training Program. Frontiers in Psychology, 6, 1627. https://doi.
org/10.3389/fpsyg.2015.01627.
Allen, M. C., & Alexander, G. R. (1997). Using motor milestones as
a multistep process to screen preterm infants for cerebral palsy.
Developmental Medicine & Child Neurology, 39(1), 12–16.
Allison, C., Baron-Cohen, S., Wheelwright, S., Charman, T., Richler,
J., Pasco, G., et al. (2008). The Q-CHAT (Quantitative CHecklist for Autism in Toddlers): A normally distributed quantitative
measure of autistic traits at 18–24 months of age: Preliminary
report. Journal of Autism and Developmental DISORDERS,
38(8), 1414–1425.
Alexander, A. L., Lee, J. E., Lazar, M., Boudos, R., DuBray, M. B.,
Oakes, T. R., et al. (2007). Diffusion tensor imaging of the corpus
callosum in Autism. Neuroimage, 34(1), 61–73.
American Psychiatric Association. (2013). Diagnostic and statistical
manual of mental disorders (DSM-5®). Washington, DC: American Psychiatric Publications.
Athanasiadou, A., Buitelaar, J. K., Brovedani, P., Chorna, O., Fulceri, F., Guzzetta, A., & Scattoni, M. L. (2019). Early motor
signs of attention-deficit hyperactivity disorder: A systematic
review. European Child & Adolescent Psychiatry. https://doi.
org/10.1007/s00787-019-01298-5.
Ballesteros, M. C., Hansen, P. E., & Soila, K. (1993). MR imaging
of the developing human brain. Part 2. Postnatal development.
Radiographics, 13(3), 611–622.
Barkovich, A. J., & Kjos, B. O. (1988). Normal postnatal development of the corpus callosum as demonstrated by MR imaging.
American Journal of Neuroradiology, 9(3), 487–491.
Beauchaine, T. P., & Constantino, J. N. (2017). Redefining the endophenotype concept to accommodate transdiagnostic vulnerabilities and etiological complexity. Biomarkers in Medicine,
11(9), 769–780.
Bedford, R., Pickles, A., & Lord, C. (2016). Early gross motor
skills predict the subsequent development of language in children with autism spectrum disorder. Autism Research, 9(9),
993–1001.
Bhat, A. N., Galloway, J. C., & Landa, R. J. (2012). Relation between
early motor delay and later communication delay in infants
at risk for autism. Infant Behavior and Development, 35(4),
838–846.
Bhat, A. N., Landa, R. J., & Galloway, J. C. (2011). Current perspectives on motor functioning in infants, children, and adults with
autism spectrum disorders. Physical Therapy, 91(7), 1116–1129.
Bishop, D. V. M. (1990). Handedness and developmental disorder.
Hove: Lawrence Erlbaum.
Boger-Megiddo, I., Shaw, D. W., Friedman, S. D., Sparks, B. F., Artru,
A. A., Giedd, J. N., et al. (2006). Corpus callosum morphometrics in young children with autism spectrum disorder. Journal of
Autism and Developmental Disorders, 36(6), 733–739.
Bremner, A. J., Mareschal, D., Lloyd-Fox, S., & Spence, C. (2008).
Spatial localization of touch in the first year of life: Early influence of a visual spatial code and the development of remapping
across changes in limb position. Journal of Experimental Psychology: General, 137(1), 149–162.
Bryson, S. E., Zwaigenbaum, L., Brian, J., Roberts, W., Szatmari,
P., Rombough, V., et al. (2007). A prospective case series of

high-risk infants who developed autism. Journal of Autism and
Developmental Disorders, 37(1), 12–24.
Carlier, M., Doyen, A. L., & Lamard, C. (2006). Midline crossing:
Developmental trend from 3 to 10 years of age in a preferential
card-reaching task. Brain and Cognition, 61(3), 255–261.
Chisholm, K., Lin, A., Abu-Akel, A., & Wood, S. J. (2015). The association between autism and schizophrenia spectrum disorders: A
review of eight alternate models of co-occurrence. Neuroscience
& Biobehavioral Reviews, 55, 173–183.
Conners, C. K. (2008). Conners third edition (Conners 3). Los Angeles,
CA: Western Psychological Services.
Conners, C. K., & Goldstein, S. (2009). Conners Early childhood:
Manual. Toronto, ON: Multi-Health Systems Incorporated.
Constantino, J. N. (2002). The Social Responsiveness Scale. Los Angeles: Western Psychological Services.
Corbett, B. A., Constantine, L. J., Hendren, R., Rocke, D., & Ozonoff,
S. (2009). Examining executive functioning in children with
autism spectrum disorder, attention deficit hyperactivity disorder and typical development. Psychiatry Research, 166(2–3),
210–222.
D’agati, E., Moavero, R., Cerminara, C., & Curatolo, P., (2009). Attention-deficit hyperactivity disorder (ADHD) and tuberous sclerosis complex. Journal of Child Neurology, 24(10), 1282–1287.
Davidsson, M., Hult, N., Gillberg, C., Särneö, C., Gillberg, C., &
Billstedt, E. (2017). Anxiety and depression in adolescents with
ADHD and autism spectrum disorders; correlation between parent-and self-reports and with attention and adaptive functioning.
Nordic Journal of Psychiatry, 71(8), 614–620.
Davis, E. E., Pitchford, N. J., & Limback, E. (2011). The interrelation
between cognitive and motor development in typically developing children aged 4–11 years is underpinned by visual processing
and fine manual control. British Journal of Psychology, 102(3),
569–584.
de la Osa, N., Granero, R., Trepat, E., Domenech, J. M., & Ezpeleta,
L. (2016). The discriminative capacity of CBCL/1½-5-DSM5
scales to identify disruptive and internalizing disorders in
preschool children. European Child & Adolescent Psychiatry,
25(1), 17–23.
Ekberg, T. L., Falck-Ytter, T., Bölte, S., Gredebäck, G., & EASE
Team (2016). Reduced prospective motor control in 10-montholds at risk for autism spectrum disorder. Clinical Psychological Science, 4(1), 129–135.
Elsabbagh, M., Volein, A., Holmboe, K., Tucker, L., Csibra, G.,
Baron-Cohen, S., Bolton, P., Charman, T., Baird, G. & Johnson, M. H. (2009). Visual orienting in the early broader autism
phenotype: Disengagement and facilitation. Journal of Child
Psychology and Psychiatry, 50,(5), 637-642.
Elsabbagh, M., Fernandes, J., Webb, S. J., Dawson, G., Charman,
T., Johnson, M. H., & British Autism Study of Infant Siblings
Team. (2013). Disengagement of visual attention in infancy is
associated with emerging autism in toddlerhood. Biological
Psychiatry, 74,(3), 189-194.
Eppler, M. A. (1995). Development of manipulatory skills and the
deployment of attention. Infant Behavior and Development,
18(4), 391–405.
Erlenmeyer-Kimling, L., Rock, D., Roberts, S. A., Janal, M., Kestenbaum, C., Cornblatt, B., … Gottesman, I. I. (2000). Attention,
memory, and motor skills as childhood predictors of schizophrenia-related psychoses: The New York High-Risk Project.
American Journal of Psychiatry, 157(9), 1416–1422.
Fagard, J., Spelke, E., & von Hofsten, C. (2009). Reaching and
grasping a moving object in 6-, 8-, and 10-month-old infants:
Laterality and performance. Infant Behavior and Development,
32(2), 137–146.
Falck-Ytter, T., Nyström, P., Gredebäck, G., Gliga, T., Bölte, S.,
EASE team, … Hedenius, M., (2018). Reduced orienting to

13

Journal of Autism and Developmental Disorders
audiovisual synchrony in infancy predicts autism diagnosis at
3 years of age. Journal of Child Psychology and Psychiatry,
59(8), 872–880.
Falck-Ytter, T., Rehnberg, E., & Bölte, S. (2013). Lack of visual orienting to biological motion and audiovisual synchrony in 3-yearolds with autism. PLoS ONE, 8(7), e68816.
Flanagan, J. E., Landa, R., Bhat, A., & Bauman, M. (2012). Head lag in
infants at risk for autism: A preliminary study. American Journal
of Occupational Therapy, 66(5), 577–585.
Fliers, E., Rommelse, N., Vermeulen, S. H. H. M., Altink, M., Buschgens, C. J. M., Faraone, S. V., et al. (2008). Motor coordination
problems in children and adolescents with ADHD rated by parents and teachers: Effects of age and gender. Journal of Neural
Transmission, 115(2), 211–220.
Focaroli, V., Taffoni, F., Parsons, S. M., Keller, F., & Iverson, J. M.
(2016). Performance of motor sequences in children at heightened vs. low risk for ASD: A longitudinal study from 18 to 36
months of age. Frontiers in Psychology, 7, 724. https://doi.
org/10.3389/fpsyg.2016.00724.
Fogel, A., Dedo, J. Y., & McEwen, I. (1992). Effect of postural position
and reaching on gaze during mother-infant face-to-face interaction. Infant Behavior and Development, 15(2), 231–244.
Fournier, K. A., Hass, C. J., Naik, S. K., Lodha, N., & Cauraugh, J. H.
(2010). Motor coordination in autism spectrum disorders: A synthesis and meta-analysis. Journal of Autism and Developmental
Disorders, 40(10), 1227–1240.
Gagne, J. R., Asherson, P., & Saudino, K. J. (2020). A twin study
of inhibitory control at age two and ADHD behavior problems
at age three. Behavior Genetics. https://doi.org/10.1007/s1051
9-020-09997-5.
Galloway, J. C. C. (2004). The emergence of purposeful limb movements in early infancy. Journal of Human Kinetics, 12, 51–68.
Garg, S., Green, J., Leadbitter, K., Emsley, R., Lehtonen, A., Evans, D.
G., et al. (2013a). Neurofibromatosis type 1 and autism spectrum
disorder. Pediatrics, 132(6), e1642–e1648.
Garg, S., Lehtonen, A., Huson, S. M., Emsley, R., Trump, D., Evans,
D. G., et al. (2013b). Autism and other psychiatric comorbidity in neurofibromatosis type 1: Evidence from a populationbased study. Developmental Medicine & Child Neurology,
55(2), 139–145.
Gernsbacher, M. A., Sauer, E. A., Geye, H. M., Schweigert, E. K., &
Hill Goldsmith, H. (2008). Infant and toddler oral-and manualmotor skills predict later speech fluency in autism. Journal of
Child Psychology and Psychiatry, 49(1), 43–50.
Gibson, E. J. (1988). Exploratory behavior in the development of
perceiving, acting, and the acquiring of knowledge. Annual
Review of Psychology, 39(1), 1–42.
Ginsberg, Y., Quintero, J., Anand, E., Casillas, M., & Upadhyaya,
H. P. (2014). Underdiagnosis of attention-deficit/hyperactivity disorder in adult patients: A review of the literature. The
Primary Care Companion for CNS Disorders. https: //doi.
org/10.4088/PCC.13r01600.
Gordon-Lipkin, E., Marvin, A. R., Law, J. K., & Lipkin, P. H. (2018).
Anxiety and mood disorder in children with autism spectrum
disorder and ADHD. Pediatrics, 141(4), e20171377.
Gurevitz, M., Geva, R., Varon, M., & Leitner, Y. (2014). Early markers in infants and toddlers for development of ADHD. Journal
of Attention Disorders, 18(1), 14–22.
Haartsen, R., Jones, E. J., Orekhova, E. V., Charman, T., & Johnson,
M. H. (2019). Functional EEG connectivity in infants associates with later restricted and repetitive behaviours in autism;
a replication study. Translational Psychiatry, 9(1), 66. https://
doi.org/10.1038/s41398-019-0380-2.
Iarocci, G., & McDonald, J. (2006). Sensory integration and the perceptual experience of persons with autism. Journal of Autism
and Developmental Disorders, 36(1), 77–90.

13

Insel, T., Cuthbert, B., Garvey, M., Heinssen, R., Pine, D. S., Quinn,
K., et al. (2010). Research domain criteria (RDoC): Toward a
new classification framework for research on mental disorders.
American Journal of Psychiatry, 167(7), 748–751.
Iverson, J. M. (2010). Developing language in a developing body:
The relationship between motor development and language
development. Journal of Child Language, 37(2), 229–261.
Iverson, J. M., Shic, F., Wall, C. A., Chawarska, K., Curtin, S., Estes,
A., et al. (2019). Early motor abilities in infants at heightened
versus low risk for ASD: A Baby Siblings Research Consortium (BSRC) study. Journal of Abnormal Psychology, 128(1),
69–80.
Iverson, J. M., & Wozniak, R. H. (2007). Variation in vocal-motor
development in infant siblings of children with autism. Journal
of Autism and Developmental Disorders, 37(1), 158–170.
Johnson, M. H., Gliga, T., Jones, E., & Charman, T. (2015). Annual
Research Review: Infant development, autism, and ADHD—
early pathways to emerging disorders. Journal of Child Psychology and Psychiatry, 56(3), 228–247.
Jones, E. J., Gliga, T., Bedford, R., Charman, T., & Johnson, M. H.
(2014). Developmental pathways to autism: A review of prospective studies of infants at risk. Neuroscience & Biobehavioral
Reviews, 39, 1–33.
Just, M. A., Cherkassky, V. L., Keller, T. A., Kana, R. K., & Minshew,
N. J. (2006). Functional and anatomical cortical underconnectivity in autism: Evidence from an FMRI study of an executive
function task and corpus callosum morphometry. Cerebral Cortex, 17(4), 951–961.
Kaiser, M. L., Schoemaker, M. M., Albaret, J. M., & Geuze, R. H.
(2015). What is the evidence of impaired motor skills and motor
control among children with attention deficit hyperactivity disorder (ADHD)? Systematic review of the literature. Research in
Developmental Disabilities, 36, 338–357.
Kim, J. Y., & Ha, E. H. (2019). Cluster analysis of the child behavior
checklist 1.5–5 for preschool children diagnosed with a mental
disorder. Psychological Reports. https://doi.org/10.1177/00332
94119844980.
Klimkeit, E. I., Mattingley, J. B., Sheppard, D. M., Lee, P., & Bradshaw, J. L. (2005). Motor preparation, motor execution, attention,
and executive functions in attention deficit/hyperactivity disorder
(ADHD). Child Neuropsychology, 11(2), 153–173.
Klin, A., Lin, D. J., Gorrindo, P., Ramsay, G., & Jones, W. (2009).
Two-year-olds with autism orient to non-social contingencies
rather than biological motion. Nature, 459(7244), 257–261.
Koterba, E. A., Leezenbaum, N. B., & Iverson, J. M. (2014). Object
exploration at 6 and 9 months in infants with and without risk
for autism. Autism, 18(2), 97–105.
LaGasse, A. B., & Hardy, M. W. (2013). Considering rhythm for sensorimotor regulation in children with autism spectrum disorders.
Music Therapy Perspectives, 31(1), 67–77.
Landry, R., & Bryson, S. E. (2004). Impaired disengagement of attention in young children with autism. Journal of Child Psychology
and Psychiatry, 45(6), 1115–1122.
Landry, O., & Parker, A. (2013). A meta-analysis of visual orienting
in autism. Frontiers in Human Neuroscience, 7, 833. https://doi.
org/10.3389/fnhum.2013.00833.
Leary, M. R., & Hill, D. A. (1996). Moving on: Autism and movement
disturbance. Mental Retardation-Washington, 34(1), 39–53.
Leonard, H. C., Bedford, R., Pickles, A., Hill, E. L., & BASIS Team.
(2015). Predicting the rate of language development from early
motor skills in at-risk infants who develop autism spectrum disorder. Research in Autism Spectrum Disorders, 13, 15–24.
Libertus, K., & Needham, A. (2010). Teach to reach: The effects of
active vs. passive reaching experiences on action and perception.
Vision Research, 50(24), 2750–2757.

Journal of Autism and Developmental Disorders
Libertus, K., Sheperd, K. A., Ross, S. W., & Landa, R. J. (2014). Limited fine motor and grasping skills in 6-month-old infants at high
risk for autism. Child Development, 85(6), 2218–2231.
Libertus, K., & Violi, D. A. (2016). Sit to talk: Relation between motor
skills and language development in infancy. Frontiers in Psychology, 7, 475. https://doi.org/10.3389/fpsyg.2016.00475.
Livingston, L. A., & Happé, F. (2017). Conceptualising compensation in neurodevelopmental disorders: Reflections from autism
spectrum disorder. Neuroscience & Biobehavioral Reviews, 80,
729–742.
Luyster, R., Gotham, K., Guthrie, W., Coffing, M., Petrak, R., Pierce,
K., … Richler, J. (2009). The Autism Diagnostic Observation
Schedule—Toddler Module: A new module of a standardized
diagnostic measure for autism spectrum disorders. Journal of
Autism and Developmental Disorders, 39(9), 1305–1320.
McAlonan, G. M., Cheung, V., Chua, S. E., Oosterlaan, J., Hung, S.
F., Tang, C. P., et al. (2009). Age-related grey matter volume
correlates of response inhibition and shifting in attention-deficit
hyperactivity disorder. The British Journal of Psychiatry, 194(2),
123–129.
Mayes, S. D., Calhoun, S. L., Mayes, R. D., & Molitoris, S. (2012).
Autism and ADHD: Overlapping and discriminating symptoms.
Research in Autism Spectrum Disorders, 6(1), 277–285.
Meda, S. A., Ruaño, G., Windemuth, A., O’Neil, K., Berwise, C.,
Dunn, S. M., et al. (2014). Multivariate analysis reveals genetic
associations of the resting default mode network in psychotic
bipolar disorder and schizophrenia. Proceedings of the National
Academy of Sciences of the United States of America, 111(19),
E2066–E2075.
Melzer, A., Prinz, W., & Daum, M. M. (2012). Production and perception of contralateral reaching: A close link by 12 months of age.
Infant Behavior and Development, 35(3), 570–579.
Merten, E. C., Cwik, J. C., Margraf, J., & Schneider, S. (2017). Overdiagnosis of mental disorders in children and adolescents (in
developed countries). Child and Adolescent Psychiatry and Mental Health, 11(1), 5.
Miller, M., Iosif, A. M., Bell, L. J., Farquhar-Leicester, A., Hatch,
B., Hill, A., … Ozonoff, S. (2020). Can familial risk for ADHD
be detected in the first two years of life? Journal of Clinical
Child & Adolescent Psychology. https://doi.org/10.1080/15374
416.2019.1709196.
Miller, M., Musser, E. D., Young, G. S., Olson, B., Steiner, R. D.,
& Nigg, J. T. (2019). Sibling recurrence risk and cross-aggregation of attention-deficit/hyperactivity disorder and autism
spectrum disorder. JAMA Pediatrics, 173(2), 147–152.
Minshew, N. J., Sung, K., Jones, B. L., & Furman, J. M. (2004).
Underdevelopment of the postural control system in autism.
Neurology, 63(11), 2056–2061.
Morange, F., & Bloch, H. (1996). Lateralization of the approach
movement and the prehension movement in infants from 4 to
7 months. Early Development and Parenting: An International
Journal of Research and Practice, 5(2), 81–92.
Moss, J., & Howlin, P. (2009). Autism spectrum disorders in genetic
syndromes: Implications for diagnosis, intervention and understanding the wider autism spectrum disorder population. Journal of Intellectual Disability Research, 53(10), 852–873.
Mullen, E. M. (1995). Mullen scales of early learning. Circle Pines,
MN: AGS.
Musser, E. D., Hawkey, E., Kachan‐Liu, S. S., Lees, P., Roullet, J.
B., Goddard, K., … Nigg, J. T. (2014). Shared familial transmission of autism spectrum and attention‐deficit/hyperactivity
disorders. Journal of Child Psychology and Psychiatry, 55(7),
819–827.
Nevalainen, P., Lauronen, L., & Pihko, E. (2014). Development of
human somatosensory cortical functions—what have we learned
from magnetoencephalography: A review. Frontiers in Human

Neuroscience, 8, 158. https: //doi.org/10.3389/fnhum. 2014.00158
.
Nickel, L. R., Thatcher, A. R., Keller, F., Wozniak, R. H., & Iverson, J.
M. (2013). Posture development in infants at heightened versus
low risk for autism spectrum disorders. Infancy, 18(5), 639–661.
Noterdaeme, M., Mildenberger, K., Minow, F., & Amorosa, H. (2002).
Evaluation of neuromotor deficits in children with autism and
children with a specific speech and language disorder. European
Child & Adolescent Psychiatry, 11(5), 219–225.
O’Shea, T. M., Joseph, R. M., Kuban, K. C., Allred, E. N., Ware,
J., Coster, T., … Leviton, A. (2014). Elevated blood levels of
inflammation related proteins are associated with an attention
problem at age 24 mo in extremely preterm infants. Pediatric
Research, 75(6), 781–787.
Owen, M. J., & O’Donovan, M. C. (2017). Schizophrenia and the neurodevelopmental continuum: Evidence from genomics. World
Psychiatry, 16(3), 227–235.
Ozonoff, S., Macari, S., Young, G. S., Goldring, S., Thompson, M., &
Rogers, S. J. (2008). Atypical object exploration at 12 months
of age is associated with autism in a prospective sample. Autism,
12(5), 457–472.
Ozonoff, S., Young, G. S., Carter, A., Messinger, D., Yirmiya, N.,
Zwaigenbaum, L., … Hutman, T. (2011). Recurrence risk for
autism spectrum disorders: A Baby Siblings Research Consortium study. Pediatrics, 128(3), e488.
Palter, V. N., Grantcharov, T., Harvey, A., & MacRae, H. M. (2011).
Ex vivo technical skills training transfers to the operating room
and enhances cognitive learning: A randomized controlled trial.
Annals of Surgery, 253(5), 886–889.
Panagiotidi, M., Overton, P. G., & Stafford, T. (2017). Multisensory
integration and ADHD-like traits: Evidence for an abnormal temporal integration window in ADHD. Acta Psychologica, 181,
10–17.
Peralta, V., & Cuesta, M. J. (2017). Motor abnormalities: From neurodevelopmental to neurodegenerative through “functional”
(neuro) psychiatric disorders. Schizophrenia Bulletin, 43(5),
956–971.
Perchet, C., Revol, O., Fourneret, P., Mauguière, F., & Garcia-Larrea, L. (2001). Attention shifts and anticipatory mechanisms in
hyperactive children: An ERP study using the Posner paradigm.
Biological Psychiatry, 50(1), 44–57.
Piaget, J. (1952). The origins of intelligence in children. New York:
University Press.
Piek, J. P., & Dyck, M. J. (2004). Sensory-motor deficits in children
with developmental coordination disorder, attention deficit
hyperactivity disorder and autistic disorder. Human Movement
SCIENCE, 23(3–4), 475–488.
Piven, J., Bailey, J., Ranson, B. J., & Arndt, S. (1997). An MRI
study of the corpus callosum in autism. American Journal of
Psychiatry, 154(8), 1051–1056.
Provine, R. R., & Westerman, J. A. (1979). Crossing the midline:
Limits of early eye-hand behavior. Child Development, 50,
437–441.
Pryde, K. M., Bryden, P. J., & Roy, E. A. (2000). A developmental
analysis of the relationship between hand preference and performance. I. Preferential reaching into hemispace. Brain and
Cognition, 43(1–3), 370–374.
Reiersen, A. M., Constantino, J. N., & Todd, R. D. (2008). Co-occurrence of motor problems and autistic symptoms in attentiondeficit/hyperactivity disorder. Journal of the American Academy of Child & Adolescent Psychiatry, 47(6), 662–672.
Richard, A. E., & Lajiness-O’Neill, R. (2015). Visual attention
shifting in autism spectrum disorders. Journal of Clinical and
Experimental Neuropsychology, 37(7), 671–687.

13

Journal of Autism and Developmental Disorders
Rigato, S., Begum Ali, J., van Velzen, J., & Bremner, A. J. (2014).
The neural basis of somatosensory remapping develops in
human infancy. Current Biology, 24(11), 1222–1226.
Rigney, G., Ali, N. S., Corkum, P. V., Brown, C. A., Constantin, E.,
Godbout, R., et al. (2018). A systematic review to explore the
feasibility of a behavioural sleep intervention for insomnia in
children with neurodevelopmental disorders: A transdiagnostic
approach. Sleep Medicine Reviews, 41, 244–254.
Ronald, A., Pennell, C. E., & Whitehouse, A. J. (2011). Prenatal
maternal stress associated with ADHD and autistic traits in
early childhood. Frontiers in Psychology, 1, 223. https://doi.
org/10.3389/fpsyg.2010.00223.
Ronald, A., Simonoff, E., Kuntsi, J., Asherson, P., & Plomin, R.
(2008). Evidence for overlapping genetic influences on autistic
and ADHD behaviours in a community twin sample. Journal of
Child Psychology and Psychiatry, 49(5), 535–542.
Ruff, H. A., & Rothbart, M. K. (1996). Attention in infancy: Themes
and variations. New York: Oxford University Press.
Russell, G., Rodgers, L. R., Ukoumunne, O. C., & Ford, T. (2014).
Prevalence of parent-reported ASD and ADHD in the UK:
Findings from the Millennium Cohort Study. Journal of Autism
and Developmental DISORDERS, 44(1), 31–40.
Rutter, M., Bailey, A., & Lord, C. (2003). The social Communication
Questionnaire: Manual. Torrance, CA: Western Psychological
Services.
Sacrey, L. A. R., Bryson, S. E., & Zwaigenbaum, L. (2013). Prospective examination of visual attention during play in infants at
high-risk for autism spectrum disorder: A longitudinal study
from 6 to 36 months of age. Behavioural Brain Research, 256,
441–450.
Sayal, K., Prasad, V., Daley, D., Ford, T., & Coghill, D. (2018). ADHD
in children and young people: Prevalence, care pathways, and
service provision. The Lancet Psychiatry, 5(2), 175–186.
Shephard, E., Bedford, R., Milosavljevic, B., Gliga, T., Jones, E. J.
H., Pickles, A., et al. (2018). Early developmental pathways to
childhood symptoms of attention-deficit hyperactivity disorder,
anxiety and autism spectrum disorder. Journal of Child Psychology and Psychiatry. https://doi.org/10.1111/jcpp.12947.
Simonoff, E., Pickles, A., Charman, T., Chandler, S., Loucas, T., &
Baird, G. (2008). Psychiatric disorders in children with autism
spectrum disorders: Prevalence, comorbidity, and associated factors in a population-derived sample. Journal of the American
Academy of Child & Adolescent Psychiatry, 47(8), 921–929.
Smoller, J. W. (2013). Disorders and borders: Psychiatric genetics and
nosology. American Journal of Medical Genetics Part B: Neuropsychiatric Genetics, 162(7), 559–578.
Sørensen, H. J., Mortensen, E. L., Schiffman, J., Reinisch, J. M.,
Maeda, J., & Mednick, S. A. (2010). Early developmental milestones and risk of schizophrenia: A 45-year follow-up of the
Copenhagen Perinatal Cohort. Schizophrenia Research, 118(1–
3), 41–47.
Sparrow, S. S., Cicchetti, D. V., Balla, D. A., & Doll, E. A. (2005).
Vineland Adaptive Behavior Scales: Survey forms manual. Alexandria, VA: American Guidance Service.
Stevens, T., Peng, L., & Barnard-Brak, L. (2016). The comorbidity of
ADHD in children diagnosed with autism spectrum disorder.
Research in Autism Spectrum Disorders, 31, 11–18.
Stilwell, J. M. (1987). The development of manual midline crossing in
2-to 6-year-old children. The American Journal of Occupational
Therapy, 41(12), 783–789.
Stöckel, T., & Hughes, C. M. (2015). Effects of multiple planning
constraints on the development of grasp posture planning in
6-to 10-year-old children. Developmental psychology, 51(9),
1254–1261.

13

Sullivan, E. L., Holton, K. F., Nousen, E. K., Barling, A. N., Sullivan, C. A., Propper, C. B., et al. (2015). Early identification of
ADHD risk via infant temperament and emotion regulation: A
pilot study. Journal of Child Psychology and Psychiatry, 56(9),
949–957.
Teicher, M. H., Dumont, N. L., Ito, Y., Vaituzis, C., Giedd, J. N., &
Andersen, S. L. (2004). Childhood neglect is associated with
reduced corpus callosum area. Biological Psychiatry, 56(2),
80–85.
Thatcher, R. W., North, D. M., & Biver, C. J. (2008). Development of
cortical connections as measured by EEG coherence and phase
delays. Human Brain Mapping, 29(12), 1400–1415.
Thelen, E. (1995). Motor development: A new synthesis. American
Psychologist, 50(2), 79–95.
Thelen, E., Corbetta, D., Kamm, K., Spencer, J. P., Schneider, K.,
& Zernicke, R. F. (1993). The transition to reaching: Mapping
intention and intrinsic dynamics. Child Development, 64(4),
1058–1098.
Townsend, J., Harris, N. S., & Courchesne, E. (1996). Visual attention
abnormalities in autism: Delayed orienting to location. Journal
of the International Neuropsychological Society, 2(6), 541–550.
Van Hof, P., Van der Kamp, J., & Savelsbergh, G. J. P. (2002). The relation of unimanual and bimanual reaching to crossing the midline.
Child Development, 73(5), 1353–1362.
Vidal, C. N., Nicolson, R., DeVito, T. J., Hayashi, K. M., Geaga, J. A.,
Drost, D. J., et al. (2006). Mapping corpus callosum deficits in
autism: An index of aberrant cortical connectivity. Biological
Psychiatry, 60(3), 218–225.
Visser, J. C., Rommelse, N. N., Greven, C. U., & Buitelaar, J. K.
(2016). Autism spectrum disorder and attention-deficit/hyperactivity disorder in early childhood: A review of unique and shared
characteristics and developmental antecedents. Neuroscience &
Biobehavioral Reviews, 65, 229–263.
von Hofsten, C. (1984). Developmental changes in the organization
of prereaching movements. Developmental Psychology, 20(3),
378–388.
Wada, M., Suzuki, M., Takaki, A., Miyao, M., Spence, C., & Kansaku,
K. (2014). Spatio-temporal processing of tactile stimuli in autistic children. Scientific reports, 4, 5985. https://doi.org/10.1038/
srep05985.
Wade, M., Prime, H., & Madigan, S. (2015). Using sibling designs
to understand neurodevelopmental disorders: From genes and
environments to prevention programming. BioMed Research
International. https://doi.org/10.1155/2015/672784.
White, B. L., Castle, P., & Held, R. (1964). Observations on the development of visually-directed reaching. Child development, 35(2),
349–364.
Wolff, J. J., Gerig, G., Lewis, J. D., Soda, T., Styner, M. A., Vachet,
C., et al. (2015). Altered corpus callosum morphology associated with autism over the first 2 years of life. Brain, 138(7),
2046–2058.
Xie, W., Mallin, B. M., & Richards, J. E. (2018). Development of
infant sustained attention and its relation to EEG oscillations:
An EEG and cortical source analysis study. Developmental Science, 21(3), e12562.
Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

