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ABSTRACT
MULTIMODAL SENSORY INTEGRATION FOR PERCEPTION AND @GTION IN
HIGH FUNCTIONING CHILDREN WITH AUTISM SPECTRUM DISBDER

Nicole M. G. Salowitz, B.S.

Marquette University, 2015

Movement disorders are the earliest observedresitof autism spectrum disorder (ASD) present
in infancy. Yet we do not understand the neuraldfas impaired goal-directed movements in this
population. To reach for an object, it is necessanyerceive the state of the arm and the objangus
multiple sensory modalities (e.g. vision, propripiien), to integrate those sensations into a mpolam, to
execute the plan, and to update the plan baseleosensory consequences of action. In this dissertd
present three studies in which | recorded handspattichildren with ASD and typically developing (TD
controls as they grasped the handle of a robotiicddo control a cursor displayed on a video stré@st,
participants performed discrete and continuous mmeves to capture targets. Cursor feedback was
perturbed from the hand’s actual position to introg visuo-spatial conflict between sensory and
proprioceptive feedback. Relative to controls, adtgh with ASD made greater errors, consistent with
deficits of sensorimotor adaptive and strategic pensations. Second, participants performed a two-
interval forced-choice discrimination task in whittey perceived two movements of the visual cursor
and/or the robot handle and then indicated whicthetwo movements was more curved. Children with
ASD were impaired in their ability to discriminatevement kinematics when provided visual and
proprioceptive information simultaneously, suggestileficits of visuo-proprioceptive integrationnéily,
participants made goal-directed reaching movemesyainst a load while undergoing simultaneous
functional magnetic resonance imaging (MRI). Thedloemained constant (predictable) within an ihitia
block of trials and then varied randomly within fadditional blocks. Children with ASD exhibitedegiter
movement variability compared to controls duringhbconstant and randomly-varying loads. MRI analysi
identified marked differences in the extent anénsity of the neural activities supporting goakdted
reaching in children with ASD compared to TD chddrin both environmental conditions. Taken together
the three studies revealed deficits of multimodsis®ry integration in children with ASD during
perception and execution of goal-directed movemantsASD-related motor performance deficits have a
telltale neural signature, as revealed by functidMia imaging.
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CHAPTER 1: RATIONALE AND SPECIFIC AIMS

Rationale and Hypothesis

Many everyday tasks require movements of the hamraquire a physical goal. For example, we
reach to a stationary target such as a glass efrwadten we are thirsty or we track a moving tasyeth as
a toddler’s hand to prevent her from touching aswrface. Goal-directed behaviors can be modeled by
several stages: sensation of limb and target stgpasial calibration of limb state sensationsgnation of
those sensations into a motor plan, executionaifgitan, and updating of that plan based on semsatif
the consequences of the action.

Two complementary sensory modalities commonly dsesbtimate limb kinematic state are
vision and proprioception and many recent resesiaties have explored how differences in the neural
encoding of information from these two modalities eesolved to produce a consistent estimate df lim
state (Ernst and Banks, 2002; van Beers et al9,18%02; Reuschel et al., 2010). This state estinsat
used to select and update a motor plan based omatit sensorimotor adaptation and/or volitional
strategic compensatory reactions. Automatic semsxiar adaptation is a form of learning that evolves
over a series of movements whereby some aspecipiria task performance is restored in the preseasic
external mechanical perturbations and/or distostioisensory feedback of that performance (Kagstrer
al., 1997; Klassen et al., 2005). During automatiaptation the state estimate is used subconsgituus|
update subsequent motor commands to minimize theecence of perturbation or sensory distortion
(Scheidt et al., 2001). Volitional strategic comgation is another form of learning wherein a
compensation strategy is selected from severaladblaimotor plans in response to conscious peae ofi
sensorimotor discord (Redding and Wallace, 199Kiy@ma et al., 2000; Cunningham and Pavel, 1991,
Kagerer et al., 1997; Klassen et al., 2005).

Clinical observation has found that some peoplé aittism spectrum disorder (ASD) exhibit
abnormalities related to sensory information preggs Such abnormalities include heightened and/or

attenuated responses to sensory stimuli compareghtools (O’Neill and Jones, 1997; Lane et al1@0



Ben-Sasson et al., 2009; Dawson and Watling, 2B0¢o et al., 2011; Ornitz, 1974, 1983); temporary
loss of perception (O'Neill and Jones, 1997; Orri@74); incorrect attribution of perceived sermatio
another modality (i.e. synesthesia; O’Neill andekri997); or stereotyped behaviors such as head-
banging or hand-flapping (Lane et al., 2010; BessBa et al., 2009; Dawson and Watling, 2000; Oynitz
1974, 1983). Case studies have attempted to ckeamcsensory processing abnormalities in theddrehni
(O’Neill and Jones, 1997). However, findings haeeibinconsistent because abnormal behaviors are
transient and they range in severity across thadspectrum of autism.

The studies described in this Dissertation takgstesns-level approach to characterize deficits in
the model of goal-directed movement in childrerhwiiSD. Using computational modeling and functional
neuroimaging techniques, three aspects of senstmiroontrol will be characterized by comparing
performance of children with ASD to performancel@f children. These include alignment and calibratio
of visual and proprioceptive spaces, integratioresfsory contributions from the two modalities tfoe
perception of hand path kinematics, and memory¢bpsedictive updating of discrete movementest
the hypotheses that children with ASD differ frdinchildren in how they use sensory information ualg
limb movements and that deficits in sensorimotfmrimation processing give rise to deficits in

compensation for unpredictable environmental chathgigng goal-directed movement in these children.

Aim 1: Characterize the role of volitional strategt compensations and automatic sensorimotor
adaptation to visuo-proprioceptive reference framecalibration during reaching and tracking
behaviors in typically developing children and chiiren with autism spectrum disorder

Because proprioceptive information from muscle df@s is encoded in a muscle-based coordinate
frame and visual information is encoded in twoaliént retinotopic coordinate frames, a transforomafor
mapping) is required to align the spatial coordisaif afferent sensory information of limb and &drstate
with that expected to arise from efferent motor omands (Ghahramani et al., 1996). For example, a
transformation occurs between the coordinateseofatina and those of the muscles during visualiged
reaching such that the movement goal is represémtsoime reference frame intermediate to eye- and
muscle-based frames (Pouget and Snyder, 2000; senlet al, 1993). The transformation must be

amenable to change via volitional strategies (e.gbserve and imitate the actions of another perso



viewed in a mirror or on a video screen or whegdarisuomotor distortions are imposed suddenly)ar
automatic sensorimotor adaptation (e.g. to copk ghanges in limb length during growth or when $mal
visuomotor distortions are imposed gradually).

People with ASD exhibit clumsiness (Ghaziuddin 8uder, 1998) as well as specific motor
impairments related to movement planning (Rinebtal., 2001; Rinehart et al., 2006; Glazebrookl et
2008; Schmitz et al., 2003), task sequencing (B004) and postural control (Molloy et al., 2003;
Minshew et al., 2004). However, there is confligtevidence supporting a general coordination defici
ASD (Ghaziuddin et al., 1994; Rinehart et al., 200006; Gidley Larson et al., 2008; Mostofsky et al
2004). Here, in a series of two experiments, | ab@rized sensation of limb state, spatial calibnaof
limb state sensations, and motor plan updatinghdurolitional strategic compensation and automatic
sensorimotor adaptation for sensorimotor discomihdugoal-directed reaching and tracking.

In the first experiment, participants moved a ratertdle out-and-back to targets presented on a
video screen. Participants completed two versidriseoexperiment which differed in the way cursor
feedback was perturbed. In one version of the @asisor feedback was reflected about the partitipan
midline to assess his/her ability to select striaetp compensate for the known distortion. Indtier
version of the task, cursor feedback was increntigmatated about hand position to assess children’
ability to automatically use sensorimotor adapteenpensation. Hand path errors during the beginofng
the trajectory were used to assess motor commaatating.| tested the hypotheses that relative to TD
children, children with ASD exhibit an impaired ability to compensate for novel visuomotor
transformations during goal-directed reaching, and that the behavioral deficits have both a volitional
strategic and automatic adaptive component. In the second experiment, participants moved tinelleaof a
horizontal planar robot to continuously track thesifion of a target as it moved at one of two canist
speeds within the space of a video screen. In ¢oalg, the target appeared as a single dot osdfeen.

In others, it also included advanced spatiotemgafatmation about where the cursor would be same t
in the future. After a period of baseline practite relationship between hand motion and cursiiom
was reflected about the participant’s midline. Témk was repeated four times, once with each
combination of target speed and configuration. Wantified the pattern of spatial errors betweenhidned

and target during tracking to characterize thetgdoif children with ASD to integrate anticipatovisual



information into their ongoing movements and torelterize their ability to apply strategic spatial
transformations to that anticipatory informationemmeeded to update their motor platested the
hypothesisthat relative to TD children, children with ASD exhibit deficitsin the performance of manual
tracking movements consistent with impaired ability to apply a strategic, compensatory, spatial

transformation to the visual cues used to plan and execute ongoing manual tracking movements.

Aim 2: Quantify visual and proprioceptive contributions to the estimation of limb kinematic state in
typically developing children and children with autism spectrum disorder

ASD-related deficits in visuomotor compensationlddae due to deficits in sensory perception,
deficits in motor plan formation, or deficits irettransformation of the motor plan into action. The
experiments described above (Aim 1) were desigoédentify whether motor plan formation and/or
execution are impaired in ASD. In the current ekpent (Aim 2), | characterize sensory integration f
perception and response selection in ASD. Visiahmoprioception provide complementary information
related to limb position. As a result, we retaia #bility to perceive the environment when oneheke
modalities becomes unreliable (due to aging, deseasenvironmental effects) by increasing the
contribution of the other intact modality. We casign priority rankings (weights) to each sensoyrse
based on the relative uncertainty of the signatagEand Banks, 2002). The contributions of both
modalities are combined to produce a single eséiroalimb state.

Some have reported that during sensorimotor integréasks, children with ASD as a group
prefer haptic modalities over visual modalitiestgreater extent than TD children who favor vigierith
and Hermelin, 1969; Masterton and Biederman, 188&well et al., 2009). However, these conclusions
were derived from measures of motor performancelwitiay have been influenced by deficits in the
formation of a motor plan and deficits in the exemuof that plan. Here, | quantified the extentatoich
the relative contributions of vision and propriotiep for perception are updated in response tce#sing
levels of visual uncertainty.

Participants completed a two-interval forced chaliserimination task, in which they grasped the
handle of a robotic device and/or watched a cullsgplayed on a computer screen. They observedesser

of two movements in which the curvatures of thechand/or cursor paths were selected from a set of



several distinct values. Participants indicatedtivaethe second movement was more or less cureed th
the first movement by pressing one of two respdngtons. The reliability of visual information was
systematically manipulated by varying the widthtw# cursor's Gaussian spatial distribution on défe
trials. Psychometric analysis was used to meaberectative contributions of vision and propriodeptto
the perception of hand movement kinematidssted the hypotheses that relative to TD children, the
neural processes underlying multisensory integration and the re-distribution of sensory weightsin

response to increased amounts of visual uncertainty are compromised in children with ASD.

Aim 3: Identify neural correlates of goal-directedreaching during compensation for unpredictable
loads in typically developing children and childrenwith autism spectrum disorder

The experiments described above were designedéondee the extent to which ASD-related
deficits in visuomotor compensation were due tesagan of limb and target states (Aims 1 and 2fiap
calibration of limb state sensations (Aim 1), ingn of those sensations into a motor plan (A)m 1
and/or execution of that plan (Aim 1). The finapeximent (Aim 3) was designed to characterize motor
plan updating based on sensations of the consegsi@fithe movement and to identify neural corrslate
goal-directed reaching in children with ASD relatio TD children.

Sensorimotor adaptation allows us to restore s@peat of motor performance in the presence of
an ever-changing environment. To respond to enmiertal changes, we must perceive the environment
through sensory inputs (vision and proprioceptsag Aims 1 and 2) and estimate outcomes of ousracti
Previously we have shown that memories of prioreeignces can be used to form predictions of future
motor outcomes in a sample of healthy adults (Sithetial., 2012). Furthermore, we found neural
correlates of memory and prediction within a disited network of cortical and subcortical brainioeg.

Children with ASD exhibit deficits in the formatiaf a motor plan (Rinehart et al., 2001, 2006;
Hughes, 1996; Hill, 2004; Fabbri-Destro et al., 20¢However, it is unknown if these deficits areeda
systematic updating of the motor plan based onasiems of movement outcomes. Here, | characterized
kinematic performance measures and identified meoraelates of goal-directed reaching.

Participants grasped the handle of a pneumatict nobite they made goal-directed wrist flexion

movements against forces applied to the hand teet either constant across trials or randomly-veyyi



across trials. Magnetic resonance imaging data sieraltaneously collected to later correlate brain
activity with movement onset. By identifying neucalrrelates of motor execution and sensorimotor
prediction, | was able to identify networks of loraggions that supported goal-directed reachirepch
group.| tested the hypotheses that relative to TD children, children with ASD have a diminished capacity
for prediction and a deficit in motor execution and that these performance characteristics engaged an
alternate network of neural correlates.

The experiments described in this Dissertationattarized differences in sensorimotor
adaptation and corresponding brain activity betwargliren with ASD and TD children. Such differeace
arose from quantifiable sensory information prowegdeficits in children with ASD. My findings have
clinical significance because new therapies magiebeeloped to improve motor performance of children
with ASD by addressing specific deficits in theatning process (e.g. multimodal sensory integnatio
sensorimotor memory formation, environmental loeetjction, etc). Finally, by identifying differensén
brain activity correlated with behavioral learnigsignals in autistic (relative to TD) children | calentify
ASD-related differences in how the brain respoddyinamically changing environments, thereby

advancing our knowledge of autistic symptoms amdt tinderlying neural sources and/or compensations.



CHAPTER 2: BACKGROUND

Limb Position Estimation

Limb position control can be modeled such thatsai@iproprioceptive estimate of limb position,
S, is subtracted from the desired limb statg t® produce an error signal,which modulates the motor
plan (Figure 2-1; cf. Poladia, 2009; Wolpert ef #898; M. Heenan, personal communication, Septembe
2, 2010; S. Beardsley, personal communication, Bdes 1, 2010). There are at least two ways that we
estimate limb position: by viewing the limb dirgcfvision) and by using muscle spindle propriocepto
sense limb position in a muscle-based refereneeefiigroprioception). As shown in the feedback dith
Figure 2-1, actual limb positiongHs sensed by cells (transducers) such as pheoi@ccells in the retina
(vision) or receptors in the muscles, tendonstgoiand skin (proprioception). Sensory receptds ek
not perfect and they add noise and delays to tmabkduring transduction. However, a neural netwady
act as a filter for receptor noise as multiple semsonverge to a single modality-specific représtén of

limb position.
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Figure 2-1: Block diagram of limb position control. In the forward path [top] motor commands are
updated to produce limb movement in relation todfmted performance while in the feedback path
[bottom] sensory signals from vision and propridaap are spatially processed and integrated tanesé
actual limb position. Gray boxes illustrate Aim8.1-

Visual information is transduced in retinotopic odioates, while proprioceptive information is
transduced in body-centered coordinates. To oltainified estimate of limb state that integrates
information from both senses, contributions fronthb&ources must be mapped to a common reference
frame. A disturbance may cause the baseline sgdiggdment of vision and proprioception to be
inadequate. Recalibration of visual and proprioweptlignment is necessary to restore motor functio
during environmental distortion and has been oleskivv adults (Kagerer et al., 1997; Klassen eRal5)
and children (King et al., 2009). Two independesiearch groups (Kagerer et al., 1997; Klassen,et al
2005) characterized sensorimotor compensationliagmstudents when visual feedback was rotated fro
the hand’s position by small amounts (0.125 and &@&r many trials (240 and 600) and when visual
feedback was rotated suddenly (within one trialpigrge amount (30 and 90°). When visuomotor

rotations were applied gradually, performance srremained small throughout the testing session.



However, when visuomotor rotations were applieddsmtly, participants produced large errors at thsebn
of applied distortion, and then performance ergreslually decreased during the testing session.
Researchers have found more complete adaptatimwioty gradual visual rotations (Kagerer et al.9719
Klassen et al., 2005), thus large performance g@g not necessary for spatial adaptation to occur
(Klassen et al., 2005). Compensations for visuomattations that were presented suddenly resutted i
larger error, reduced aftereffects (Kagerer etl@97) and worse retention (Klassen et al., 2085) a
compared to compensation for rotations that weesgnted gradually. Smeets and colleagues (2006)
observed the stability of visuo-proprioceptive atitent during goal-directed reaching. Participaeéshed
to targets during alternating periods in which asisieedback was absent or present. When visuab&sd
was removed, movements (relying exclusively on pomeption) drifted to a repeatable bias location
approximately 5 cm from visuo-proprioceptive reach#&'e confirmed this observation with healthy adult
volunteers (Salowitz, neé Gregor et al., 2008).

The integration of visual and proprioceptive imf@tion can improve motor performance
compared to information from a single sensory mitglé@bmeets et al., 2006). Prior studies have shown
that healthy adults are biased to rely on visuf@rmation to a greater extent than other sensonyatities
such as haptics (Ernst and Banks, 2002) and he@uitpglia et al., 2003). Furthermore, Helms Tille
and colleagues (1991) have shown that kinestha@is alone are insufficient to yield a reliablerastie of
hand position. However, if visual feedback becomma®liable, adults will re-distribute the relatisensory
weighting of vision and haptics such that the reéainfluence of haptics will increase (Ernst anahRs,
2002). Ernst and Banks (2002) estimated relatigaaliand haptic weights during a two-interval farce
choice task in which participants perceived the siza cube by looking at it (vision) and/or fegli
(haptics). If vision, v, and proprioception, p, ased to estimate hand path kinematics then thedaim
state estimate (§ cf. Figure 2-1) is determined from a weighted baration of the visual and

proprioceptive state estimates,e&d §, respectively, as follows:

Sp =W, S, +W,S,



10

Ernst and Banks (2002) estimated the relative wisjgh, of each sensory modality from their respecti

variances as follows:

2 2
o o
W= — g andw, = ——— [2-1]
oy +op oy +op

such that w+ w, = 1. Furthermore, the variances of each sensodatitp can be combined to estimate the

variance of the bimodal estimatefp, as follows:

2 2
2 0\0p

vp =
i+

[2-2]

O

By definition [Eq 2-2), the variance of the bimodal estimate is smakhan the variance of either sensory
modality (Ernst and Banks, 2002). If the abilityperceive hand path kinematics is impaired, then th
variance in the single modality estimates wouldéase and the overall response uncertainty wost al

increase as shown in Figure 2-2.
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Figure 2-2: Multisensory integration with uncertainty in sensory estimates(a) Probability density

functions and (b) psychometric functions of permepbf hand path kinematics. When uncertainty ia th
sensory estimates is low [left], sensory estimates more variable and the discrimination threstisid

smaller compared to the condition in which uncatiain the sensory estimates is high [right].

Formation, Execution, and Updating of Motor Plans

We compare our body’s estimate of limb statg, ®ith the desired position4Pto form a motor
plan, we execute the plan, and then we evaluateghgequences of our action to update subsequeat mo
plans. Following the forward path in Figure 2-1e ttomparison of estimated and target positionslyial
difference vectorg. The difference vector is used to update motorrnands in the form of torques by way

of a neural controller which acts similarly to aportional, integral, derivative (PID) controlld?qladia,
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2009). Finally, the motor commands yield the acpgdition state, £through the plant or controlled
object (i.e. the body). Poladia (2009) showed ¢hfmrward model Smith predictor improves the estéma
of current position by subtracting the effectshe plant and adding noiseless sensory feedbackcpced
to the error signal to temporally align the feedbsignal with the desired state, thus accountimglédays
in the transduction process. Without Smith predictrrection, participants could not reach theearg
because current desired position would be compagathst actual position that occurred earlierrimeti

During reaching, participants use a feedforwardidii@ phase to quickly bring the hand close to
the target (cf. “Action Selection” shown in Figuzel) followed by a fine-tuning phase (driven by seny
feedback) to improve accuracy. The brain uses agparechanisms to plan the initial trajectory andlf
positioning phases (Scheidt and Ghez, 2007) eaqmkgented in a different coordinate frame (Ghed.get
2007). During development children’s movementspaimarily ballistic up to age 7 (Hay, 1978). At tha
time, performance errors increase as children leamto use online feedback control (given by
proprioception) and approach adult levels at agéHhl, 1978). With practice and development,
performance shifts to feedforward modes of cordsoén internal model of the environment is develope
with experience (Seidler et al., 2004). Feedforwamdtrol occurs faster, yet accuracy depends ososgn
information obtained through feedback control (shaecuracy tradeoff; Seidler et al., 2004). Motor
updating can be observed by discrete correctioriagltracking or postural stabilization. The oceurce
of discrete corrections might be related to retinadating and/or an error threshold (Miall et 4293).

We have previously shown that goal-directed reaghirsupported by memory-based predictive
updating of motor commands (Scheidt et al., 20t2pur study, participants grasped the handlerobat
with their dominant hand and made wrist flexion mments against a random sequence of loads.
Knowledge of results (KR) related to end positiod anovement duration were displayed upon movement
completion. We found that movement error was lilyeaalated to load. Unsupervised learning was
represented by the statistics of state estimatgseXxample, in our experiment unsupervised learniag
represented by two prior loads (determined by systelentification). We also analyzed a predictigmal
derived from two prior memories of force perturbati This signal was based on subject-specific

behavioral data and a systems identification tepdeveloped by Scheidt and colleagues (2001).
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We found that adults adapted to random force peations using minimal effort with a time
constant of 31 trials. Systems identification showmat errorg;, was estimated as a linear sum of current
trial perturbation, K and perturbations applied in the prior two tri#ls, and K., as follows:

& =boK; + b Kj_; +b,K_, [2-3]

From this equation, we found that the predictiompéoming Ioad,IAii , was related to the prior two

memories of loads as follows:

5 b
K; :_%Ki_l_b_z Kiz [2-4]

Memory-based prediction occurs in the forward platktrated in Figure 2-1 wherk is given in units of
torque. The memories of actual position stajewere multiplied by the spring constant of thalteind a
subject-specific weighting factor (/bo,-b,/by seeEq 2-4 to produce a torque command. This prediction

can modulate the limb’s response to upcoming peations.

Sensorimotor Deficits in Autism Spectrum Disorder

Symptoms of autism spectrum disorder (ASD) inclsdeial deficits as well as stereotyped
behaviors (American Psychiatric Association, 20bByeviews, see Gerlai and Gerlai, 2003; Rapi®7)9
Sensory information processing is also impairedhé_at al., 2010; Ornitz, 1974, 1983; O'Neill and&s,
1997; Wiggins et al., 2009; Gerrard and Rugg, 260&melin and O’Connor, 1970; for reviews see Ben-
Sasson et al., 2009; Baranek, 2002; Dawson andiyafl000) and sensory dysfunction is correlatetth wi
the severity of ASD in children but not adults (Ket al., 2007). Sensorimotor learning might beral in
children with ASD to preserve aspects of motor fiomcdespite abnormal sensory processing. Other
symptoms of ASD (poor imitative, language, and aloskills) could be caused by impairments of sensor
processing.

The ability to imitate another person requires cengation for the transformation between visual
feedback of the observed demonstrator and proppineefeedback of one’s own body. Imitation is
impaired in children (Salowitz et al., 2013, Rogetsl., 2003; Stone et al., 1997; Haswell et24Q9;

Ohta, 1987; Bernabei et al., 2003) and adults (iteig et al., 2008) with ASD (for a review, see Viiths
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et al., 2001). Deficits in imitation might be dweimproper spatial alignment between observatiorisnal
coordinates and movement in proprioceptive cootdmaNe conducted a pilot study (Salowitz et al.,
2013) to determine whether deficits in imitatiorultbbe predicted by deficits in a task requiring
compensation for a large, noticeable conflict betwsensory feedback and motor command updating (i.e
mirror-drawing). We found that children with ASD demore errors related to hand orientation and we
found a negative relationship between the percenddgyials with accurate hand orientation during
imitation and the error magnitude during mirroragiag. These findings suggest that the ability tdatate
another’s actions was related to the ability to pensate for large, noticeable sensorimotor
transformations. However, the ability to imitateotirer's actions could also be due to deficits in
visuospatial attention, sensorimotor memory, aedathility to understand and comply with task
instructions.

Individuals with ASD exhibit impairments during k&srequiring visual spatial attention compared
to controls (Townsend et al., 1996, 1999; Singarisl@t al., 1999; Wainwright and Bryson, 1996; $fait
al., 2005; Steele et al., 2007, for a review sdemdnd Courchesne, 2001). These impairments iaclud
delayed responding (Townsend et al., 1996, 199fyBiHarris et al., 1999; Wainwright and Bryson,
1996), reduced accuracy (Townsend et al., 1996);198ist et al., 2005) and deficits in spatial wogk
memory (Steele et al., 2007). If children with AGE impaired in their ability to attend to visuabéor
proprioceptive stimuli, then we would anticipatdiciés in tasks requiring re-calibration of visuaid
proprioceptive feedback signals when baseline aigmt is perturbed.

Some studies have reported a preference for préxgomatosensory, olfactory, and gustatory)
over distal (visual and auditory) senses amongladmil with ASD under normal conditions while the
reverse preference may be true of typically devialp6T D) children (Frith and Hermelin, 1969; Master
and Biederman, 1983; Haswell et al., 2009). Howetherse studies characterized motor performance
rather than measuring sensory perception direetiyprioceptive accuracy and precision are comparabl
between individuals with ASD and TD participantsi€htes et al., 2011) and children with ASD exhibit
superior visual acuity than TD children (Ashwireét 2009). However, the integration of visual and

proprioceptive information might be impaired inividuals with ASD during limb position estimation.
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Haswell and colleagues (2009) compared visual aogripceptive contributions to motor
command updating during adaptation of goal-direcgaething movements to a force field. They found
increased transfer of sensorimotor adaptation betwegions of the workspace requiring identicattjoi
motion in children with ASD compared to controlglahey concluded that children with ASD have a
greater reliance on proprioception. Within the A@Dup, those who showed the most reliance on
proprioception also exhibited greatest impairmannbtor function, social interaction, and imitationree
main symptoms of the disorder that contribute taykd development (American Psychiatric Association
2013; Salowitz et al., 2013, Rogers et al., 20@8n&et al., 1997; Haswell et al., 2009; Ohta, 1987
Bernabei et al., 2003).

Some (Gidley Larson et al., 2008; Mostofsky et2004) reported that children with ASD were
able to adapt movements of the arm and hand tongroemental disturbance at a rate comparableab th
of TD children, leading them to conclude that thdity to form an internal model is intact. Howeyer
motor abilities differ between children with ASDdmD children (Minshew et al., 1997). In fact,
movement disorders are the earliest observed f&abffASD present in infancy (Teitelbaum et al980
Even though the rate of adaptation may be compautativeen participant groups, children with ASD are
likely to compensate for their sensory differenibbggorming altered internal models which lead teajer
movement error.

Specifically, the feedforward mode of control uggdhovement planning may be impaired in
ASD. Schmitz and colleagues (2003) have reporteetference for feedback over feedforward modes of
control in children with ASD which could explainetislowness of anticipatory movements (Rinehart. gt a
2001; Minshew et al., 1997; Schmitz et al., 208Bgech (Fulkerson and Freeman, 1980) and theyatoilit
shift attention between sensory modalities (Towdsaral., 2001). In a study by Schmitz et al. (2083
load was placed on a platform which was affixethmleft forearms of children with and without ASD.
Children were asked to remove the load with tHgintrhand while elbow angle, force, and electrical
activity of B. brachiiwere measured with a potentiometer, strain gaag electromyography (EMG),
respectively. There was no difference between gramiphe maximum elbow angle during the unloading
reflex; however, children with ASD exhibited longhiuration of unloading as measured by the duratfon

increased force. Furthermore, the latency of tHeading reflex was much longer in children with ASD
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such that EMG recordings revealed that TD childextuced muscle activity 15 rpsior to the onset of
unloading, whereas children with ASD reduced muactévity 51 msafter the onset of unloading. Thus,
children with ASD have a deficit of anticipatorygtoral adjustments as recorded by EMG which leads
them to depend primarily on feedback modes of cbiirstabilize forearm position. Others (Rinehetrt
al., 2001, 2006; Hughes, 1996; Hill, 2004; Fabbeisbo et al., 2009) also reported planning probliems
ASD which could impair feedforward control evendigh movement execution is intact (Rinehart et al.,
2001).

Memory impairments in ASD (Minshew et al., 1997)ynadso contribute to problems in
feedforward control. Children with ASD and childreith moderate to profound cognitive deficits
exhibited less preference for vision in a visuomaask; however, in a strictly motor task (in whiakion
was unavailable), children with ASD completed thektfaster than TD children and those with cogaitiv
deficits (Frith and Hermelin, 1969) which implidgt they performed faster using kinesthetic feeklbac
rather than feedforward control mechanisms andttiggt exhibited an adaptive strategy to improve
performance despite their sensory limitations,kenthe children with cognitive deficits who had the

slowest performance.

Abnormal Brain Anatomy and Function in Autism Spectrum Disorder

Many researchers have sought to identify brainomegyassociated with the symptoms of ASD.
They considered anatomical volumes, cell densignectivity and function and used a variety of iingg
and post-mortem techniques. At times, their conchsswere conflicting, but a review of the litenatu
suggests that the following brain regions may dbuate to the symptoms of ASD: frontal, parietal and
temporal lobes; cingulate gyrus; hippocampus; coqallosum; caudate; amygdala; cerebellum; cerbell
vermis and brainstem (for reviews see Verhoevenh. £2010; Brambilla et al., 2003; Cody et al., 2P0

Early studies considered head circumference asdicaitor of brain volume and found that in
ASD head circumference is in the"2Bercentile at birth, rapidly increases to th& pércentile at two
years of age (Courchesne et al., 2003) and isvieltbby a period of abnormally slow or arrested dhowy

which brain volumes (measured by magnetic resonemaging) of TD children “catch up” to those of
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children with ASD (Courchesne et al., 2001, foedew see Courchesne, 2004). However, there is some
debate as to whether head size remains enlarg&8nduring adolescence and adulthood (Piven et al.,
1995).

People with ASD exhibit communication deficits awbpended attention similar to patients with
frontal lobe lesions (Damasio and Maurer, 1978urCloesne and Pierce showed that during the pefiod o
rapid brain overgrowth, the frontal lobe in partauexhibited the greatest growth compared to adbhain
regions (2005a). They also found that local cirguitas overdeveloped and disorganized within tbatl
lobe and long-distance connections with other biragions were underdeveloped (2005b). These
differences in frontal lobe circuitry may cause pbigh-level processing such as integrating infdromato
provide feedback to low-level processes (CourchesigePierce, 2005b). Similar patterns of
underconnectivity were observed in ASD betweentiloand parietal regions and in the corpus callosum
which is important for interhemispheric communioatsuggesting poor integration of information (Jetst
al., 2007). Our recent electroencephalogram st@dyqon et al., 2014) found reduced interhemispheric
coherence between the frontal lobes and betweetetingoral-parietal lobes in children with ASD
compared to TD children. Muller and colleagues @9@corded brain activation using positron emissio
tomography as men with ASD and controls listenedepeated, and generated sentences. Men with ASD
exhibited less activation compared to controls indBnann area (BA) 46 of the frontal lobe duringksasf
receptive and expressive language; however, thielpiésd greater positive blood flow changes in B& 4
during motor speech functions.

Sensorimotor cortices are regions of interest iDA&search because children and adults with
ASD exhibit a variety of sensory- and motor-reladedicits. In a simple finger-tapping task, adults
typically exhibit activation in primary motor, pretor and supplementary motor cortex. Muller and
colleagues (2001) found that out of seven partitipavith ASD, three demonstrated no activation in
contralateral precentral gyrus and three demomstrattivation in the supplementary motor area. Hewe
participants with ASD exhibited activation in pasbe regions such as superior parietal lobe anduyreus
which were not identified in typical adults suggegtthat individuals with ASD use alternative ndura
correlates for motor control. This study was esaécivell-controlled because individual participatata

was analyzed without warping to Talairach spaags iccounting for the observation that autistigrbra
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structure volumes are different from those of Hgattontrols. In a follow-up study of sequenced diigit
finger-tapping (Miller et al., 2003), participamgh ASD and typical controls demonstrated parietal
activations related to the task; however activatiohparticipants with ASD were located inferiodan
posterior to those of TD participants.

Differences in brain function between people withAand controls may be due to abnormal
neural organization within regions of the brainsan and colleagues (2009) used
magnetoencephalography to identify regions of sgnsortex that respond to pneumatically-driven taps
the index finger, thumb, and lip. Within the serysoortex, the distance between cortical represemnsbf
thumb-taps and lip-taps were larger in people WD compared to controls. Cortical representatimins
thumb-taps and finger-taps were equidistant froose¢hof lip-taps in people with ASD; however the
distance between cortical representations of fitges and lip-taps was shorter than the distantedss
representations of thumb-taps and lip-taps in atstiThe period in which somatotopic organization
develops in children coincides with the period dib overgrowth in ASD. Nebel and colleagues (2014)
used parcellation of functional resting-state méignesonance imaging data to identify differenicethe
organization of the primary motor cortex betweeitdcan with ASD and controls. They found that the
dorsomedial region of the primary motor cortex \eager in children with ASD compared to controls
suggesting that cortical representations of thériagk and upper limb/hand were less distinct irDAS
Interestingly, parcellation of the primary motorrtex was similar between children with ASD and the
younger sample of TD children suggesting that #éaeetbpment of the primary motor cortex may be
delayed in ASD.

Abnormal organization within the sensorimotor crrteuld be related to differences in cell size
between groups. Post-mortem brain samples showeedised neuron density and smaller cell size in
autistic samples compared to control samples iasaoé primary motor, primary visual, and primary
sensory cortices and frontal association cortexsg@ava et al., 2006). Furthermore, Mostofsky and
colleagues (2007) found that increased white matikrme in primary motor cortex was correlated with
poor motor skill in participants with ASD, but ingwed motor skill in TD participants, thus anatorhica

differences may contribute to functional abnornidiin ASD.
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The temporal lobes are involved in sensory intégnatAllison et al., 2000 cf. Boddaert et al.,
2004), social perceptual skills (lacoboni, 2009iséh et al., 2000 cf. Boddaert et al., 2004), lzaqge
(Bigler et al., 2007), and imitation (lacoboni, 3)Owhich are impaired in ASD (Lane et al., 2010,
Salowitz et al., 2013). Children with ASD exhibdrmectivity problems (Lee et al., 2007) and
hypoperfusion (Zilbovicius et al., 2000) in tempdode regions which is correlated with the seweoit
autistic symptoms (Gendry Meresse et al., 2005pdperfusion in the temporal lobes in ASD might be
attributed to decreased gray matter and white metteme within the temporal lobes of children with
ASD (Boddaert, 2004). However some (Bigler et2003) have found no difference in anatomical
morphometry between individuals with ASD and colstmithin the temporal lobe when older participants
(up to 31 years) are also included.

The thalamus relays sensory and motor signals fumsortical regions to cerebral cortex. Studies
of thalamic volume and composition yield confligiresults in ASD. Thalamic volumes typically scale
with total brain volume in neurologically-intactdividuals. However, two studies (Tsatsanis et24Q3;
Hardan et al., 2006) found no relationship betwiafamic volume and total brain volume in indivitkia
with ASD, but one follow-on study (Hardan et alD08) reported positive scaling of thalamic volume a
total brain volume in ASD which was similar to tlditcontrols. One study (Hardan et al., 2006) fonad
relationship between the volume of the thalamusdinétal features of ASD. Another study (Hardan et
al., 2008) found a trend between metabolite comagans within the thalamus measured with magnetic
resonance spectroscopy and sensory abnormaliteS[in

The cerebellum is particularly important in ASDeasch because over 90% of autistic autopsies
revealed cerebellar abnormalities (Kemper and Bawit@98; cf. Allen and Courchesne, 2003) such as
fewer Purkinje cells (Bauman and Kemper, 1994), sméller cerebellum and brainstem volume
(Hashimoto et al., 1995; Courchesne et al., 200&h ¢hough cerebellar white matter is larger in ASD
compared to controls (Courchesne et al., 20013dtition, the pons and cerebellar vermis develap at
faster rate in ASD compared to typical controlsghlenoto et al., 1995). Based on a survey of the
literature, it is clear that the symptoms of ASE aot caused by a single brain region, but likeluit
from abnormalities of several brain regions anditiberactions between them and it is likely thatinad

deficits vary widely across the broad spectrum 8DA
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CHAPTER 3: VISUO-SPATIAL GUIDANCE OF MOVEMENT DURIS GESTURE IMITATION AND
MIRROR DRAWING IN CHILDREN WITH AUTISM SPECTRUM DI®RDER

Thirteen autistic and 14 typically developing (T@jldren (controls) imitated hand/arm gestures
and performed mirror drawing; both tasks assesB#ityeo reorganize the relationship between sgati
goals and the motor commands needed to acquire fherimg imitation, children with autism spectrum
disorder (ASD) were less accurate than controtgpficating hand shape, hand orientation, and numbe
constituent limb movements. During shape tracihgdoen with ASD performed accurately with direct
visual feedback, but when viewing their hand inieran, some children with ASD generated fewer esror
than controls whereas others performed much waesge mirror drawing errors correlated with hand
orientation and hand shape errors in imitationgestng that visuospatial information processinficis
may contribute importantly to functional motor cdimration deficits in ASD. With kind permission from
Springer Science+Business Media: Journal of Autisich Developmental Disorders, Brief Report: Visuo-
spatial Guidance of Movement during Gesture Imataind Mirror Drawing in Children with Autism
Spectrum Disorders, 43, 2013, 985-995, Nicole MS@&lowitz, Petra Eccarius, Jeffrey Karst, Audrey

Carson, Kirsten Schohl, Sheryl Stevens, Amy Vaug¥eam Hecke, Robert A. Scheidt.

Introduction

Most people easily modify hand movements to comgienfor computer mousing errors caused
by holding the mouse at an angle. Compensationrdispen the brain's ability to adjust the relatiopsir
“mapping” between an intended movement and the ntmmmands (muscle activities, joint torques)
needed to perform it. Most actions amnsorimotoiin nature in that ongoing task performance is stej
using sensory information to shape the motor contteaeeded to compensate for deviations from the
intended action. In this way, behavior dependsheniritegrity of neural mechanisms that processosgns
information, those that process motor informatiad those that bridge the two information sources to
generate coordinated action. Children with ASD mf&hibit clumsiness (Ghaziuddin and Butler, 1988)
well as abnormalities in sensory information preaeg (American Psychiatric Association, 2013; Lahe

al., 2010; O'Neill and Jones, 1997; Wiggins et 2009). While there is conflicting evidence suppayta
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general coordination deficit in ASD (Ghaziuddiraét 1994; Rinehart et al., 2001; Rinehart et2006;
Gidley Larson et al., 2008; Mostofsky et al., 2Q@¥gople with ASD often exhibit specific motor
impairments related to movement planning (Rinebtal., 2001, 2006; Glazebrook et al., 2008; Schetit
al., 2003), task sequencing (Hill, 2004) and p@dtaontrol (Molloy et al., 2003; Minshew et al.,(0.

We hypothesize that sensory and motor deficitcauosally linked in this population, i.e. that atmat
sensory information processing is a direct causguahtifiable motor coordination deficits.

We used gesture imitation and mirror drawing tasksompare how autistic and TD children
transform visuospatial goals into arm and hand omati Imitation is a real-life behavior important fo
social interaction and the development of langusgiés (lacoboni, 2005) — two domains that show
impairment in ASD (American Psychiatric Associati@fd13; Hermelin and O’Connor, 1970). Imitation
requires participants to direct visual attentiomei@vant aspects of a demonstrated movement (i.e.
“encoding” see Vivanti et al., 2008), to commit themonstrated movements and the visuospatial goals
they represent to working memory and then to ti@nsfsuch representations into action. It is knokat t
the ability to imitate is impaired in children (Rerg et al., 2003; Stone et al., 1997; Haswell.e2a09;
Ohta, 1987; Bernabei et al., 2003) and adults (iteig et al., 2008) with ASD (for review see Williarat
al., 2001). Because deferred imitation tasks haeselgd conflicting results (Rogers et al., 2008wBan et
al., 1998), the contribution of working memory @é8 to impaired imitation is unclear in this pogtibn
and indeed, imitation tasks alone cannot discritait@tween deficits in working memory, sensory
information processing, and/or motor executioncantrast, mirror drawing - when compared to drawing
with direct view of the hand - can differentiatdidiés in motor execution from deficits in visuogjaé
information processing underlying the transformaiid goals into action. Although mirror-drawing has
been studied in adults with ASD including savamis aon-savants (Hermelin et al., 1994), this task h
not been studied in non-savant autistic childremy wonstitute the overwhelming majority of children
diagnosed with ASD nor has it been used to compar®rmance of individuals with ASD compared to
those without ASD. We hypothesize that childrerhv&GSD differ from TD children in how they process
sensory information to transform visuospatial gdmtis action. Moreover, if deficits in visuospatial
information processing contribute to performanckcis in imitation, then mirror drawing performaac

should correlate with performance in imitation.
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Methods

Participants

Twenty-seven children participated in this pilatdst. Thirteen had diagnoses of ASD [2 female;
aged 14.5 + 1.6 years, mean + standard deviatiere @nd elsewhere)] and 14 were TD [3 female; aged
13.1 + 1.3 years]. Children were recruited usinfjnenadvertisements and by word-of-mouth within the
Marquette University community. All children paipated after informed assent and informed parental
consent. All procedures were approved by Marquétigersity’s institutional review board in compliea
with the Declaration of Helsinki.

Social status was assessed with the Barratt SiegblMleasure of Social Status (Barratt, 2006).
The ASD and TD subject groups overlapped substhnieage and social status. Handedness was
assessed with the Edinburgh Handedness Inventddjié@, 1971): right-handed (LI > 40), ambidextsou
(-40< LI £40) and left-handed (LI < -40). Intelligence geotis (IQ) were measured with the Kaufman
Brief Intelligence Test, second edition (KBIT2; Kman and Kaufman, 2004). On average, the ASD and
TD groups had average intelligence quotients (IBtaB115) with no difference between groups in aérb
(teey=-1.27; p = 0.216), nonverbal{ = -1.09; p = 0.284) or totalfty = -1.24; p = 0.227) scores. (One
TD child was a non-native speaker of English, sovierbal/total KBIT2 scores were dropped). ASD
diagnoses were confirmed with the Autism DiagnoStixservation Schedule (ADOS; Lord et al., 1994): a
total score> 7 confirmed presence of an ASD. Group statisticafie, sex, handedness, social status,

KBIT2, ADOS, and medication are presented in T&ble
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Table 3-1 Participant Characteristics

Group Participant Age Sex Laterality SS KBIT2 ADOS Medication
T(V,N) T(C,S)
1 12.6 M 90 48 87 (84, 93) 10 (4, 6) -
2 13.0 M -54 60 127 (129, 117) 8(1,7) AD, AH
3 14.7 M -100 59 104 (87, 119) 14 (5, 9) S
4 13.8 M 100 38 81 (89, 78) 17 (6, 11) AD
5 11.4 M 100 21 107 (117, 95) 20 (6, 14) -
6 15.5 M 30 34 106 (100, 110) 7(1,6) AD
8 7 16.4 F 0 45 101 (92, 109) 18 (6, 12) -
< 8 15.8 M 89 42 102 (106, 96) 9 (3, 6) AC, AP, AD
9 15.9 M -18 51 110 (116, 100) 103, 7) S
10 15.4 F 100 64 114 (97, 126) 11 (3, 8) AD
11 16.1 M 50 61 101 (102, 100) 12 (4, 8) S
12 15.1 M 50 22 99 (112, 85) 11 (3, 8) AD
13 12.7 M 26 31 115 (117, 108) 7(2,5) AD
M+SD 145+16 - 36+64 44+14 104 £ 12 12+4 -
1 13.8 M 0 62 120 (120, 114) - -
2 11.0 F 100 48 94 (95, 95) - -
3 11.6 M 90 62 *(*, 117) - -
4 11.2 F 88 66 139 (130, 139) - -
5 14.5 M 58 66 116 (122, 105) - -
6 13.8 M 79 39 109 (101, 117) - -
7 14.7 M 100 53 104 (101, 105) - -
e 8 15.3 F 53 42 106 (108, 104) - -
9 12.7 M 88 66 117 (121, 108) - -
10 14.4 M 89 66 109 (111, 104) - -
11 12.5 M 80 18 125 (124, 118) - -
12 12.9 M 79 66 82 (94, 75) - -
13 12.6 M 100 46 116 (105, 122) - -
14 12.8 M 100 32 100 (100, 100) - -
M+SD 13.1+13 - 7927 5215 111+ 14 - -

* indicates non-native English speaking participant

Abbreviations: ASD autism spectrum disorder, TDiggly developing, SS social status, KBIT2 Kaufman
Brief Intelligence Test,” Edition, ADOS Autism Diagnostic Observation Schied verbal, N

nonverbal, T total, C communication, S social, Men& female, AD anti-depressant, AH anti-
hypertensive, S stimulant, AC anti-convulsant,&®i-psychoticM mean SD standard deviation

Experimental Procedures

Each participant performed two experiments testisgally-guided, goal-directed motor
performance in a single session lasting ~30 mir &tperiments were designed to evaluate whethesrmot
coordination deficits in ASD arise from deficitstime formation of visuospatial representations of

movement goals and/or in the utilization of thesgresentations to guide ongoing movement.
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Experiment 1: Gesture imitation

Participants stood and watched a 12-min “interattiideo of a demonstrator who faced the
camera and performed a set of 52 different diseretemeaningful gesture sequences with the handls an
arms. Gestures were presented one at a time io fadm so that the demonstrated "target" gestuere w
the same for all participants. Target gestures wemeprised of primitive elements including handpsha
and sequences of movements with one or both ararsd Khapes were derived from American Sign
Language ("1", "5", "8", "S", "V" and "W") and moreents involved one (n = 38) or both (n = 14) arms.
Single-handed movements were made with the denatoss right hand. On average, each gesture’s video
clip lasted 5 s. After each clip, the word ‘Copppeared on a black background for 8 s, instructing
participants to imitate the gesture they had jbseoved. Thus, participants were required to corttmit
demonstrator’s gesture to memory and then usertbatory to guide production of their own hand and
arm movements. No guidance was provided as to laticpants should imitate the gestures, only that
they should “do exactly what the demonstrator @idd thus the task was "goal-directed" because the
participants' goal was to replicate the demonsiratevement. After imitating each gesture, partiotpa
were encouraged to resume a neutral position witis at their sides. Each participant's movements we

videotaped for later analysis of movement kinensatis described below.

Experiment 2: Shape tracing with direct and mirdofieedback

Participants sat at a desk upon which six sheetshiié paper were placed in succession. Each
sheet was imprinted with a black outline of a 1xcnf geometric shape (circle, square or 5-point star).
The paper was centered along the subject’s midith, the bottom edge located 10 to 20 cm fromahis
her torso. Participants were to trace the shapeavitlue pen using their dominant hand while time ar
rested in a lightweight, low-friction, chair-moudtarm support that minimized tactile feedback waittiie
arm (MASF friction controlled mobile arm suppordego Orthopedic, Inc.). Participants were instrditte
start and stop their traces within a gray circlenf® diameter) printed on the perimeter of the shpeh

shape was traced twice, once wdilect visual feedbacind once witimirror feedbackDuring direct
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visual feedback, participants traced with direewwiof their hand. During mirror feedback, an opaque
shield hovered above the pen, blocking direct aéwhe hand; participants viewed their hand in dieal
mirror situated opposite their dominant hand, aagigftward motions to appear as moving to thetrigh
andvice versaThe order of shapes and viewing conditions wadaeized across participants. If
participants could not return to the starting posibor if they did not comply with task instruct®rthey
were allowed to repeat the drawing. Time to congpéztch drawing was recorded with a stopwatch. Data
from three participants (ASD5, TD2, and TD11) wdigcarded due to inability or unwillingness to cdynp

with task instructions.

Data Analysis

For gesture imitation, the children’s ability toasilly align their limb segments and the motions
of these segments with remembered target gestaesmalyzed. The demonstrator was viewed from the
front (i.e. facing the camera) and thus, targetuges were observed within a spatial reference dram
rotated 180° from the subject's body-image referdraame. As such, participants might adopt onevof t
viable imitation strategies. Participants coulduass the demonstrator's perspectivegaatomical
strategy requiring rotation of the target gestimés the subject’s own body-image reference fraardhey
could copy the movements as if in a mirrosgecularstrategy requiring left-right reflection). Eachildts
videotaped trials were scored for quality in ufiite performance categories (not all categoriesewer
appropriate for each demonstrated trial; see Taddg 1)limb selection(anatomical, specular or unclear);
2) hand path/sequencing directigaccurate or inaccurate in accord with limb séedt 3) number of path
strokes(accurate, greater than or less than demonstratpladnd shapéaccurate or inaccurate with
respect to that demonstrated); andv&)d orientationaccurate or inaccurate). We assumed that hand
path/sequencing direction followed the strateggl@dighed by limb selection (Medendorp et al., 2005)
therefore, path direction accuracy was defined waipect to the limb chosen by the subject for each
individual trial. Three raters (first author andotvaters who were blind to the study hypothesessabgect
groups) evaluated each child's performance in eatggory. Inter-rater reliability was assessed with

Fleiss’ kappa and a majority vote of the threerstgcores produced a single score for each tfiahoh
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subject. For limb selection, we report the numberhildren in each group who chose the anatomioa |

for the majority of trials. For the remaining fomeasures, we report the percentage of accural® driof

the total number of trials per category. Perfornreameasures were compared across groups using Analys
of Covariance (ANCOVA) with age, sex, and medicatitatus (ON- or OFF-meds) as cofactors. Multiple
correlation analysis was used to determine if td8IIT2 or ADOS scores correlated with any perforiman

measure for either group.
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Table 3-2 Categories of Gesture Imitation

Movement Description Scoring Categories

Movement Type # of | Limb Path Path Hand Hand
Trials | Selection Direction Stroke Shape orientation
(n) (46) (26) (32) (62) (52

Raise the hand by
bending at the elbow 12 X X X
Push the hand forward 2 X X X
Raise the hand,_then X X X
open/close the fingers

T;‘,’ ?\bduct/Adduct the 2 X X X

= ingers

E Move the hand about an

D arc by rotating at the 2 X X X X X
elbow
Pronate/Supinate the 4 X X X X X
forearm
Sequentially
flex/extend the fingers X X X X X
Trace an invisible shape 10 X X X X X
Alternate rotation of the 6 X X X
hands

g Move right hand

g up/down over the 4 X X X X X

5 stationary left hand
Move I_eft and nght 4 X X X X X
hands in opposing paths

For shape tracing, the children’s ability to mirzenierror between their drawing and the printed
template was analyzed. Drawings were scanned tw BIEG files (200 x 200 dpi) and processed within
the MATLAB computing environment (The Mathworks Inblatick, MA). Shape templates were separated
from pen drawings with a color threshold. Shapepiates were low-pass filtered and both images were
converted to binary format (f i | t er andi nconpl enent functions). The lines of each image were

thickened ((ndi | at e function) using a 9 x 9 square structure element €l function). The centroid of
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the shape template was identifid{ abel andr egi onpr ops functions) and 360 equally spaced
"sample points" were placed around the templatersneter. The minimum distance between each sample
point and any pixel in the pen drawing was compuated these distances were summed to yield a
conservative measure of path error. Movement timepath error were averaged across shapes within
participants for each viewing condition.

We analyzed performance separately for the direeting and mirror viewing conditions. During
direct viewing, movement time and error from batbjsct groups were normally distributed. Therefore,
performance measures were compared across gromgsANMCOVA with age, sex, and medication as
cofactors. During mirror viewing, data from the BBbup were normally distributed whereas data frben t
ASD group were non-Gaussian with error concentgadim either side of mean + one standard deviation o
the TD distribution. We failed to find an explamatifor the multiple modes despite testing whether
movement errors were correlated with ADOS and KB$tares. Therefore, to assess whether ASD
children differ from TD children in how they transi visuospatial goals into action, we transformath
error and movement time data into |z|-scores (aaldalobis distance) on the TD distribution for both

subject groups:

Xaopn— X
| Zpsp | [FAS2—T2 [3-1]
O1D
Xrp — X
| zp 1D "D [3-2]
OTD

In each case, x corresponds to the independemiblardf interest (path error or movement time),
subscripts indicate the subject group, whereagp and ovp are the mean and standard deviation of the

TD distribution, respectively. The |z|-scores reprg how far movement errors in each group diffemf
the group average defined by the TD group withows@lering direction (i.e. lower-than-typical ogher-
than-typical). Because Mahalanobis distance iststmhon-negative, the |z|-scores of movement tume
path error were normalized prior to statisticatitesusing a Box-Cox transformatiok= 0; BC = In(|z|)]
(Box and Cox 1964). ANCOVA was used to compare grperformance in the mirror viewing condition
with age, sex, and medication as cofactors. Mdtgarrelation analysis determined whether total KBI

or ADOS scores were correlated with raw performaneasures during direct viewing or with normalized
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|z|-score measures during mirror viewing. Linegression evaluated the relationship between the un-
normalized tracing error and duration data withastesubject group. Finally, linear regression deteed
whether mirror drawing error could predict un-nolimed performance in any of the imitation measures
within each group. Statistical tests were performeidg Minitab (Minitab, Inc., State College, PA)da
SPSS 21 (IBM, Armonk, NY) software. As this wasilatpsstudy, we did not correct for multiple

comparisons (i.e. effects were considered stai$fisignificant at a p = 0.05 threshold).

Results

Gesture Imitation

Each child responded to each demonstrated geJtaecthree raters achieved significant inter-
rater reliability (p < 0.001) for each of the perfance categories: limb selection [98% agreement;
0.97], path direction [83% agreemexts 0.75], number of path strokes [78% agreemenrt0.69], hand
shape [86% agreememrt= 0.63], and hand orientation [81% agreement;0.54]. Nine out of 13 children
in the ASD group and 12 of 14 TD children choseahatomical limb in at least half of the movements.
Compared to the TD group, the ASD group had feweumte movements as quantified by: hand shape
(52 trials per subject) [TD = 89 * 7% accurate, ASB3 + 8% accurate; ANCOVA: ;= 10.55, p =
0.004], hand orientation (52 trials per subjec) [¥ 93 £ 5% accurate, ASD = 77 + 16% accurate;
ANCOVA: F 2= 29.64, p < 0.001] and correct number of patbksts (32 trials per subject) [TD = 80 *
7% accurate, ASD = 61 + 21% accurate; ANCOVA,E = 17.05, p < 0.001] (Figure 3-1). Children in the
ASD group were as likely to produce more path stsahan needed as they were to produce fewer path
strokes than needed [MORE = 22 + 23%, FEWER = 12%, {,4)= 0.77, p = 0.449]. Age was a
significant cofactor for hand shape accuragy = 5.18, p = 0.033) and medication status was Sogmt
for hand orientation (fr22) = 9.63, p = 0.005) and number of path strokes,¢f= 5.14, p = 0.033). Limb
selection scores revealed that children did nafueatly switch between anatomical and speculategfies
when transforming visual goals into motor actiofig(re 3-1a). There was no difference between group

in the choice of hand path direction as definedheyselected limb [TD = 68 + 11%, ASD = 65 + 17%;
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ANCOVA: F 2= 0.09, p = 0.766]. Total KBIT2 scores were posity correlated with hand shape
performance in the ASD group (Pearson’s r = 0.916,0.046) and positively correlated with hand

orientation in the TD group (Pearson’s r = 0.742,@004).
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Figure 3-1: Gesture imitation. (a) Dot plot histograms of percent limb selectionASD participants
(filled) and TD participants (open) and (b) mearcpatage of accurate movements for children wittbAS

[filled] and TD children [open] during imitation feeach scoring category. Dotted lines indicate isdjmm
between groups here and elsewhere. Vertical eena: it 1 SEM. * p < 0.005.

Five children with ASD but none of the TD childrerhibited perseveration in at least one of the
movements (i.e. they moved their hand repeatediygahn erratic path). Even though all the demotistra
gestures incorporated simultaneous hand shape tiomand limb movement, many children in both

groups performed gestures using separate postijtstaent and movement phases. That is, they copied
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the demonstrator’s hand shape prior to limb movemile directly looking at their own hand, thereyh
completed the arm movements in a second, distimz$g For the unimanual gestures, one child in the
ASD group repeatedly copied the demonstrator’s tsduaghe with his left hand while watching the

demonstration, then made the movement during tbpyCscreen using his right hand and arm.

Shape Tracing

To address the question of whether the ASD groffprdd from the TD group in their ability to
execute shape-tracing tasks, we assessed groepedites in path error (TYP = 985 + 558 mm, ASD € 81
+ 547 mm) and movement time (TD = 16.1 £ 8.9 s, ASPB.1 + 9.9 s) in the direct viewing condition.
We found that when the hand was viewed directlyfogpmance of shape tracing was similar across group
(Figure 3-2) for both path error [ANCOVA{jhg = 0.97, p = 0.337] and movement time [ANCOVA; {5

= 2.26, p = 0.150]. No cofactor exerted significenftuence over movement time or error.
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Figure 3-2: Shape tracing (direct view)(a) Drawings [thick, gray lines] and shape termgadthick, black
lines] from a representative child with autism (A§nd a TD child (TD1). Path error was computed as
the sum of deviations [thin, gray lines] from 3&fuelly-spaced sample points along the template a}th
Linear regressions of path error as a function ofement time for ASD (filled, solid line) and TDpgen,
dashed line) groups. Grey dotted lines represgnit o1 . (C) Dot plot histograms of path error and

movement time.

To determine whether the ASD group deviated froben®D group in their capacity for
visuospatial information processing during shapeitrg, we assessed group differences in path aner
movement time in the mirror viewing condition. Helh@and path errors and movement times were
generally greater than those obtained during diriesting (Figure 3-3). But whereas path errors were

normally distributed in the TD group (3831 + 202mimthe distribution of errors deviated from norityal
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in the ASD group. Only 5 out of 12 ASD participahted path errors within £ 1 standard deviation (8D)
the TD group: 5 were above and 2 were below thageaA similar group-wise difference in the
distributions of movement times was also obsenidibgether, 8 of 13 ASD participants had mirror
drawing errors and/or movement times outside thgaastablished by the TD group mean + 1 SD (Fig 3-
3B, top).

To quantify how much the ASD group deviated fromrage TD performance, we converted
movement time and path error to |z|-scores in gamlp and then used a standard Box-Cox transfoomati
[In(]z])] to normalize each distribution (see Mathp ANCOVA found that ASD participants generated
path errors that were outside the distributiorhef TD group during mirror drawing [|z|-scores: TE051
+0.84, ASD = 0.43 + 1.77; ANCOVA: Fi)= 4.59, p = 0.045]. This outcome lends preliminsupport to
the hypothesis that children with ASD differ fror®Thildren in how they process sensory informatimn
transform visuospatial goals into action. A separdtiCOVA found no effect of group on movement time.
Age, sex, and medication status were not significafactors for any |z|-score performance measure.

Path error was correlated with total KBIT2 scorethie ASD group during direct viewing
(Pearson’s r = -0.603, p = 0.038) but there wasuah correlation between path error and total ADOS
scores nor was there a relationship between peth @&nd KBIT2 in the TD group. Movement time was
uncorrelated with total KBIT2 scores in both groapsl movement time was uncorrelated with total ADOS
scores in the ASD group. Path error |z|-scores e@nrelated with total KBIT2 scores in the TD group
(Pearson’s r =-0.761, p = 0.007) but neither KBihi2 ADOS scores were correlated with path erfer |z
scores in the ASD group during mirror viewing. Mowent time |z|-scores were not correlated with total
KBIT2 scores in either group and were uncorrelatétd ADOS scores in the ASD group. We found an
inverse relationship between error and movemerd tinboth groups during direct viewing [TDg k) =
16.44, 11y = -4.05, p = 0.002; ASD:(F11y= 6.13, 1) = -2.48, p = 0.031], but not during mirror viewing

One child with ASD (ASD1) exhibited ‘perseverativabvements in which the pen was moved
repeatedly in quasi-random motions (Figure 3-3was). Another child with ASD (ASD3) incrementally
pivoted the pen and hand while correcting for er(@rmotion resembling that of an inchworm); thasad
was discarded and he repeated the task (withoatipg/the hand) on a second day’s visit to the lab.

addition, six children with ASD and four childremthe TD group periodically ‘jittered’ the pen dugi
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mirror drawing. The three ASD children who had basimg stimulants achieved errors within one SD of

the mean of the TD group.
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Figure 3-3: Shape tracing (mirror view). (a) Drawings, shape templates and path deviatessores
from a representative child with ASD who had lowoefleft; ASD6], a child with ASD who had high

error [middle; ASD1] and a TD child with a mediavél of error [right; TD1]. Path errors were comguiit
as described in Figure 2. Regions of perseveratierhighlighted with arrows. (b) Path error asracfion

of movement time for ASD and TD groups. Grey dotteds represenk..,, + o1y (C) Dot plot
histograms of Box-Cox normalized |z|-scores relédguhth error and movement time.

We tested the hypothesis that deficits in visudapatformation processing predict imitation
performance deficits by evaluating the relationdigpiveen mirror drawing error and each imitatiob-su
score using linear regression for each subjectgyrdlirror drawing error was correlated with hand
orientation during imitation in the TD groupqR 72%, t = 5.13, p < 0.001; Figure 3-4a). A simila

relationship was evident for the ASD participam$ £ 48%, t = 2.86, p = 0.019; Figure 3-4a) if we
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exclude the only ASD subject (ASD8) taking anti-gfsgtic and anti-convulsant medications at the tirhe
the study. Known side-effects of anti-psychotic mations include “unusual movements of your face or
body that you cannot control” (MedlinePlus, 20M/e also found that mirror drawing error was cottexda
with deficits in hand shape formation in the ASDugp (R = 67%, t = 4.31, p = 0.002; Figure 3-4b). Thus,
children who produced large mirror drawing errdsbanade more hand orientation errors in the inoitat
task in both groups and children with ASD who mbxtge mirror drawing errors also made large hand

shape errors during imitation. No other imitati@ores were correlated with mirror drawing error.
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Figure 3-4: Mirror drawing errors correlate with ge sture imitation performance. (a) Hand orientation
was correlated with mirror drawing error in the §up (left, open) and the ASD group (right, filjed
One child who took three medications (includingaati-psychotic and an anti-convulsant) on the day o
the study (ASDS8, *) did not perform in a manner sistent with the trend between mirror drawing error
and hand orientation established by the TD growpveass dropped from the regression. (b) Hand shape
was also correlated with mirror drawing error ie thSD group (right, filled).

Discussion

Gesture imitation and mirror drawing revealed abmadities in the way children with ASD
transform visually-specified goals into motor ansoDuring imitation, children with ASD were less
accurate than TD children in replicating hand shaped orientation, and number of constituent limb

movements. These children likely did not suffergyaily from problems with motor execution because
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they traced shapes with speed and accuracy comeaeathat of TD children when viewing the hand
directly. However, when viewing the hand in a mirtthe magnitudes of errors in the ASD group were
largely outside the distribution of errors madethey TD group. Some ASD participants performed bette
than TD children whereas others performed much evdvoreover, mirror drawing error was correlated
with hand orientation and hand shape deficits iation, suggesting that the ability to adapt toeav
sensorimotor transformation was abnormal in childeih ASD in both tasks. These results suggest tha
abnormalities in visuospatial information procegsimay contribute to functional motor coordination
deficits in ASD.

Imitation is an important skill for child developmte(Rogers et al., 2003) and ability to perform
imitation tasks is correlated with social respottgifRogers et al., 2003) and expressive languéije s
(Stone et al., 1997) in children with ASD. Imitatideficits distinguish children with ASD from thoaéth
other developmental disorders (Rogers et al., 28@he et al., 1997). Imitation, as studied heye, i
complex behavior that requires directed attentiuh the ability to identify, remember, and execute
movements toward visuospatial goals. The deficésolserved during imitation were not likely dueato
inability to attend to the instructed task, becageeh child attempted to imitate every instructestigre
during the cued "copy" interval. During hand sh&penation and orienting, the children had to transf a
two-dimensional representation of the demonstsat@hd into the three-dimensional configuratiothefr
own hand, and ASD children made more errors tharchildren. These aspects of task performance
require (but cannot differentiate between) the iifieation, memorization, and recall of visuosphtaals,
as well as execution of actions appropriate to medbose goals. Reproducing the correct numbéaatl
path strokes during imitation also requires theoelimy, recall, and execution osaquenc®f movements
between aetof desired spatial goals; ASD children underpenied the TD cohort in this respect as well.
In contrast, limb selection was a cognitive chaigé no clear "right" or "wrong" classification. Mb
children (ASD and TD) chose the anatomical limipéoform the instructed gesture in most trials, and
given that choice, ASD and TD children were equatipsistent in directing limb movements
commensurate with their selected strategy. In eshtHamilton, et al. (2007) found that young afsfd

(ASD and TD) were more likely to use the speculablin a task that followed an earlier experiment i
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which mirror imitation was required. Therefore, lirselection may be influenced by prior instructiansl
practice.

Imitation is also impaired in ASD when visual feadk is unavailable (oral-facial imitation,
Rogers et al., 2003). A potential limitation of donitation task is that we did not evaluate perfante
without ongoing visual feedback of limb movemend &and shape formation. As such, we cannot
determine conclusively whether the imitation dé§ieie observed were due to deficits in the abitity
adapt the visuospatial sensorimotor map needadnsform intended movements into motor commands or
whether they were due to deficits in the momentyigment visual feedback guidance of an ongoing
movement, which relies on that transformation. Feigtudies should include a condition in which dngo
visual feedback is unavailable.

Mirror drawing is neither typically encountereddaily life nor ecologically relevant, but it can
differentiate deficits of attention and motor exgéauo from those of visuospatial representationtipalarly
when contrasted with shape tracing performancendudirect viewing. Group differences in error
compensation during mirror viewing were not likelye to general deficits in either attention andier
ongoing visual feedback guidance of movement ifi@or execution) because we found no group
differences in shape tracing with direct view afiti movement. However, the pattern of mirror drawing
errors we observed suggests differences in howEhand ASD groups form the sensorimotor maps
needed to transform visuospatial goals into motonmands. Participants in both groups periodically
“jittered” the pen, presumably in an attempt tonitify the novel visuospatial transformation impossd
the mirror. Jittering the pen effectively injectise into the limb/pen system (Miall et al., 19884 by
monitoring the (visual) consequence of that actibe,subject can identify motor commands that aghie
the goal under the new visuospatial transformdiienby learning an inverse of the mapping fromano
commands onto their kinematic consequences (cfet.al., 2011)].

Viewing the hand in a mirror establishes unusuaflad between how vision and proprioception
(muscle-based limb position sense) report the timeof hand movement in response to descendingmot
commands. Thus another possible strategy to corafeefar sensorimotor transformation is to modifg th
relative contributions of vision and proprioceptimn motor command updating. During mirror drawiifg,

proprioception is blocked transiently (transcrammgnetic stimulation: Balslev et al., 2004) orastically
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(deafferentation: Lajoie et al., 1992) adults perfavith less error than when proprioception is klde.
Previous research (Hermelin and O’Connor, 1970)hasvn that sensory dominance and integration are
abnormal in children with ASD. Thus, a plausibl@lexation for differences in mirror drawing seemehe
is that some children with ASD favored visual caed were thus better able to reduce errors (Figt8a,
‘Low Error’) while others ignored visual errorsfiavor of proprioceptive cues, thereby producingdar
errors during mirror drawing (Figure 3-3a, ‘Highr&r). Future studies of visuospatial learning iSB
should include assessment of visuo-proprioceptias, lwvhich might help explain the elevated motor
performance variability observed in this participgroup.

Importantly, abnormalities in mirror tracing in ASedicted deficits of hand orientation and
hand shape during imitation, raising the possiboita common etiology of errors in the two tasks.
Imitation and mirror drawing engage the frontaldejBrodmann area 45 (lacoboni, 2005) and dorgalate
prefrontal cortex (Imamura et al., 1996)], whick anportant for executive function and which exhibi
anatomical and functional abnormalities in childvdth ASD (Courchesne and Pierce, 2005b). It isliik
that physiological abnormalities of the frontal ésbcontribute importantly to visuospatial perforegn
deficits in ASD. Rumiati, et al. (2004) proposettimitation, specifically, involves distinct neural
processes involved in the recall and executionvef-téearned "meaningful” actions and the transfdiona
of novel but "meaningless"” visuospatial targete attions. Our study only involved reproduction of
"meaningless” actions and so we feel our findirags @nly speak to possible impairment of the dorsal
processing stream identified by Rumiati, et al. 0@ which includes brain regions thought to beolned
in the representation of visual goals in propridsgpcoordinate frames (i.e. parietal associati@as; cf.
Grefkes et al., 2004) as well as areas more dyra@otblved in goal-directed action (PMv and primary
motor cortex).

In summary, the results of this pilot study suptbet hypothesis that impaired visuospatial
information processing is a cause of functionalrdomtion deficits in children with ASD. Futureudies
should be conducted to test these preliminary fiigglin a larger cohort of ASD participants using
experimental approaches specifically designed smtfy the ability to process visuospatial inforioat
during goal-directed movement while controlling &omormalities (and/or bias) in multimodal sensory

integration.
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CHAPTER 4: SENSORIMOTOR ADAPTIVE AND VOLITIONAL STRTEGIC COMPENSATION
FOR SENSORIMOTOR DISCORD DURING GOAL-DIRECTED MOVHEMNTS IN CHILDREN
WITH AUTISM SPECTRUM DISORDER AND TYPICALLY DEVELORMNG CHILDREN

Eleven children with autism spectrum disorder (ASDYl nine typically developing (TD) children
performed goal-directed reaching and tracking tagks sensorimotor distortion. Both tasks assessed
participants’ abilities to reorganize the relatibipsbetween spatial goals and the motor commaneldete
to acquire them. Children grasped the handle obatic device as it recorded hand position, ang the
watched a screen which displayed visual feedbadkask instructions. Two versions of the reachagkt
were performed, which differed in the type of dititm between visual feedback and motor commands:
duringincremental rotationcursor feedback was gradually rotated up to aimmax value of 30° over
many trials and required automatic sensorimotoptadieon; whereas duringudden reflectioncursor
feedback was immediately reflected about the gpéit’s midline and required volitional strategic
compensation. Children also tracked a moving tasgleich varied in the amount of temporal and spatia
information available for planning, and which wabjgcted to theudden reflectiofieedback condition.
During the reaching task with small, incrementathposed rotations, we found subtle differencesitiall
hand path errors between groups, suggesting ASideceteficits in automatic sensorimotor adaptation.
During the reaching and tracking tasks with sudgiémposed reflection, we found significant diffeoes
in hand path errors between groups, suggesting Afided deficits in volitional strategic compeneati
We found no difference across groups in movemarrkatics for reaching or tracking experiments,
suggesting that deficits in feedforward planningevenrelated to movement execution in general. &hes
findings suggest that children with ASD are impdine their ability to use feedforward control todape

their motor commands in response to novel sensdointiansformations.

Introduction

Many everyday tasks require movements of the hardduire a physical goal. For example, we
reach to a stationary target such as a tissuegdragk a moving target such as a toddler’s hanmad¢oent

her from touching a hot surface. Most people easigify hand movements to compensate for
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sensorimotor disturbances, such as a gust of wihabth moves the tissue, or a change in the direaifo
the toddler’'s hand. Compensation depends on the'®bility to adjust the relationship or “mapping
between an intended movement and the motor comn{anggcle activities, joint torques) needed to
perform it. The transformation must be amenablehenge via volitional strategies (e.g. to obsena a
imitate the actions of another person, or whenglaiguomotor distortions are imposed suddenly)iar v
automatic sensorimotor adaptation (e.g. to cople @hianges in limb length during growth or when $mal
visuomotor distortions are imposed incrementallyjitation, for example, requires compensation Far t
transformation between the intended movement repted in the demonstrator’s coordinate system and
the motor commands represented in one’s own bodieced coordinate system. Imitation is impaired in
children (Salowitz et al., 2013, Rogers et al.,20Xone et al., 1997; Haswell et al., 2009; OheR7;
Bernabei et al., 2003) and adults (Leighton et24l08) with ASD (for a review, see Williams et &001).
Imitation deficits might be the result of deficitsthe ability to compensate for sensorimotor
transformations requiring reflections or other &axgsuomotor distortions.

Redding and Wallace (1997) have identified two na@i$ms which are used to compensate for
sensorimotor discord. Volitional strategic compeiosaor “controlled processing” (cf. Redding and
Wallace, 1997) is a high-level process which rezgiattention to select a single strategy from stver
available movement plans. In contrast, automatis@@motor adaptation or “automatic processing’ (cf
Redding and Wallace, 1997) is invoked in respoogeedictable movements, such that feedforward
control is used to maintain accurate performaneadsubtle sensorimotor discord. Systematically
perturbing the relationship between sensory feddbad motor command updating allows us to measure
the ability to compensate for sensorimotor discéiat.example, if visual feedback is incrementatitated
about a central home position during reaching mammof the hand (Kagerer et al., 1997; Klassea. et
2005), errors would be subtle, such that partidiparould automatically adapt their movements to
compensate for small sensorimotor discord. Howeafreisual feedback is reflected about the person’s
midline during reaching (Cunningham and Pavel, }@®pursuit tracking (Grigorova and Bock, 2006),
errors would be large and noticeable and wouldirequdifferent strategy for each movement directio

thus volitional strategic compensation would beureg to perform the movement.
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Two independent research groups (Kagerer et @.7;1Rlassen et al., 2005) have characterized
visuospatial compensation during two types of reagkxperiments, which differed in the way visual
feedback rotations were presented (incrementally svany trials or suddenly). Participants madehigac
movements while moving a pen on a digitizing tafietgerer et al., 1997) or while moving a robotic
manipulandum (Klassen et al., 2005), such that Ipatlis were recorded. One group of participants was
exposed to a visuospatial rotation that was apptiecementally over many trials and the other grofip
participants was exposed to a visuospatial rotatiahwas applied suddenly. When visual feedbaas w
rotated incrementally, reaching errors were smealin at the end of training when the rotation reddts
maximum (Kagerer et al., 1997; Klassen et al., 200fhen visual feedback was rotated suddenly, large
obvious reaching errors were generated at thedftarsuospatial distortion, then decreased widtmning
(Kagerer et al., 1997; Klassen et al., 2005); hawereaching errors at the end of training remalmigtier
than those produced when rotations were applie@éinentally (Kagerer et al., 1997). Following bothes
of visuospatial distortion, Kagerer and colleag{i&97) also included trials in which visual feedbac
suddenly returned to veridical coordinates. Thaynfbthat reaching errors during this post-expopheese
(i.e. aftereffects) were larger for the group exgubt incrementally-imposed rotation compared & th
group exposed to sudden rotation. The presen@@é nd persistent aftereffects suggested thainzdic
sensorimotor adaptation was used to compensatetftions that were applied incrementally (Redding
and Wallace, 1997). In contrast, aftereffects whjaltkly decreased upon removal of visuospatiaflmin
suggested that volitional strategies were use@topensate for a rotation that was applied suddenly
(Redding and Wallace, 1997). In another study, @aka and colleagues (2000) examined hand
movements after participants wore left-right reirggsspectacles for more than a month. They fouad th
healthy adults learned to compensate for the tidleof visual feedback within two weeks, such thabr
and latency returned to pre-exposure levels. Iatergly, the error and latency of hand movementsidy
returned to pre-exposure levels one day afterfketacles were removed. Thus, aftereffects quickly
returned to baseline levels, suggesting that woiéti control strategies were also used to comperigat
sudden application of visuospatial reflection.

Not only can we characterize volitional strategienpensation during reaching movements of the

hand, but we can also identify volitional strategieiring continuous tracking movements in which the
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target is represented by a single cursor, whichaa@bout an unpredictable path. Tracking taskdean
used to characterize on-line corrections or submavets which are required to bring the hand into
alignment with the moving target (Miall et al., T3%Roitman et al., 2004; Pasalar et al., 2005; Niatl
Jackson, 2006). During simple tracing, the entoal gath is provided to allow motor plan updatifig o
future goal states (cf. Salowitz et al., 2013), bear, the exact positional goal of the current tstep is
ambiguous. Tracking and simple tracing can be coetbsuch that the exact positional goal of theerurr
time step is indicated by a single cursor, butrieigoal states are also provided with additionatats. We
hypothesize that variations in the amount of spatfarmation related to current and future targesitions
will influence motor planning. Furthermore, by imdiucing variations in the speed of the moving targe
can examine the effect of temporal information asvement planning.

Here, in a series of three experiments, we recbhdad paths while children with ASD and TD
children moved the handle of a horizontal plan&otdo capture stationary or moving visual targets
tasks we will refer to as reaching and trackingpeetively. We manipulated the correspondence legtwe
the hand’s actual spatial location and that ofra@murepresenting the hand using sudden visuomotor
reflections or gradual visuomotor rotations to gifgthe contributions of volitional strategic
compensations and automatic sensorimotor adaptatieisuo-proprioceptive reference frame
recalibration. In two sets of experiments, thedreih made out-and-back reaching movements to eight
spatial targets that were distributed evenly arcagentral starting location. After a period otieli
practice, wherein the children acquired proficienapturing the targets with an honest cursor, Visua
perturbations were small and incrementally-impogeduiring automatic sensorimotor adaptation) oyda
and suddenly imposed (requiring volitional stragsgi In the third experiment, children tracked-fasid
slow-moving targets that were designed to proviolgrolled amounts of information about the target’s
future trajectory. After an initial period of pram, visual feedback was reflected about the ppeit’s
midline. We compared hand path errors from eadhede three experiments across participant graups t
test the hypotheses that children with ASD extdhiimpaired ability to automatically adapt to
sensorimotor distortions (reaching task with inoceatally-imposed rotations) and to select stratefgies
compensation (reaching and tracking tasks with enlyeimposed reflection). We compared movement

characteristics from each of these experimentssagmups to test the hypothesis that children AGD
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exhibit deficits in movement execution. Taken tbget these experiments determine the extent tohwhic
children with ASD are impaired in their ability tse ongoing visual feedback to adjust movementsgian

compensate for novel sensorimotor coordinate toamsftions.

Methods

Participants

Eleven children with ASD [aged 15.7 + 1.3 yearsgme standard deviation); one female] and 9
TD children [aged 14.3 £ 1.6 years; two femaleltipgrated in this study, which received institutbn
approval from Marquette University in compliancehwtine Declaration of Helsinki. All children
participated after giving informed assent and adteaining informed parental consent. Upon enratithe
parents of children in both groups were asked toptete the Child Behavior Checklist for ages 6-18
(CBCL,; Achenbach and Rescorla, 2001). Parents wlsreasked to complete a questionnaire to report
their child’s medication use and to report pareatstaregivers’ occupations and highest educational
degrees [which were used to determine social steithsthe Barratt Simplified Measure of Social 8t
(Barratt, 2006)]. Additionally, parents of childrarmo did not have a prior diagnosis of ASD wereealsto
complete the Autism Spectrum Screening QuestioarfdiBSQ; Ehlers et al., 1999); children receiving a
total score > 13 on the ASSQ exhibited behavioesatteristic of ASD and were therefore excludedfro
the study. Prior diagnoses of children in the ASBug were confirmed using the Autism Diagnostic
Observation Schedule (ADOS; Lord et al., 1994ntaltscore> 7 confirmed presence of ASD. Children in
both groups were administered the Kaufman Brigdlligence Test, second edition (KBIT2; Kaufman and
Kaufman, 2004) to measure intelligence quotier@y.(Dnly high-functioning children (verbal IQ > 70)
were included in the study. Each child's handednassassessed with the Edinburgh Handedness
Inventory (Oldfield, 1971), which yielded a latétpindex (LI) score to determine whether particifsa
were predominately right-handed (LI > 40), left-Had (LI < -40) or ambidextrous (-40LI < 40).

Participant characteristics are shown in Table 4-1.
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Each child participant completed three separatehieg and tracking experiments within two
separate testing sessions, which were spaced sbaghayt. Two of the experiments required partidipam
perform discrete reaching movements; one of thegeired compensation for a suddenly-imposed
visuomotor reflection, whereas the other requirechgensation for the slow incremental impositiomm of
visuomotor rotation. The third experiment requipadticipants to perform a pursuit tracking taskjakih
also required compensation for a suddenly-imposagbwmotor reflection. All participants performeceth
reaching task with reflection in one experimen&ssson and all performed the reaching task with
incremental rotation and the tracking task withderdreflection in the other session. The order of
experimental sessions was counterbalanced acrassgents. Each participant also completed a brief
control test wherein we measured simple and cheiaetion times. This test was always performetiat t

beginning of the first day of testing.
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Table 4-1 Participant Characteristics

GroupParticipantSex Age Laterality SS KBIT2 *ADOS/ASSQ Medication
(years) T (V, N) T(C,S)/T
ASD Al M 13.1 26 31 115(117,108) 7(2,5) AD
A2 M 16.7 89 32 102 (106,96) 9 (3,6) AC, AP, AD
A3 F 17.3 0 45 101 (92, 109) 18 (6, 12) BC, AH, AD
A4 M 17.0 50 61 101 (102, 100) 12 (4, 8) AD
A5 M 14.0 88 48 131 (135, 118) 10 (4, 6) ST, AD
A6 M 16.4 78 53 96 (100, 92) 7(2,5) ST, AP, A&C, CD
A7 M 15.3 -100 59 104 (87,119) 14 (5,9) AD, AP
A8 M 15.6 53 47 117 (107,122) 7 (3,4) -
A9 M 16.2 71 47 122 (112, 125) 13 (3, 10) ST, AH
A10 M 14.6 41 53 121 (132,104) 7(3,4) -
All M 16.7 100 43 102 (104,98) 8 (2,6) -
M £ SD 15.7+1.345+5747+10 110+11 10+4
TD Tl F 16.0 53 42 106 (108, 104) 0 -
T2 M 15.5 0 62 120 (120, 114) 0 -
T3 M 13.1 80 63 125 (124, 118) 4 -
T4 M 13.5 79 66 82 (94, 75) 2 -
T5 M 13.3 100 32 100 (100, 100) 0 -
T6 M 13.2 100 46 116 (105, 122) 1 -
T7 M 15.5 58 66 116 (122, 105) 0 -
T8 M 16.5 70 43 119 (118, 114) 0 -
T9 F 12.2 88 66 139 (130, 139) 0 -
M £ SD 145+1671+2953+13 114+15 0.7+1.3

Abbreviations: ASD autism spectrum disorder, TDicgly developing, SS social status, KBIT2
Kaufman Brief Intelligence Test, 2nd Edition, AD@&tism Diagnostic Observation Schedule, ASSQ
Autism Spectrum Screening Questionnaire, T totalekbal, N nonverbal, C communications&ial, M
male, F female, AD anti-depressant, AC anti-coramiSAP anti-psychotic, BC birth control, AH anti-
hypertensive, ST stimulant, CD central nervousesysiiepressanyl mean,SD standard deviation

* ADOS reported for ASD; ASSQ reported for TD

Experimental Setup

Seated participants made goal-directed reachingranking movements while holding the handle
of a custom two-joint robotic manipulandum withitrominant hand (Figure 4-1a). The arm was
supported against gravity using a light-weight clmadunted support (Jaeco Orthopedic, Hot Spring®). A
Task instructions, visual stimuli, and performafeedback were projected onto a horizontal screestdal
above the plane of movement. Direct view of the aas blocked by the video display screen and by a
smock draped over the arm and shoulders. Robotédandition was recorded by two encoders
(A25SB17P180C0O6E1CN, Gurley Precision Instrumehtsy, NY) at a rate of 200 Hz and mapped onto a

cursor (0.5 cm diameter white circle) on the scré@dmw visual display was updated at a rate of 40 Hz
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Robot control and post-processing of data wereopeéd within the MATLAB computing environment

(The Mathworks Inc., Natick, MA).
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Figure 4-1: Experimental apparatus and procedure(a) Participants moved the handle of a robotic
manipulandum to control a cursor on a screen (BpWwing practice, children completed four blocks
[bottom] of reaches to one of eight targets [lasyeles] from a central ‘home’ position [small deg(c)
Children completed 3 trials [bottom] of trackingiagle target [yellow circle] or a single targethvi
leading indicators [green circles] along a psewsttdom path at two different goal speeds.

Procedures

Goal-Directed Reaching Experiments
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We designed two experiments that sought to quatitéyability of TD children and children with
ASD to invoke strategic compensatory strategiessamgorimotor adaptive compensations during a
reaching task that required visuo-proprioceptiference frame recalibration. “Out-and-back” reaghin
movements began and ended within a central horgettéd.5 cm diameter green circle) that was visible
during the entire experiment and was centered alom@articipant’s midline. For each movement [jria
participants were to capture one of eight goalder§? cm diameter green circle) at the moment they
reversed movement direction. Goal targets wereilgiged evenly around the perimeter of a circle ¢i0
radius) concentric with the home target (Figurebd-The sequence of goals was pseudo-randomlyexdder
such that each goal was presented once per cy8lériads. We required the hand (and cursor) thédld
within the home target for 100 ms prior to the gatien of a “GQO” signal that was subject to an éddal
delay (pseudo-randomly selected from a unifornrithistion with a mean of 2.1 s and a range of It® s
3.3 8). The “GO” cue consisted of the simultangaesentation of one of the visual targets and ami®0
audio tone. Participants were to “move the curgdhé target and return home in one smooth motion”.

Prior to data collection, participants completetkast 4 practice cycles to gain familiarity with
the robotic device and the task requirements. &jaaints then completed 432 trials in a series m&feth
blocks that lasted approximately 45 minutes: 8 &ydfbaselinewith veridical cursor feedback; 38 cycles
of transformationwith one of two distortions applied to the curésee below); and 8 cycles whshout
trials with veridical feedback. The two reachingk&xperiments differed in the way visual distarsio
were applied to the cursor during the transfornmatimck. In thencremental rotatiorexperiment, motion
of the cursor was rotated slowly in the counterckiise direction about the home target with respect
the actual motion of the hand. The rate of rotatias 1° per cycle during the first 30 cycles of the
transformation block (30° maximum rotation). Theuomotor distortion was then held constant at 30°
counter-clockwise rotation for the remaining 8 eg;lwhich allowed us to assess steady-state pexfaren
in response to the rotation. The applied rotatias the same across target locations; therefore, we
anticipated that compensation strategies wouldrbéas across all eight target directions. Impothgrthe
incremental rotation was designed to be small emgkrceptible such that the participants’ compemgato

response would favor automatic sensorimotor adaptater voluntary (cognitive) strategic
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compensations (Kagerer et al., 1997; Redding aniibééa 1997}. In thesudden reflectioexperiment,
the x-coordinate of the cursor was reflected actiesgarticipant’s midline during the transformatio
block, whereas the cursor’s y-direction motion ramed veridical throughout the entire experiment (cf
Grigorova and Bock, 2006). Reflection is a novehspicuous transformation that requires participamt
develop different compensation strategies for fiifferent types of targets: vertical targets regdino
transformation of the movements performed in basdksting; horizontal targets required a 180° nsale
and diagonal targets required 90° rotations irctbekwise direction for the lower right and uppeit |
targets and in the counter-clockwise directiontf@r upper right and lower left targets. We wereriested
in how participants would use volitional (cognifj\arategies to compensate for large, observable
direction-dependent distortions; thus, participamse informed: “Sometimes the cursor will movethe
left when you move your hand to the right atick versa.

In both reaching experiments, we removed visuallfaek entirely during some baseline and
transformation block trials. These ‘blind’ trialeve randomly interspersed at a rate of 1 per @mtewere
used to evaluate the influence of visual feedbackand position early in the movement trajectory.
Similarly, we applied a single-trial impulse of thisual distortion (30° rotation or x-coordinatdleetion)
at a rate of 1 per cycle during the baseline bldtlese ‘catch’ trials were used to measure kineamati
performance characteristics during initial expogorthe full visuomotor perturbations to be expecied
later in that experiment.

Trials were considered successful if the end-of-emoent cursor position was within 1.25 cm of
the goal and if the maximum speed during the oudvmaovement was between 30 and 70 cm/s. Successful
trials were rewarded with a high-pitched tone dragoal turned white. Unsuccessful trials were ghuil

with a low-pitched tone and the goal turned yell®articipants were encouraged to return to the home

! The rate of rotational increment durimgremental rotatiorwas designed to be imperceptible to
participants. During a pilot study, we tested imeemts that were less than the standard deviatiamitiz
direction error (IDE) averaged across baselineesy(6D = 9°) of a healthy adult. For incrementg°gper
cycle of 8 movements, initial direction error dexged during the constant 30° rotation cycles sumges
that adaptation was incomplete at the end of #mesformation block; however an increment of 1° per
cycle of 8 movements was imperceptible to the pigidint and led to stable performance during the
constant 30° rotation phase.
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position within 1.25 s of movement onset. Failweld so resulted in a “Too Slow” warning above the

home target.

Pursuit Tracking Experiment

We anticipated that the reaching task describedebhught reveal deficits in voluntary strategic
control in children with ASD. This experiment thiene sought to challenge the ability of TD childremd
children with ASD to integrate visual informatiohugcoming target motions into the ongoing
sensorimotor control of a tracking task that regglistrategic compensation for a sudden reflectidheo
visuo-proprioceptive reference frame. We recordanthpaths while participants used a cursor to teack
moving target, which followed an unpredictable andeen path. Participants completed four blocks of
three trials each: 3.5 minuteshmselinetracking with veridical cursor feedback to alloarficipants to
learn the task; 3.5 minutes i&flectedcursor feedback to evaluate strategic compensasanfunction of
movement direction; and 1 minutewéshoutwith veridical cursor feedback to allow the vispasal
mapping to return to normal before proceeding Withnext block. Participants were encouraged to res
after each block. To encourage voluntary strategiopensation, participants were told “the cursdk wi
move to the left when you move your hand to thatrand vice versa” prior to trials in which theleetion
was applied.

At the start of each trial, the target (0.5 cm diéen yellow circle) appeared at the center of the
screen (the ‘home’ position) and remained statipnatil the participant moved the cursor within @r
of the home position for 500 ms. Once alignment acseved, the target began to move at one of two
constant speeds along a predefined pseudo-randibnapa participants were to maintain alignment
between cursor and target by moving the robot learithe target path was constructed such that thetta
returned to the home position at the end of eaah whereupon the participant was given a 5 slrébe
target path was the same in baseline and refletii@e and was computed as a sum of sinusoids with
frequencies of 0.06, 0.11, and 0.13 rad/s for xyanith amplitudes ranging between -0.5 cm andddb

and phase shifts of 0 af2 rad (cf. Miall and Jackson, 2006).The targehmhtring the washout trial was
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computed similarly as a sum of sinusoids with fieggies of 0.08 and 0.10 rad/s for x and y withséeme
range of amplitudes and phase shifts as in basafideeflection.

The four trial blocks differed in the amount of 8pbinformation that was available for planning
and in the amount of time participants had to edigi¢ on that information. The target had one af tw
possible configurations: gingleyellow cursor (0.5 cm diameter) or a yellow curadth 7 equally-spaced
greenleading indicatorgeach 0.5 cm diameter) placed in front of thedgtan the path. The leading
indicators provided a controlled amouwrftspatial information that participants could tseguide ongoing
tracking movements (Figure 4-1c). The visual eftdcdding the leading indicators was to transfémmn
cursor into a caterpillar that marched about thieest. Participants were instructed to “follow the
caterpillar’s tail by keeping the cursor over tledigw goal target”. Because the path of the tavepet
random, the leading indicators showed the diredtiomhich the caterpillar was going to move, thus
providing information about future goal states. flisathe leading indicators provided spatial infiation
that could be used to strategically plan upcommgmensatory movements based on the direction ofdut
cursor movements. The target could also move apogsible speedslow (2.5 cm/s) ofast(5 cm/s). In
both cases, the length of the caterpillar at epeled was designed to be at least twice the patitip
choice reaction time (determined from the contsgleximent described below). The four trial blocks
included all combinations of movement speed andaruronfiguration: slow/single cursor; slow/leading
indicators; fast/single cursor; and fast/leadingjéators. Trial block order was counterbalance@ser
participants. The tracking experiment was performétin the same session as the reaching experiment
with incremental rotation so as to reduce the ilila@d of interaction with the reaching experiment
involving sudden reflection, which was performedha other session. The order of experimental eessi

was counterbalanced across participants.

Reaction Time Testing

Each child participated in a control experimenthatbeginning of the first day of testing, to
guantify two forms of reaction time (simple, chgicesing variations on a button-press task. Pagitip

held a computer mouse with their dominant handewigwing a 19” computer monitor (viewing distance:
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~60 cm), which displayed a visual stimulus (a 4diameter red circle, centered along the vertical
dimension of the screen). The visual stimulus caggear in the middle of the display during evatuabf
simplereaction times, or 12 cm to either side of a thartical, midline during evaluation of tlohoice
reaction time. During evaluation of teemplereaction time, participants were instructed to §srthe
mouse button with your index finger as soon asserithe circle”. Right-handed participants pressed
left mouse button and left-handed participantsggéghe right mouse button. During evaluation ef th
choicereaction time, participants were instructed to §sréhe left button as soon as possible if the $tisnu
appears to the left of midline or the right buttbthe stimulus appears to the right of the lin€he order of
left/right stimuli presentations was pseudo-randmdisuch that half of the stimuli appeared on e#idh
of the screen. In both tasks, reaction time wamddfas the time between stimulus onset and bpttess.
The interval between stimulus presentations wascted pseudo-randomly from a uniform distribution
(with a mean of 4.5 s and a span of 3 to 6 s).THeraf assessment of simple and choice reactioesti
was randomized across participants. Twenty-onkstware presented in each simple or choice reaction
time task. We used the estimate of choice readitioa to customize the cursor with leading indicatfor

each individual participant in the Tracking Expegimh

Data Analysis

Instantaneous hand position was recorded at 20fleafs using 17-bit rotational encoders
mounted on the robot’'s motors. Hand paths had @aspesolution better than 0.2 mm and were lowspas
filtered using a second-order zero-lag Butterwdittér with 10-Hz cutoff frequency before computing

hand velocities. Velocities were filtered similadgfore computing hand accelerations.

Reaching Experiments

Movement kinematics were plotted and visually-irdpd; trials where the hand failed to move >
3 cm from the home target were removed from furtirexlysis. Only the outward strokes of the out-and-

back movements were analyzed.
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We identified several kinematic features using ato@ated algorithm within the MATLAB
programming environment. Each was verified visualyg manually adjusted if necessavpavement onset
was identified as the moment when the hand veldicgyyexceeded 5 cm/s at the beginning of a trial.
Initial direction error (IDE)was computed as the angular difference betweésheah movement vector
(directed from the cursor’s position at movemergaino the goal) and the initial direction vectoedted
from the cursor’s position at movement onset tedtsition 80 ms later. Because ideal compensation f
reflection transformation depends on target loecafad. Cunningham and Pavel, 1991), we anticip&ted
the sign of initial direction errors (+: clockwise;counter-clockwise) would depend on target lmcatWe
therefore used the absolute magnitude of IDE fer&aching task with sudden reflection and we tised
signed IDE for the reaching task with incrementghtion to characterize the feedforward reach plior
to corrections made with visual feedback (Kageted.e 1997), which is delayed approximately 90ims
primates (Andersen and Cui, 2008ovement offsatas identified as the moment when the hand rederse
direction (i.e. returned toward home). We compusplect ratio (AR)as the ratio between the cursor’s
maximum deviation from a line drawn between italians at movement onset and offset to the lenfyth o
that line (i.e. deviation/extent).

We quantifiedmovement smoothnedsring reaching movements using a method develbged

Fishbach and colleagues (2005) to measure the m@gonmetry (SYM) of the velocity profile:

TVfV(TV ~i) —Tzlvav i)
SYM=-2, =
Z(V(Tv _I) +V(Tv + I))

[4-1]

where V is velocity and fis the time of peak velocity. A SYM value of zéndlicates perfect symmetry of
the velocity profile about its peak, whereas pesitind negative values indicate velocity profilesveed
toward the acceleration or deceleration phasegctisiely.

The time to select and prepare reaching movemesgsestimated byeach reaction time (RRYT)
defined as the interval between GO Cue and moveoresdt. The time to execute movements was
estimated byeach movement time (RMTefined as the interval between movement onskh@vement

offset. Prior to statistical hypothesis testing, s@enputed within-subject averages for each of itree f
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performance measures (IDE or |IDE|, AR, SYM, RR1J RMT) within three experiment phases: eight
cycles ofbaseline movements (excluding each catch trial and théitrimediately following it in the trial
sequence); the last eight cycles of transformgtiate training); and the first cycle of washoyidst-
exposure). Only the first cycle was included in the pospesure block because aftereffects are known to
dissipate quickly following volitional strategic mpensation (Contreras-Vidal et al., 2005; cf. Kagext

al., 1997).

Pursuit Tracking Experiment

We filtered hand position data (10 Hz low-passpptd re-sampling at the visual display rate of
40 Hz to facilitate quantification of tracking permance. At each resulting time stéuclidean Errorwas
computed as the vector pointing from cursor togaitgag Error (LE), our primary performance measure in
this experiment, was defined as the component ofidiaan Error along the direction of the target's
instantaneous motion. We also compu@thogonal Error (OE) defined as the component of Euclidean
Error perpendicular to the target’s instantaneadrextion of motion. Whereas LE provides a meastire o
tracking performance that is sensitive to senseeglback delays and the ability to compensate éamth
using predictive control, OE provides a general snea of performance error that is independent of
instantaneous target motion, due to the randomreatithe target’'s path. We analyzed only basedima
reflection trials in detail (washout trials weret examined), and performance variables were comdpute
using data from just the second half of each (efier steady state performance had been achieved).

We next sought to quantify the occurrence and atfjof discrete corrective submovements that
may have occurred during tracking. We identifiescdite corrective submovements using the method of
Roitman and colleagues (2004). Hand paths wer¢epl@nd color-coded by speedSAbmovementas
defined as a movement that occurred between cotmgedocal minima in the speed profilBubmovement
Countwas the total number of submovements that occuvitidn the trial. Submovement Amplituseas
defined as the difference between the peak andwbrage of the two local minima that bounded the
submovementSubmovement Durationas defined as the time period between boundiog iminima.

Submovements are often stereotyped such thatdpe sf submovement amplitude as a function of
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submovement duration scales in relation to tadicdify (Roitman et al., 2004, see also Milner, 229VNe
sought to test whether the regression slope of subment amplitude as a function of duration would
scale in relation to the three design parametaastype (reflection or baseline), target speesi(or slow),
and target length (a single cursor or one withilegthdicators). For each participant and each doatlon
of design parameters, we grouped submovement dariatio 7 equally-spaced bins with widths of 0.1 s,
and we fit a line to submovement amplitude as atfan of duration averaged within each bin to abthie

Submovement Regression Slépen the linear regression.

Reaction Time Experiment

For the reaction time experiments, we discardeditsietrial of each trial block prior to estimagjn
performance variables to avoid potential bias dutaé novelty effectsSimple Reaction Time (SRand
Choice Reaction Time (CRWere computed for each participant by averagiegithe interval between
stimulus presentation and button press acrossmkining trials wherein there were one or two gassi

responses, respectively.

Statistical Hypothesis Testing

We sought to discern whether subtle motor perfogeateficits in ASD reflect learning-related
deficits of automatic sensorimotor adaptation andédicits of volitional strategic compensation, or
whether they simply result from deficits in thelapito plan and execute actions. We reasoneddéfitits
of automatic sensorimotor adaptation and/or deficftvolitional strategic compensation (but not anot
planning and execution) would present as defiaithé ability to capture and track visual targetsrth
transformation trials (but not baseline trials). &ntrast, we hypothesized that ASD-related dsfiait
motor execution would present as target captuneitkein every trial, although performance defiaitgght
be exacerbated by the imposition of visuomotorodiiins or by requiring faster tracking speedsti§taal
tests were performed using the SPSS 21 (IBM, Armbih¥g) software package. We performed post-hoc

tests with Bonferroni correction to examine sigrafit main effects and interactions. Effects were
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considered statistically significant at the 0.05 threshold. Specifically, we sought to thste

hypotheses:

Hypothesis 1: Children with ASD exhibit deficits amtomatic sensorimotor adaptations in response to
slowly-accumulating rotation of the visual-proprmtive reference frame

We used signed initial direction error, IDE, as ptimary performance measure of sensorimotor
adaptation during the reaching experiment witheénoentally-imposed visuomotor rotation. We employed
a linear mixed model with compound symmetry covar@amatrix (SPSS command: MIXED) and post-hoc
t-tests (SPSS commands: EMMEANS, COMPARE, ADJ)amgare IDE across participant groups {ASD,
TD}, using experimental phase {8 cycles of basefpingctice, 8 cycles of late training, 1 cycle ofpo
exposure} as a repeated factor.

Importantly, failure to generate aftereffects afitiing (i.e. post-exposure trial movements without
persistently large IDE values) would indicate aicebf automatic (i.e. preconscious) sensorimotor
adaptation. We therefore performed a follow-on gsialto determine when post-exposure trial cycle
performance returned to baseline levels of IDE hWitach group, we used a 1-tail t-test to compaee
average IDE from the last cycle of baseline tr{abecluding the catch trial and the immediately supent
trial) to IDE averaged within each cycle of pospesure trials. We sought to identify the first post

exposure cycle in which IDE was not larger thantiaseline value.

Hypothesis 2: Children with ASD exhibit deficitstimeir ability to plan and execute volitional s&gic
compensations in response to a spatially compldxsaddenly-imposed distortion of the visuo-
proprioceptive reference frame

We used a linear mixed model analysis and post-tests with correction to evaluate the
hypothesis that children with ASD exhibit defiditstheir ability to develop and execute volitiostdategic
sensorimotor compensations in response to a dyat@hnplex and suddenly-imposed distortion of the

visuo-proprioceptive reference frame.

Reaching
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We used the unsigned initial direction error, |ID4s| our primary performance measure of
volitional strategic compensations during the réaglexperiment with suddenly-imposed visuomotor
reflection. We employed a linear mixed model anstgmc t-tests to compare |IDE| across participant
groups (ASD, TD), using experimental phase (8 «yolebaseline, 8 cycles of late training, 1 cydipast-
exposure) and target direction (horizontal, diagjorextical) as repeated factors.

In contrast to the reaching task with incrementatiposed rotation, if aftereffects persisted
throughout the post-exposure phase, then volitistrategic (i.e. cognitive) compensation would be
impaired. Within each group, we used a 1-tail t-tecompare the average [IDE| from the last cgtle
baseline trials (excluding the catch trial andithenediately subsequent trial) to |IDE| averagedhiwieach
cycle of post-exposure trials. We identified thstfpost-exposure cycle in which [IDE| was notdaithan

the baseline value.

Pursuit Tracking

We designed the tracking task to have discreteldenf difficulty: transformation between sensory
feedback and motor commands (reflected feedbaclkpaosd to veridical cursor feedback), temporal
information to plan the movements (fast comparesidw target speed), and spatial information ta pree
movements (a single cursor compared to one witllingaindicators). This allowed us to test the
hypotheses that performance variables varied wagh difficulty. We used average lag error, LE, as 0
primary performance measure of volitional strategimpensation during the tracking experiment. We
used a linear mixed model and post-hoc t-testemapare lag error across participant groups (ASD), TD
using experimental phase (reflection, baselinejyetaspeed (fast, slow), and target length (singhsor,
leading indicators) as repeated factors.

LE was designed to characterize the ability toatpdnotor commands in response to the target’s
motion. We anticipated that children with ASD woelkhibit increased LE due to deficits in feedforavar
planning (Rinehart et al. 2001, 2006; Glazebrookl @2008; Schmitz et al., 2003). However, incesblsE
could also be caused by deficits in movement pribolicTherefore, to distinguish deficits of movernen

production from deficits of feedforward planningg wompared average OE across groups (ASD, TD)
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using a linear mixed model with experimental phi@as#ection, baseline), target speed (fast, slany
target length (single cursor, leading indicatossjepeated factors. ASD-related deficits in LE, dragll or
no deficits in OE would indicate specific impairme feedforward planning in ASD unrelated to

movement production deficits.

Hypothesis 3: Children with ASD exhibit deficitstime execution of planned reaching and tracking
movements

Each of the statistical tests described above dezlithe baseline condition (in which visual
feedback was veridical) in the experimental phapeated factor. This allowed us to test whethdddn
with ASD exhibit deficits in the execution of re@nfp and tracking movements when they were not
required to update their motor commands in resptmaenovel visuospatial distortion. Additionallye
used repeated measures multivariate analysis @inea (RM-MANOVA) with post-hoc linear mixed
models and post-hoc t-tests to compare movemernadieaistics across participant groups during liaeel
as well as visuospatial distortion phases. Fotilwereaching experiments, this entailed two separM-
MANOVAs to compare movement characteristics (ARMyYRRT, and RMT) across participant groups
(ASD, TD) with experimental phase (baseline, laéning, post-exposure) as a repeated factor ftir bo
versions of the reaching task and target diredtientical, horizontal, diagonal) as a repeateddiaftir the
reaching task with sudden reflection. For the tiaglexperiment, this entailed a RM-MANOVA to
compare movement characteristics (standard demiafibE, standard deviation of OE, Submovement
Count, and Submovement Regression Slope) acrossipant groups (ASD, TD) with experimental phase
(reflection, baseline), target speed (fast, sl@amy target length (single cursor, leading indicgtas

repeated factors.

Results

One TD child and 4 children with ASD were droppeahi the study because they were unable to
follow task instructions. One additional participamthe TD group produced small errors in respdnse

the initial 30° exposure trials during the reachénxgperiment with incremental rotation, suggestimag the
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measure of IDE may have been confounded by feedixakol; therefore his data was discarded. The
remaining 11 children with ASD and 9 TD childrerafle 4-1) were attentive to the task on both déys o
testing. Participant groups were well matched émia status ¢ = 1.34, p = 0.197) and total IQ4t

0.56, p = 0.580); however, there was a small difiee in age {§ = 2.17, p = 0.043) between the two
groups. In the ASD group, eight children were righhded, two were ambidextrous and one was left-
handed, whereas in the TD group, eight childrerewigrht-handed and one was ambidextrous. All ceildr
in the ASD group met criteria for ASD measured iy ADOS. None of the children in the TD group
exhibited behaviors characteristic of an ASD diagimas measured by the ASSQ and only 1 child in the
TD group (participant T4) attained a score withia tlinical range of the CBCL for the Obsessive-
Compulsive Problems category. None of the othddidm in the TD group attained a score within the
clinical range of the CBCL. Group statistics foeagocial status, 1Q, handedness, ADOS and ASS@sco
are presented in Table 4-1.

Reaction times from the control experiment in whieticipants pressed a button in response to
visual stimuli were compared across participanugsousing a linear mixed model with task type (d$anp
choice) as a repeated factor. We found a main tedfetask type (F ;5= 35.64, p < 0.001) such that
reaction times were longer for the choice stimRT = 415 + 63 ms) compared to the simple stimulus
(SRT = 345 + 40 ms). There was no main effect ofigr(p = 0.49) and no interaction between group and
task type (p = 0.73). Thus, the lengths of theilggéhdicators in the continuous tracking experitnen

(computed as twice the CRT) did not differ betwgesups.

Automatic Sensorimotor Adaptation to IncrementaiaRons

We sought to determine the extent to which childsth ASD exhibit automatic sensorimotor
adaptation to a visuo-proprioceptive rotation aggbincrementally over many trials. One participarthe
ASD group (participant A5) reported that he peredithe applied rotation and thus, his data from thi
experiment was not included in further analyse® f@maining participants were attentive to the,task
failing to move on less than 1% of all trials (aage number of botched trials in the ASD group:3 +

trials; TD group: 2 + 2 trials).
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Figure 4-2a plots the signed IDE as a functiotriaf, averaged across children with ASD (left)
and TD children (right). Participants in both greupade straight and accurate movements with low IDE
values during baseline training when visual feeheaas veridical (top inset to Figure 4-2a - Basslin
Hand paths were markedly curved during baselinghdaials, wherein participants were exposed to the
full 30° rotation (bottom inset to Figure 4-2a —sBlne). A two-sample t-test identified no group
difference in IDE during initial exposure catclatsi (IDExsp = -29.58 + 1.62°, IDfg, = -28.59 + 1.25°;1¢
=1.00, p = 0.329), suggesting that uncompensatednpations yielded errors of similar magnitudédth
groups of children. By contrast, IDE values remdilwav and cursor trajectories were straight dusagy
training (when visual feedback was incrementaltated from 1 to 8°; inset to Figure 4-2a - Earlyveell
as during late training (when the rotation was tstédhdy at its maximum of 30°; inset to Figure 4-2a
Late). When rotation was suddenly removed (i.et-pgposure), movements curved in the counter-
clockwise direction, consistent with the expresgiba large aftereffect of sensorimotor adaptatiat had

accumulated slowly throughout the training phased(f to Figure 4-2a — Post).
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Figure 4-2: Reaching with incremental rotation.(a) Initial direction errors [IDE] averaged across
children with ASD [left] and TD children [right] slwn in black. Blind trials are represented by open
circles and catch trials are represented by ‘+'lsyim Rotation applied to the cursor shown in tagative
direction in red. Insets: all hand-paths color-abdg target during trials 33-96 [baseline and catizths],
97-160 [early training], 337-400 [late traininghca401-408 [post exposure] (b) Bar plot of averdye
for the ASD group [filled] and the TD group [opedjring baseline, late training, and post expodtreor
bars represent + 1 SEM, here and elsewhere. * 9% 0

To investigate the integrity of automatic sensotion@daptation, we compared IDE values across
participant groups within the baseline, late tnagniand post-exposure phases of the experimenirg-#y
2b). Linear mixed model analysis found a main dftéexperimental phase {k,=578.91, p < 0.001) and
an interaction between group and experimental p{fasg = 3.72, p = 0.035). Considering the main effect,
we found that IDE was negligible during baselinagbice (IDE = 0.90 + 2.51°). IDE decreased somewhat
in the counter-clockwise direction by the end afrimg (IDE = -8.86 + 3.33°), which suggests incdete
compensation for the imposed rotation. IDEreasedabruptly in the clockwise direction immediatelye(i
within the first cycle of trials) after the rotatiavas removed (IDE = 20.45 + 3.80°), suggestinyang
aftereffect of exposure to the visuomotor rotatidast-hoc analysis of the interaction between gang

experimental phase revealed that IDE did not d#fgnificantly across groups during baseline ortpos
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exposure trials (B 0.097 in each case); thus, both groups of paditgpdemonstrated comparable ability
to plan and execute the required reaching movemBgtsontrast, we observed a significant group
difference during late training (p = 0.013). Thatthe children with ASD exhibited less complete
adaptation than did TD children during steady-staqgosure to the visuomotor rotation.

Importantly, aftereffects of exposure to the ratatpersisted in both groups for many trial cycles
after the rotation was removed, rather than quicktyrning to baseline levels. For each particigaatp,
we performed a series of 1-tail t-tests compariveyage IDE in each successive post-exposure et c
to the IDE observed during the last cycle of basetraining (excluding the catch trial and theltria
immediately following it), to determine the firsbgt-exposure trial cycle in which IDE was less tban
equal to that of baseline. For both participanugsy we found that average IDE in all of the pogtesure
cycles were greater than IDE in the last cycleasfdiine training. Thus, participants never regained
baseline performance during all 8 cycles of pogtesxre. This observation strongly suggests that the
adaptive behavior we observed in response to dyslaecumulating visuomotor rotation was mediated
predominantly via automatic sensorimotor adaptatidher than volitional strategic compensation (cf.
Kagerer et al., 1997). Taken together, our resndieate that despite small differences in steadyes
compensation at the end of training, children ithtgroups exhibited comparable abilities to engage

mechanisms mediating automatic sensorimotor adaptat

Volitional Strategic Compensation for Sudden Réflec

We sought to compare the way in which TD childred ahildren with ASD use visual
information of upcoming target motions to plan @xeécute strategic compensations for the sudden

reflection of the visuo-proprioceptive referencanfie.

Reaching

Participants were attentive to the reaching teakngy to move on less than 1% of all trials

(average number of botched trials in the TD grdug:1 trial; ASD group: 3 £ 2 trials). Figure 4-Blots
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the IDE magnitude as a function of trial, averagerbss children with ASD (left) and TD childrengfut).
As in the reaching task with incremental rotatiparticipants in both groups again made straight and
accurate movements with low IDE values during basdraining when visual feedback was veridical
(bottom inset to Figure 4-3a - Baseline). Hand gatirved slightly and they were not accurate omage
when cursor coordinates were reflected about thigcEant’s midline during baseline catch trialspt
inset to Figure 4-3a - Baseline). We used a limeiaed model to compare IDE magnitude averaged acros
‘catch’ trials between ASD and TD groups with tardieection (horizontal, diagonal, vertical) as a
repeated factor. We found a main effect of targetction (R, 3= 2693.62, p < 0.001) but no main effect
of group and no interaction between group and tafigection (both [ 0.789). Thus, imposed
perturbations resulted in errors of similar magiétuluring initial exposure in both groups of cheldr IDE
values were large during early training (when viseadback was persistently reflected about thdinad
inset to Figure 4-3a - Early), decreased throughmitraining period, and remained larger thanehos
established during baseline practice during latimitng (inset to Figure 4-3a - Late). When reflentivas
suddenly removed (i.e. post-exposure), IDE valugskdy returned to baseline levels, consistent with
volitional strategy to select a motor plan in resg®to veridical visual feedback (inset to Figu®as4

Post).
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Figure 4-3: Reaching with sudden reflection(a) Initial direction error [IDE] magnitudes oveials
averaged across children with ASD [left] and TDidin [right], color-coded by target direction: neaga
— left/right, cyan — diagonal, blue — top/bottonmgtts. Blind trials are represented by open cirated
catch trials are represented by ‘+’ symbols. Insgtdand-paths, color-coded by target, duringl$r33-96
[baseline and catch trials], 97-160 [early traifjr887-400 [late training], and 401-408 [post exyre$ (b-
c) Bar plot of average IDE magnitude for the ASBugr [filled] and the TD group [open] for each oéth
three target direction types during late trainibpydnd post-exposure (c). * p < 0.05.

To investigate the accuracy of volitional compeiwsastrategies, we compared IDE values across
participant groups within the baseline, late-tragniand post-exposure phases and within targettatires
(horizontal, diagonal, vertical) {Figure 4-3b}. léar mixed model analysis found main effects of tyipe
(F», 144= 30.97, p < 0.001) and target direction, (fz= 8.91, p < 0.001) and a three-way interaction
between participant group, experimental phase tanget direction (I 144= 4.40, p = 0.002). Considering
the main effect of experimental phase, post hds tevealed that IDE magnitude was low during basel
(|IDE|] = 11.80 + 5.39°). IDE magnitude increasedrdylate training (|IDE| = 23.13 + 14.16°), sugiyes
that the volitional strategy was inadequate to cemspte for the novel imposed perturbation. IDEeased

abruptly during the first cycle of post-exposut®f| = 41.06 + 40.42°). Considering the main efffafc
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target direction, we found that IDE magnitudeshef vertical targets (|IDE| = 16.23 + 8.21°) wengdo
than those of the diagonal targets (|IDE| = 27.4840°) and the horizontal targets (JIDE| = 3233
41.98°). Since the imposed reflection only pertdrbersor feedback in the x-direction, there waseed
for participants to select a new strategy for thdival targets which required motion in the y-dtren. To
investigate the three-way interaction between gigdint group, experimental phase, and target dimect
we performed three post-hoc linear mixed modestémte for each experimental phase) to compare IDE
magnitudes across participant groups with targetcton as a repeated factor. During baseline,oved
no main effect of group and no interaction betwgerup and target direction (both p > 0.42). Howewer
found an interaction between participant group tanget direction during late trainingxks= 8.256, p =
0.001) such that IDE magnitudes were greater ild@dn with ASD compared to TD children for the
diagonal targets (p = 0.045; Figure 4-3b). We &smd an interaction between participant group and
target direction during post-exposure @gg= 5.695, p = 0.007) such that IDE magnitudes weeater in
children with ASD compared to TD children for therizontal targets (p = 0.001; Figure 4-3c). Thus, w
identified ASD-related deficits in the ability telsct a compensation strategy for a known transition
between visual feedback and motor commands, evenrafiny (~240) training trials.

Importantly, aftereffects of exposure to the viquaigl reflection diminished quickly in both
groups after the reflection was removed. For eactigipant group, we performed a series of 1-tédlsts
comparing average IDE magnitude in each succepsiseexposure trial cycle to the IDE magnitude
observed during the last cycle of baseline (exdgdhe catch trial and the trial immediately foliogy it).
For both participant groups, post-exposure IDE &slexceeded their baseline values for 1 trial ¢ycle
indicating that aftereffects disappeared after axipnately 8 trials. These observations stronglygesg
that the behavior we observed in response to tefledisual coordinates was mediated predominarly v
volitional strategic compensation rather than aatticrsensorimotor adaptation (cf. Kagerer et &97).
Our results indicate that children with ASD exhithéficits in the ability to select and execute mgtians

in response to a sudden known transformation betwiseial feedback and motor commands.
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Pursuit Tracking

We further characterized ASD-related deficits matggic compensation for a sudden exposure to
visuomotor reflection by controlling the amount aimding of visual information available for plangin
strategic compensations. Log likelihoods of LE &fitlwere used to plot 2-dimensional histograms of

cursor position with respect to the target in threation of the target's motion (Figure 4-4a).
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Figure 4-4: Movement error while tracking a movingtarget along a pseudo-random path(a) 2-D
color histograms of the log likelihood of cursorsfion with respect to the target (black circle) &
representative child with ASD [participant A4, tapjd a TD child [participant T8, bottom] for four
tracking conditions. (b) Average error in the difeic opposite the target’'s motion (i.e. lag erramyl (c)
average error in the direction orthogonal to tligetis motion during baseline [BL] and reflectidrF] for
children with ASD ([filled] and TD children [open].
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The way in which LE scaled with conditions of temgdand spatial target information provided a
measure of how well participants planned their mosets. We compared LE across participant groups
with experimental phase, target speed, and taegeth as repeated factors (Figure 4-4b). The liméged
model found main effects of group;(l= 5.40, p = 0.032), target length, (s = 28.82, p < 0.001),
experimental phase {h»s= 16.32, p < 0.001), and target speedts= 15.83, p < 0.001) and interactions
between participant group and experimental phase,(E 7.11, p = 0.009), between participant group and
target speed (Fi26= 6.17, p = 0.014), and between experimental phaddarget length (F,s= 4.83, p =
0.030). Considering the main effect of participgrdgup, post-hoc tests revealed that LE was larger i
children with ASD (LE = 0.46 + 0.54 cm) comparedrto children (LE = 0.22 + 0.33 cm). For the main
effects of target length, experimental phase, angkt speed, we found that LE was larger duringrtbst
difficult experimental conditions: single targetsor (LEinge= 0.50 + 0.48 cm, Liging= 0.20 + 0.42 cm),
reflected visual feedback (Ldgection= 0.47 £ 0.61 cm, LEeine= 0.23 £ 0.22 cm), and fast target speed
(LEfast= 0.46 £ 0.56 cm, Lk, = 0.24 £ 0.33 cm) relative to the easier experitmleconditions. For the
interaction between participant group and expertalgrhase, post-hoc tests revealed that withirAtBB
group, LE was larger when the reflection was implas@mpared to veridical cursor feedback (p < 0.001)
and LE was larger in children with ASD compared @ children when cursor feedback was reflected
about the midline (p = 0.003) suggesting that chitdwvith ASD were impaired in their ability to
compensate for the novel transformation between lpasition and visual feedback. Considering the
interaction between participant group and targeedppost-hoc tests revealed that within the ASidigyr
LE was larger during the fast target speed compiaréitke slow speed (p < 0.001) and LE was larger in
children with ASD compared to TD children during tlast target speed (p = 0.003), suggesting that
children with ASD were impaired in their ability tgpdate motor commands when temporal goal
information was reduced (i.e. during the fast taageeed). For the interaction between experimgaitate
and target length, post-hoc tests found that LE leuaer during reflection compared to baseline winen
goal was represented by a single cursor (p < 0.80d)LE was larger for the single cursor target parmad
to the cursor with leading indicators during bo#iséline and reflection phases (both .027), suggesting

that participants were successful in using theitgpohdicators to predict the target’s motion.
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Errors in the direction orthogonal to the targetiom (OE) served as a control to measure
movement error independent of target direction.\&e compared OE across participant groups with
experimental phase, target speed, and target lexsgthpeated factors (Figure 4-4c). The linear dhixe
model found main effects of experimental phase; k= 13.28, p < 0.001) and target speed &= 5.40,

p = 0.022) and an interaction between participantig and experimental phase (= 6.47, p = 0.012).
Similar to the LE results, post-hoc tests of théemedifects of experimental phase and target spé&o
revealed that OE was larger during the most diffiemperimental conditions: reflected visual cooates
(OEefiection= 0.25 £ 0.40 cm, OFseiine= 0.10 + 0.07 cm), and fast target speedE0.22 + 0.36 cm,
OEow = 0.13 £ 0.20 cm) relative to the easier experitaeronditions. For the interaction between
participant group and experimental phase, posttésts revealed that within the ASD group, OE was
larger during reflected visual coordinates compaoeceridical visual coordinates (p < 0.001) and @S
larger in the ASD group compared to the TD grougmvhisual feedback was reflected (p = 0.019),
suggesting that planning deficits related to vipabisl compensation identified in the LE analydise
could not be distinguished from movement problemgeneral. Taken together, the results identifycitef

in the way children with ASD update motor commawntien the target moved at the fast speed. However,
both groups of children were successful in usingaaded spatial goal information to predict targetion
and movement problems could not be distinguisheah folanning deficits during compensation for a nove

transformation between visual coordinates and muaor updating.

Movement Execution

Reaching

We sought to identify whether movement executiomigaired in children with ASD by
comparing performance measures across participaaps for each of the two reaching experiments. For
the reaching task with incremental rotation, wegddo verify that the group difference in steathts
compensation did not simply reflect general diffex@s in the amount of time spent planning and exegu

movement (i.e. RRT, RMT) or in movement kinemafisR, SYM). We performed RM-MANOVA and
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post-hoc linear mixed model analyses to test thiehgpothesis that performance variables (AR, SYM,
RRT, RMT) were equivalent across participant groampd experimental phase (the repeated factor). RM-
MANOVA identified a main effect of experimental gea(k ;0= 5.38, p = 0.008), but no effect of group
(p = 0.622) and no group by phase interaction (p984). Post-hoc linear mixed model analysis oheac
variable also found no main effect of group ortiattion between group and experimental phase @ll p
0.104). These results provide further evidencetti@group difference in steady-state compensati®n
observed was not a result of group differencebénability to prepare and execute straight and $imoo
goal-directed reaching movements. By contrast, iddidd main effects of experimental phase forfailr
measures, suggesting that these measures wertiveetaslearning-related changes in performance: AR
(ARpaseiine= 0.062 + 0.021, AR, = 0.062 + 0.015, AR = 0.100 + 0.035; £3,= 23.12, p < 0.001), SYM
(SYMpaseine= 0.049 + 0.048, SYM. = 0.045 £ 0.039, SYMy = 0.022 + 0.044; F3,= 3.43, p = 0.044),
RRT (RRTaseine= 320 % 35 ms, RRT. = 335 + 38 ms, RRJ = 337 + 40 ms; £3,= 9.39, p = 0.001),
and RMT (RMTyaseiine= 417 100 ms, RMJ,. = 425 + 103 ms, RMs= 466 + 122 ms; F3,= 7.99, p =
0.001).

For the reaching task with sudden reflection, wegbt to verify that the group differences in
steady-state compensation and post-exposure dtetetlid not reflect general movement execution
deficits. We performed RM-MANOVA and post-hoc limeaixed model analyses to test the null
hypothesis that performance variables (AR, SYM, R&®Td MRT) were equivalent across participant
groups with repeated factors of experimental plaasktarget direction. RM-MANOVA identified main
effects of experimental phase; (= 16.18, p < 0.001) and target directiog (= 6.08, p = 0.004) and an
interaction between experimental phase and taigsttibn (Rs, 3= 21.56, p = 0.014) but no effect of
group (p = 0.867) and no interactions with groug (2240). For RRT, the post-hoc linear mixed model
revealed main effects of experimental phase (RRife= 336 + 45 ms, RRf. = 506 + 106 ms, RRjLs=
452 + 99 ms; k 144= 133.46, p < 0.001) and target direction (RRLna= 423 + 105 ms, RRiEgona= 451
*+ 125 ms, RRertica = 420 £ 105 ms; £144= 5.15, p = 0.007) and an interaction betweerigpaint group
and experimental phase,(k4= 5.59, p = 0.005). Considering the interactiotwlsen participant group
and experimental phase, RRTs were significantlfiediht across each experimental phase within the TD

group (all p < 0.001), and RRTs during baselineendifferent than those of late training and posiesure
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within the ASD group (both p < 0.001). However, fgsc tests revealed no difference between groups
within each experimental phase (att1®.121), suggesting that the group differencesdady-state
compensation and post-exposure aftereffects wdreelated to ASD-related deficits in movement
execution. None of the other performance measeresated main effects of group or interactions betwe
group and experimental phase and/or target dire¢sith p > 0.161). For AR, we found main effects of
target direction (ARurizontar= 0.056 % 0.018, ARygona= 0.093 + 0.050, ARticai = 0.087 £ 0.053; F144=
16.89, p < 0.001) and trial type (ARuine= 0.063 + 0.026, AR, = 0.088 + 0.044, AR = 0.085 + 0.059;
F, 144= 8.77, p < 0.001) and an interaction betweeretadgection and trial type (R44= 6.24, p < 0.001).
For SYM, we found a main effect of target direct{&Y Mygrizonta= 0.114 * 0.104, SY ligona= 0.059 *
0.052, SYMerticai= 0.034 £ 0.075; £144= 19.20, p < 0.001) and an interaction betweegetadirection and
trial type (R, 144= 2.54, p = 0.043). For RMT, we found main effeft$rial type (RMTaseiine= 430 + 105
mS, RMTe = 524 + 164 ms, RMEs;= 507 £ 159 ms; £144= 24.94, p < 0.001) and target direction
(RMT horizontal = 458 + 132 ms, RMdagonai= 509 * 146 ms, RM&ica = 493 £ 168 ms; £144= 6.70, p =
0.002) and an interaction between trial type angetedirection (f 144= 4.02, p = 0.004).

We next sought to confirm that IDE was primarilysiéive to planning errors (and insensitive to
visual feedback corrections) by comparing IDE bemvtrials with visual feedback and ‘blind’ trialdle
used a linear mixed model to compare IDE betweeticg@ant groups with visual feedback condition
(present or absent) and experimental phase (basalamsformation) as repeated factors for botbhieg
experiments and target direction (vertical, hortagrdiagonal) as a repeated factor for the reachin
experiment with sudden reflection. Importantly, feand no main effect of visual feedback condition a
no interactions with visual feedback condition (a#t 0.150) for both reaching experiments. This test
confirmed that IDE was a reasonable estimate afféeward planning because hand position was not

influenced by visual feedback early in the moventajectory (i.e. within 80 ms).

Pursuit Tracking

We sought to identify whether ASD-related defidtsing the tracking experiment were

supported by movement execution deficits. We paréal RM-MANOVA and post-hoc linear mixed
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models and t-tests to test the null hypothesisghebrmance variables (standard deviation of lt&ndard
deviation of OE, Submovement Count, and Submoveegtession Slope) were equivalent across
participant groups with experimental phase, tasgeed, and target direction as repeated factors. RM
MANOVA found main effects of target speed, (5= 30.80, p < 0.001), experimental phasg = 14.34,

p < 0.001), and target lengthy(ls= 9.12, p = 0.001) and an interaction betweeretasgeed and
experimental phase {Rs= 8.35, p = 0.001), but no main effect of group=(p.251) and no interactions

with group (all p> 0.081). We performed four post-hoc linear mixeddels (one each for the standard
deviation of LE, the standard deviation of OE, udbmovement Count, and the Submovement Regression
Slope) to compare each performance variable aparsigipant groups with experimental phase, target
speed, and target length as repeated factors.

For the standard deviation of LE (Figure 4-5a),lthear mixed model found main effects of
experimental phas&fiection = 1.25 = 0.74 CMBpaseiine= 0.60 £ 0.25 cm; F1,6= 102.58, p < 0.001) and
target speedsfas;= 1.14 + 0.69 cMggow = 0.71 £ 0.49 cm; £1,6= 46.67, p < 0.001) and interactions
between participant group and experimental phase,(E 5.02, p = 0.027) and between experimental
phase and target speed (&= 7.02, p = 0.009). Considering the interactiotween participant group and
experimental phase, post-hoc tests found that grathps exhibited increased standard deviation of LE
during the reflection phase compared to baselinth(p < 0.001), but there was no difference indéad
deviation of LE between groups during baselineeflection phases (both>0.052), suggesting that
planning deficits in ASD were not related to defich movement variability in the direction of ttaxget’s
motion. Considering the interaction between expenital phase and target speed, post-hoc tests fhahd
the standard deviation of LE was greater duringpetibn compared to baseline for both target spéeoih
p < 0.001) and the standard deviation of LE wagdaduring the fast target speed compared to tve sl

target speed during both phases (bothQ004).
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Figure 4-5: Standard deviation of movement error wiie tracking a moving target. (a) Standard
deviation of error in the direction opposite theg&t’s motion (i.e. lag error) and (b) standardidgeon of

error in the direction orthogonal to the target'stimn during baseline [BL] and reflection [RF] fohildren
with ASD [filled] and TD children [open].

For the standard deviation of OE (Figure 4-5b),litmear mixed model found main effects of
experimental phas&siection= 1.17 £ 0.75 CMopaseiine= 0.41 £ 0.16 cm; F16= 143.01, p < 0.001), target
speed §ast= 1.02 + 0.77 cmggiow = 0.57 £ 0.43 cm; £126= 50.01, p < 0.001), and target length e =
0.87 + 0.72 CM@ieadging= 0.72 + 0.59 cm; F156= 6.10, p = 0.015) and interactions between pipeit
group and experimental phase (k= 7.86, p = 0.006) and between experimental phaddarget speed
(F1, 126= 15.99, p < 0.001). Considering the interactietween group and experimental phase, post-hoc
tests found that both groups had increased stanmf#amidtion of OE during reflection compared to liase
(both p < 0.001) and the standard deviation of Q& higher in children with ASD compared to TD

children during reflection (p = 0.011), but not ithgr baseline (p = 0.816), suggesting ASD-relatditite
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in movement variability during compensation foravel visuospatial transformation. For the interarti
between experimental phase and target speed, we fbat the standard deviation of OE was greater
during reflection compared to baseline during tfagt and slow target speeds (both p < 0.001) aamd th
standard deviation of OE was greater during thetéaget speed compared to the slow target spegaigdu
both phases (both0.032).

We next plotted the target path and overlappedhéma’s position color-coded by movement
speed (Figure 4-6a). From the figure, it is cléat participants made updates to the hand’s positioseen
by regions of high movement speed which were bodifydocal minima in movement speed (i.e.
submovements). We counted the total number of subments (which is inversely related to movement
smoothness, cf. Rohrer et al., 2002) across eguériexental phase. For the Submovement Count (Figure
4-6b), the linear mixed model found main effectsasfet speed {f3;= 370 + 51, Qo = 407 + 33; [ 126=
77.97, p < 0.001), experimental phasgnRion= 372 % 47, Puseiine= 406 * 40; I 156= 70.31, p < 0.001),
and target length {Rge = 383 * 45, Raging= 394 + 47; £ 1= 7.07, p = 0.009) and an interaction between
target speed and experimental phase §6= 7.50, p = 0.007). Considering the interactiotwleen target
speed and experimental phase, post-hoc t-testsl fitvah the Submovement Count was greater for the sl
target speed compared to the fast target speedgdoioth experimental phases (both p < 0.001) amd th
Submovement Count was higher during baseline coadp@arreflection for both target speeds (both p <

0.001).
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Figure 4-6: Submovements while tracking a moving taet along a pseudo-random path(a) Target
paths [black] and hand paths color-coded by harddifior a representative child with ASD [participan
A2, top] and a TD child [participant T9, bottom}flmur tracking conditions. (b) Submovement Count
during baseline [BL] and reflection [RF] for chi&r with ASD [filled] and TD children [open].

For each submovement (Figure 4-7a), we measurespied amplitude and duration. We then
plotted speed amplitude as a function of duratiigyre 4-7b) for each participant and each of ighte
combinations of experimental phase, target speatitarget length. A line was fit to the amplitude v
duration plots and the slope of the line (Submow@rRegression Slope, Figure 4-7c) was used to
characterize the stereotypy of corrective submovdsn@ef. Roitman et al., 2004; Pasalar et al., 2006e
linear mixed model found main effects of targetespém,s; = 10.41 + 3.11 cmismyoy = 7.02 + 2.06
cm/$; Fy 1,6= 140.28, p < 0.001), experimental phasg.{fe= 7.93 * 2.32 cmfS Mefecion= 9.50 * 3.62
cm/g; Fy 126= 29.22, p < 0.001), and target lengthefmag= 8.16 + 2.71 cmfs My,ge = 9.27 + 3.43 cmfs
F1 126= 16.20, p < 0.001) and an interaction betweetigiant group and target length,(s=4.27, p =
0.041). Considering the interaction between paudiot group and target length, post-hoc tests redeht
TD children had higher Submovement Regression Sldpeng the condition in which the target was

represented by a single cursor compared to theittmméh which the target had leading indicators<(p
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0.001), but there was no such trend in childreinW&D (p = 0.147) and there was no difference in
Submovement Regression Slopes between groupgsiier éarget length (both30.199). Together, these
findings suggest that the ASD-related deficitsompensation for novel visuospatial distortion weos

supported by general movement execution deficitliguboth reaching and tracking tasks.
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Figure 4-7: Kinematics of submovements while trackig a moving target.(a) Amplitude and duration

of a single, representative submovement. Red siidientify the local minima bounding the submovetnen
Blue arrows identify the time period between bougdbcal minima (i.e. duration) and the differemce
height magnitude between the peak speed and thegevepeed of the bounding local minima (i.e.
amplitude). (b) Amplitudes and durations of subnrogats of a representative child with ASD [participa
A4, black] and a TD child [participant T1, gray] ieebinned and plotted. A line was fit to the
submovement amplitude as a function of duratioolti@in the slope which characterized movement
corrections. (c) Slopes of submovement amplitude fasiction of duration measured during baseling [B
and reflection [RF] for children with ASD [filleddnd TD children [open].
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Discussion

We assessed the abilities of children with ASD &bBdchildren to make goal-directed reaching
and tracking movements using automatic sensorina@aptation and volitional strategies to compensate
for visuospatial distortion. While reaching wittsubspatial rotations that were incrementally-impigse
children with ASD exhibited subtle deficits in résdmg errors at the end of training compared to TD
children. While reaching with visuospatial reflectithat was suddenly-imposed, children with ASD enad
larger errors during late training and post-expesiampared to TD children. While tracking with
suddenly-imposed visuospatial reflection, childwéth ASD lagged behind the target to a greaterrexte
than TD children. Together, these findings sugtestchildren with ASD exhibit deficits in volitia@h
strategic compensation, but only subtle differenoesutomatic sensorimotor adaptation. These figslin
were not supported by ASD-related deficits in mogatrexecution because movement kinematics were

not different between participant groups.

Subtle ASD-related Deficits in Automatic Sensoragndidaptation

Automatic sensorimotor adaptation was assessedtingsoups of children during reaching with
incrementally-imposed rotations of visual feedbackildren with ASD exhibited larger errors at threleof
training, when the rotation reached its maximurB@¥. Others have used reaching experiments with
incrementally-imposed rotation to characterize matic sensorimotor adaptation in neurologicallyaatt
adults (Kagerer et al., 1997; Klassen et al., 200&yever, ours is the first to characterize reaghi
performance against incrementally-imposed rotatiorehildren with ASD. In a study by Gidley Larson
and colleagues (2008), children with ASD and TDOdrlen moved a robotic handle to control a cursoaon
video screen. Participants completed two versidiseotask, which differed in the type of visuonmoto
distortion that was suddenly-imposed. During thredefield experiment, participants performed reaghi
movements against a clockwise curl field such thatmagnitude of the force scaled with hand vejocit
During the visual-rotation experiment, the cursaswotated 19° in the clockwise direction with exso

the hand’s actual position. Even though sensorimaigiortions were large and suddenly-imposed,
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automatic sensorimotor adaptation likely contriluie learning because when the distortions were
suddenly removed, movement errors were large argispent (Gidley Larson et al., 2008). Gidley Larso
and colleagues (2008) found no group-wise diffeednanovement errors during their reaching task,
which contradicts our finding of increased movenamors in the ASD group at the end of training. On
average, children with ASD exhibited a slower @tadaptation compared to TD children, but thislifiry
was not confirmed with statistical hypothesis tegif individual participant data. However, in ddaing
study, in which adaptation was modeled with a dewdponential to yield a fast and a slow time camist
for each participant, Izawa and colleagues (20@ahd that children with ASD exhibited a slower rate
adaptation for the fast time constant compareddahildren. Our experiment was fundamentally difar
from those of Gidley Larson et al. (2008) and Izawal. (2012) because we designed rotations sz
and imperceptible. Thus, ASD-related deficits im study were the result of automatic sensorimotor

adaptation to predictable sensorimotor distortions.

ASD-Related Deficits in Volitional Strategic Comgation

During the reaching task with sudden reflectionldehn in both groups produced large errors at
the onset of reflected visual coordinates. Err@sréased somewhat after many training trials; hewev
participants were unsuccessful in selecting a cowsg#on strategy to achieve errors within the level
established by baseline practice. When the reflaatias suddenly removed, errors quickly returned to
baseline values, suggesting that volitional comagais rather than automatic sensorimotor adaptation
were employed to compensate for the reflected Vs@rdinates. It was not surprising that initiadedtion
errors remained high in both groups after many ¢y 2¢hining trials with reflected visual feedback.
Mazzoni and Krakauer (2006) measured reaching arn@sponse to sensorimotor distortion. In their
study, typical adults reached to targets while acthinterclockwise rotation was applied to cursor
feedback. Half of the participants were told thaanature of the distortion, when it occurred, tray
were told to aim for the neighboring clockwise &trp compensate for the rotation. The other Half o
participants received no such instruction or adedrimowledge of the rotation. Participants who were

given a compensation strategy made increasinghgtagrrors whereas participants who were not tbld o
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the rotation made increasingly smaller errors.unsiudy, children were told that the visual conatées
would be reflected about the midline, but they wesetold when it would occur or how to compendate
it. They were successful in reducing error acrbsditansformation block, but error remained higthat
end of training. Unlike the study by Mazzoni andakauer (2006), error was also high at the beginafng
the transformation block when cursor feedback waislenly reflected about the midline. This differenc
may be due to the explicit strategy given to thetigipants in the Mazzoni and Krakauer (2006) study
whereas the participants in our study were requivddentify an appropriate strategy to compengatéhe
novel sensorimotor transformation.

During the tracking task, children with ASD lagdeehind the target to a greater extent than TD
children, especially when the target moved at &%t $peed and when visual feedback was refleciaat ab
the midline. Grigorova and Bock (2006) recordeddchpaths and eye positions while healthy adultkedc
a moving target while visual feedback was refle@bkdut the midline. In their study, one group of
participants was instructed to look at the targétereas another group of participants was instduite
look at the cursor. Interestingly, eye positionorelings found that both groups of participants altyu
looked at the target. However, participants whoeamsstructed to look at the cursor performed tis& ta
with less error than those who were instructeatd lat the target. They concluded that the grougghvh
was instructed to look at the cursor distributezirtbpatial attention between the target and thsocu
which improved their performance compared to thelse only paid attention to the target. Eversheim an
Bock (2001) characterized hand paths while paditip tracked a moving target while visual feedbaak
reflected in the up-down direction (i.e. the “aciiibn task”), and while they concurrently perfoire
button-press task in response to visual stimudi the “loading task”). During the loading taskrtfdpants
were to press one of four response buttons to gpora to a visual stimulus that appeared in orfewf
locations. Participants completed four versionthefloading task which differed in the cognitivado
required: thecontrol task was performed as described aboveattemtiontask included a pre-cue to
indicate the location of the next visual stimulieg tappingtask required a short-long-short sequence of
button presses, and thetation task required selecting responses that were tb&e from the visual
stimulus. The pattern of errors measured from tlygiisition task varied across the four loading sask

suggesting that spatial attention was in high dehearly in the learning sequence, while movement
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preparation was in high demand late in the learsgguence. Thus, the pattern of ASD-related emors
our reaching and tracking tasks with sudden raflactuggests that children with ASD exhibit defidit

movement preparation.

Intact Movement Execution in ASD

Our primary performance measures (IDE for the mezrtasks, and LE for the tracking task) were
used to identify group-wise differences in compéinsafor visuospatial conflict. When sensorimotor
distortion was applied to visual feedback, childwéth ASD made more errors than TD children; howeve
errors were indistinguishable between the groupmduipaseline conditions, suggesting that movement
execution is intact in children with ASD. We furtheharacterized movement execution by comparing
movement curvature (AR), smoothness (SYM), andithe to prepare (RRT) and execute movements
(RMT) across participant groups during the reachasits and by comparing the standard deviatiohgof
and OE, the Submovement Count, and the SubmoveRegmession Slope across participant groups
during the tracking task. Each of these comparisomsd no difference in performance variables acros
participant groups, confirming our conclusion thatvement execution is intact in ASD.

These findings contradict those of Stoit and eglees (2013). In their study, children with ASD
and controls performed reach-to-grasp movementgioh they grasped one of two objects, which were
cued by object location or grip. The authors cogetlthat movement execution, but not planning, was
impaired in ASD. However, their experiment was@liéint from our experiments because they
characterized planning based on reaction time lamehttimber of errors the participant made in selgcti
and grasping the object, whereas we characterizagment planning with errors in the reaching and
tracking trajectories. Stoit and colleagues (2aifjned movement execution deficits as delayed
movement times in children with ASD compared totoals. Our experimental paradigm of the reaching
task was designed to control for movement time beeaccurate movement speed was required to
successfully obtain the targets, and we displayedraing following reaching movements that were too

slow. Our feasibility study (Salowitz et al., 201ef)goal-directed reaching has shown that childvéh



82

ASD are able to make fast movements if they receaiaing prior to kinematic testing and if theyar

provided knowledge of results of total movementetim

Limitations, Future Directions, and Conclusions

Our method of using consecutive local minima inespt identify corrective submovements
during the continuous tracking experiment has tet@ptial sources of error. First, friction and/oeitia
associated with the robot could lead to fewer logmima in the speed profile which would reduce the
Submovement Count. However, we found that the Swement Count and the Submovement Regression
Slope both scaled with the amount of spatial infation in the goal which could not possibly affdut t
friction or inertia of the robot because spatiahlgaformation is a visual display which does niféet
robot characteristics. Therefore, differences s $ubmovement Count and Submovement Regression
Slope must have been caused by the way in whidfcipants used information from the leading indirat
compared to the single cursor to minimize errah@ir movements. The second source of error in our
method of detecting submovements is that identifgionsecutive local minima in the speed profile
assumes that submovements do not overlap (Pasalay 2005). However, Pasalar and colleagues (2005
have demonstrated that Submovement RegressionsStopée with task difficulty even when overlapping
submovements are identified using a minimum jerkho@. Therefore, it is unlikely that our method of
identifying local minima in speed masked significdifferences in the number and characteristics of
submovements between participant groups, experahphtises, and/or temporal and spatial target
information.

During the reaching task with gradual rotation isiual feedback, we found that children with
ASD exhibited larger errors at the end of trainblognpared to TD children. One possible explanation f
increased IDEs in the ASD group compared to thegfddp is that children with ASD may have delays in
updating their motor plan. Since we found no grdifference in IDE measured during initial expostoe
the 30° rotation of visual feedback and we foundyraup difference in baseline performance with
veridical feedback, it is unlikely that TD childréad a pre-existing advantage of motor execution

compared to children with ASD. Therefore, increasgdrs at the end of training in the ASD group
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compared to the TD group likely resulted from inmpagnts in using the prior training trials with
incrementally-imposed rotations to update theiranecbmmands. The increment (1° per cycle) may have
been too large for children with ASD to automafigaipdate their motor commands at the level obskrve
in the TD group. In fact, one participant in thelA§roup reported that he perceived the appliedicots.

A future study could be designed with smaller imoe@ts of 0.5° per cycle to determine the extemthah
children with ASD are able to minimize movemenbesrin response to rotation when they have more
training trials at smaller rotational incrementsgdavhen they are less likely to perceive the applie
rotations.

The series of experiments presented in this stodgd that children with ASD exhibited subtle
deficits in their ability to compensate for smaffetences between visual feedback and motor comsan
and they were impaired in their ability to compdadar large, noticeable differences between visual
feedback and motor commands compared to TD childrea latter deficits were present during both
discrete reaching and continuous tracking moveméimsse results were unrelated to motor execution
because movement kinematics did not differ betwggenps. Thus, the results suggest that both automat
sensorimotor adaptation and volitional strategimpensation are impaired in children with ASD during

goal-directed movements of the hand.
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CHAPTER 5: INTEGRATION OF VISUAL AND PROPRIOCEPTIVEERCEPTION OF MOVEMENT
KINEMATICS IN CHILDREN WITH AND WITHOUT AUTISM SPEC’RUM DISORDER

Children with autism spectrum disorder (ASD) oftethibit deficits in sensory information
processing, yet the nature and consequence of dedisés is unclear. An important goal of sensory
information processing is the integration of mu#imodalities (e.g. visual and somatosensory inéiwm)
for perception of body and limb movements in spatere we test the hypothesis that children with ASD
exhibit deficits in multimodal sensory integratifim motion perception relative to typically deveiog
(TD) children. Ten high-functioning children withS® and ten TD children performed a two-interval,
forced choice, hand path curvature discriminataskt We characterized the ability to discriminate
between hand and/or visual cursor paths (bothatalhelpoint paths) of differing curvature and to
characterize relative importance of vision vs. piageption in the perception of endpoint motionil@ten
performed the task under single-modality (visugbmprioceptive stimuli) or bimodal conditions
(simultaneous visual and proprioceptive stimuli)e Additionally investigated how uncertainty in the
visual stimuli might influence perception by vargithe width of the cursor’'s Gaussian spatial distion
on different trials. We estimated two psychometrciables from standard cumulative Gaussian funstio
fitted to the task response data: the standardatieniof the underlying psychometric models andpbiat
of subjective equality (PSE). We used these vaggti estimate the contributions of vision and
proprioception to the perception of endpoint matitandard deviations (also called discrimination
thresholds) of the psychometric models are invgnshted to the precision in which participantsido
discriminate between curvatures. Children with ASibited increased discrimination thresholds dyrin
the bimodal condition as compared to TD childrerd as compared to discrimination thresholds eséthat
from the single-modality experiments. These findisgpport the hypothesis that the neural processes
underlying multisensory integration are compromisechildren with ASD. By contrast, both groups of
children exhibited systematic re-distribution ofisery weights such that visual dominance over
proprioception decreased as the amount of visusnminty increased. Contrary to our original hyyests,

we found no evidence for ASD-related deficits ia tB-weighting of visual and proprioceptive infotioa
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for perception of hand-path kinematics. Thus, A®Ixted deficits in multimodal sensory integratian d

not appear to result from deficits in sensory régivéng during perception of hand path kinematics.

Introduction

The ability to combine sensory information fromieisand proprioception to perceive the
position and motion of the body and limbs servegisd critical functions, including the coordinatiof
gross and fine movements (Ziviani et al., 19829, gkrception and use of body language (de Gelder,
2006), and for developing an awareness of perdmwthl space (Spence et al., 2000). Vision and
proprioception provide complementary informatiolated to limb position. As a result, people rethi@
ability to perceive limb state when one of thesalalities becomes unreliable (due to aging, disearse,
environmental effects) by increasing the contributdf the other intact modality.

For perceptual tasks, such as estimating the $iagnand-held object (Ernst and Banks, 2002),
locating the position of the hand relative to tloelyp (van Beers et al., 1999, 2002a) and assedsing t

geometry of hand path (Reuschel et al., 2010),isausory cue integration is well characterized gshelh

each sensory estimafg contributes to a unified, multisensory estimatstate S5 in inverse proportion
to the varianceri2 inherent to the individual estimates
Sws = Z WS [5-1]
i

with

O'i_z
-2
2.9
j

wherei andj are indices over the set of sensory informaticamciels. We can estimate the relative

Wi =

[5-2]

contribution of each sensory source to the muliegnstate estimate based on the relative uncéyrtain
within each of the unimodal signals (Ernst and Bar@002). If only vision and proprioception aredise

estimate limb positiort.q 5-JandEq 5-2reduce to

Sys =W, S, +W,S [5-3]
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where
R oh
Wy =—— [5-44a]
oy +0,
and
v“vp =1- \7vv [5-4b]

Here, subscripte andp refer to vision and proprioception, respectivéiyhe uncertainty in the perception
of one of these sensory modalities (e.g. visionjdases, then the contribution of the other sensory
modality (e.g. proprioception) would increase. Vgsuame that the noises in each sensory modality are
independent. If noises in the individual sensorydalities covary, then sensory integration would et
optimal and the resulting bimodal estimate wouldehgreater uncertainty than predicted.

The distribution of sensory weights for percepi®mell-characterized in healthy adults, who rely
on visual information more than other sensory mitidal including haptics (Ernst and Banks, 2002inke
Tillery et al., 1991; Battaglia et al., 2003), amehlthy adults are able to redistribute sensorghtsiin
response to variations in visual uncertainty (Eamat Banks, 2002; Burns and Blohm, 2010). Sensory
information processing is impaired in people witB2Awho exhibit hyper- and hyposensitivity, tempgrar
loss of sensation, the incorrect attribution of eeasory modality to another (i.e. synesthesia)samgory-
seeking behaviors (Lane et al., 2010; Ornitz, 19B83; O’'Neill and Jones, 1997; Wiggins et al., 200
Gerrard and Rugg, 2009; Hermelin and O’Connor, 18t0reviews see Ben-Sasson et al., 2009; Baranek,
2002; Dawson and Watling, 2000; Marco et al., 20Y&} sensory integration and the distribution of
sensory weights have not been characterized idrelnilwith ASD and it is unknown whether the abitity
redistribute sensory weights in response to enwmiemtal uncertainty varies across the broad speatfum
autism.

Some have reported that during sensorimotor intiegrgasks, children with ASD as a group
prefer haptic modalities over visual modalitiestgreater extent than TD children who favor vigierith
and Hermelin, 1969; Masterton and Biederman, 18&&well et al., 2009). In a puzzle completion task,

TD children produced increasingly more errors asiai cues decreased (kinesthetic cues increasédid) wh
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children with ASD exhibited the opposite relatidirith and Hermelin, 1969) suggesting that childnétn
ASD assign greater importance to kinesthetic oi&ral stimuli to align puzzle pieces. Others have
measured reaching movements during adaptationsstm plisplacement (Masterton and Biederman, 1983)
and to a velocity-dependent force field (Hasweblet2009) and they found increased transfer of
sensorimotor adaptation between left and right bdMhsterton and Biederman, 1983) and between
regions of the workspace requiring identical joimdtion (Haswell et al., 2009) in children with ASD
compared to TD children. These authors (MastertmhBiederman, 1983; Haswell et al., 2009) concluded
that children with ASD have a greater reliance mppoception compared to controls. Within the ASD
group studied by Haswell et al. (2009), those wimged the most reliance on proprioception also
exhibited the greatest impairment in motor functiswocial interaction, and imitation, three main gyoms

of the disorder that contribute to delayed develepinin each of these studies (Frith and Herm&®69;
Masterton and Biederman, 1983; Haswell et al., 208nhsory dominance was inferred from measures of
motor performance such as the number of erronssfeea of sensorimotor adaptation between hands and
between regions of the workspace, and the ratdagftation.

In the current study, children performed a two+inéd forced choice task in which they attended
to a series of two movements, which were preseviseally (by watching a moving cursor on a video
screen), or proprioceptively (by grasping a movioigot handle), or both (bimodal condition). Paptarits
pressed a button to indicate which of the two masetswas more curved. We used psychometric analysis
to fit a cumulative Gaussian function to buttongsreesponse data. The standard deviation of thesizau
function (i.e. discrimination threshold) was invagsrelated to the precision of participant’s resges, and
the mean of the Gaussian function from the bimedabition was used to measure the relative inflaesfc
vision over proprioception for perception. We hypestize that empirical multisensory discrimination
thresholds can be predicted from single-modalitasaees in TD children, but are non-optimal in atatd
with ASD and we hypothesize that children with AgDor proprioception over vision to a greater ekten
than TD controls. The results of our study willetetine the extent to which children with ASD intetgr

visual and proprioceptive information for the pgrieen of hand path kinematics.
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Methods

Ten children with ASD [aged 15.1 + 2.0 years (meatandard deviation, here and elsewhere);
three female] and ten TD children [aged 15.3 xy&&rs; three female] participated in this studystibe
was comprised of three experiments spanning tws dpgiced > 7 days apart. All study procedures were
approved by the Marquette University InstitutioRaview Board, in compliance with the Declaration of
Helsinki. All children gave informed assent aftex wbtained informed parental consent. Upon enraitme
parents were asked to complete the Child BehavimcKlist for ages 6-18 (CBCL; Achenbach and
Rescorla, 2001) and a questionnaire to report theld’s medication use. Prior diagnoses of ASD for
children in the ASD group were confirmed using fheism Diagnostic Observation Schedule (ADOS;
Lord et al., 1994): a total score > 7 confirmedsprece of ASD. Parents of children who did not have
prior diagnosis of ASD completed the Autism SpettiSicreening Questionnaire (ASSQ; Ehlers et al.,
1999); children receiving a total score > 13 werd@ed from the TD group because they exhibited
behaviors characteristic of ASD.

We performed additional assessments to controhgiateconfounds including intelligence,
handedness and social status. All children werdrsdiared the Kaufman Brief Intelligence Test, seto
edition (KBIT2; Kaufman and Kaufman, 2004) to maasatelligence quotients (IQ). Only children with
verbal IQ scores > 70 (“high-functioning” childrengre included in the study. Each child's handesines
was assessed with the Edinburgh Handedness Inyg@tidfield, 1971), which yielded a laterality inde
(LI) score to determine whether participants weezlpminately right-handed (LI > 40), left-handed €L.-
40) or ambidextrous (-4€ LI < 40). Parents of children in both groups complé¢tedBarratt Simplified
Measure of Social Status (Barratt, 2006). Visiors warmal or corrected to normal in all participants

except one (participant A3) who had a prostheficdge. Table 5-1 presents participant charactesist
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Table 5-1 Participant Characteristics

- . *ADOS / S
Group Participant Sex  Age Laterality SS KBIT2 ASSQ Medication
(years) T(V,N) T ((EI" S)/

ASD Al F 18.7 0 45 101 (92, 109) 18 (6,12) BC, MM, AP
A2 M 14.6 26 31 115 (117, 108) 7 (2, 5) AD
A3 M 16.6 -100 59 104 (87,119) 14 (5,9) AD, AP
Ad F 14.6 60 53 110 (106, 111)10 (3,7) ST, AD, AP, AH
A5 M 16.6 100 53 114 (117, 106) 9 (3, 6) -
A6 F 11.2 70 48 122 (118, 119) 7 (3, 4) ST
A7 M 15.3 -40 43 74 (74, 81) 13 (5, 8) ST, AH
A8 M 13.7 90 53 116 (112, 114)10 (3, 7) ST, AD, AP
A9 M 16.2 78 53 96 (100, 92) 7(2,5) ST, AP, A&C
A10 M 13.9 88 48 131 (135, 118)10 (4, 6) ST, AD

M = SD 15120 3766 498 108 £16 11+4

TD T1 M 16.4 58 66 116 (122,105) O -
T2 F 13.0 88 66 139 (130,139) O -
T3 F 13.9 88 37 78 (86, 72) 1 -
T4 M 14.2 100 46 116 (105, 122) 1 -
T5 M 16.7 100 42 104 (110, 96) 0 -
T6 M 15.3 89 37 93 (91, 97) 1 -
T7 M 12.2 68 60 129 (130, 121) O -
T8 M 15.7 80 42 115 (114,111) O -
T9 M 17.8 100 61 82 (93, 76) 0 -
T10 F 175 53 42 106 (108, 104) O -

M = SD 153+£19 82+17 50x12 108 £ 19 0.3+0.5

Abbreviations: ASD autism spectrum disorder, TDiggly developing, SS social status, KBIT2 Kaufman
Brief Intelligence Test,™ Edition, ADOS Autism Diagnostic Observation ScHedSSQ Autism
Spectrum Screening Questionnaire, T total, V vefdalonverbal, C communication, S social, M male, F
female, BC birth control, AH anti-hypertensive, Adti-depressant, AP anti-psychotic, ST stimulai@, A
anti-convulsantM mean,SD standard deviation

* ADOS reported for ASD; ASSQ reported for TD

Apparatus

Participants sat in a darkened room and held thdleaf a horizontal planar robotic
manipulandum with their dominant hand (Figure 5-Tdiey viewed computer-generated stimuli projected
onto a screen placed 10 cm above the plane of matidn. The dominant arm was supported against
gravity using a custom-made sling. An opaque scpeevented direct view of the arm. Participantsltael
2- button response box in the non-dominant hand Brshless DC servomotors (M-605-A Goldline;
Kollmorgen, Radford, VA) drove the robot's handieough pre-defined paths while participants grasped
the handle. Handle position relative to the robfoéisme was measured to within 0.038 mm using optica

encoders (A25SB17P180C06E1CN, Gurley Precisiomunsnts, Troy, NY) mounted onto the motor
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shafts. Robot kinematics and button box state wenepled at a rate of 1000 samples per second. iRobot
control signals were also generated at 1000 sarppiesecond. The visual display was updated at 40
frames per second. Robot control and post-proagsdidata were performed using MATLAB software

(Natick, MA). Additional details of the robot designd control can be found in (Scheidt et al., 2010
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Figure 5-1: Experimental setup.(a) Seated participants grasped the handle ofiadmal planar robotic
manipulandum with their dominant hand and held toolauresponse box with their non-dominant hand
while they viewed a screen. (b) Task instructiomd @isual feedback were projected onto the scréeals
began with a large numeral “1” (Prepare), folloviscthe first movement. Similarly, the second movetme
was preceded by the numeral “2” (Prepare). Bothanmnts (dashed lines) were presented with
proprioceptive stimuli (the moving robot handle)visual stimuli (the moving cursor) or both (Obssxv
Participants were to identify which of the two &etories was more curved by pressing a button (€oo
(c) Movement trajectories of the visual and propejative stimuli were selected from seven possible
straight or curved movement paths with equally-edgueak horizontal displacementhbetween 0 and 2.5
cm. (d) Cursor feedback for the visual stimulus slaswn by a single cursor (top) or three cursors
randomly selected from a 2-dimensional Gaussiah standard deviation of 0.4 cm (middle) or 0.8 cm

(bottom).

Task

Each child performed three, two-alternative forchdice, hand-path curvature discrimination
experiments that were designed to compare howrelnildith ASD and TD children integrate visual and
proprioceptive information during point-to-pointaghing movements of the hand. Each experiment
consisted of a series of 84 to 756 trials whereaytattended to a series of two movements that mecte
one after the other (Figure 5-1b). They then pieesskutton to indicate whether they perceived ittse dr
second movement to be more curved. In two of tipeements, movement-related feedback was presented
in just one sensory modalitgroprioception only (PO) - participants grasped the robot handle while it

moved in the absence of moving visual stimvikjon only (VO) - participants watched a cursor (0.5-cm-
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dia yellow circle) move on the display screen witile dominant hand rested in the lap. In the third
experimentpimodal (vision + proprioception, VP) feedback was provided - participants grasped thetro
handle as it moved while simultaneously watchinsaal cursor move on the screen. In this caseotur
motion started and ended immediately above the’sautiual location, but the cursor and hand could
follow paths having different amounts of curvaturdn all cases, movements were directed away fran th
body from a START target (located 25 cm from therrsim) to a FINISH target (located 15 cm beyond
START in the sagittal and horizontal planes). Moeais had bell-shaped velocity profiles in the y-
direction (700 ms duration with 37.8 cm/s peak dp&ehereas the x-position was constrained to the
perimeter of a circle passing through the two ter¢ef. Scheidt et al. 2010). Seven different patkse
defined such that their peak horizontal displacem@re. maximum x-deviations) equally sampled the
range 0 to 2.5 cm (Figure 5-1¢). Movements alwaysed toward the participant’s dominant side. After
each movement in the PO and VP experiments, théldasturned to the START position via a smooth,
straight path; participants were instructed to rgrihe handle’s return to START. The handle was
constrained to the START target between movements.

To prompt participants to attend to the movememtarge numeral “1” was projected onto the
screen for 700 ms preceding the first movement edeea “2” was displayed preceding the second
movement (Figure 5-1b). Movements began 500 ms #iféeenumeral disappeared. After the second
movement was presented, participants were instiuotéPress the LEFT button if movement 1 was more
curved than movement 2; press the RIGHT buttoroif@ment 2 was more curved”. Participants
completed 5 practice trials prior to each experinteriamiliarize themselves with the task requiratse
Data from these practice trials were discardedefvw-2 minute break periods were included in each
experiment to allow participants to rest.

During preliminary testing, two of four pilot sulofs reported using a strategy wherein they
visually fixated at the location of the cursor'sagalisplacement in the first movement throughoatititer-
observation interval. This strategy allowed papicits to compare pairs of cursor movements without
forming a memory of the initial movement. To discage this “visual fixation” strategy, which couldlg
be applied during VO and VP experiments, we apmiadintillating, low-contrast, random-dot,

background in all experiments whenever promptingenals were displayed on the screen. The
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scintillating background was formed by a grid afrh x 1 cm dots having intensity values randomly
sampled from a uniform distribution of luminancdues (14.14 + 0.06 cd/no 16.78 + 0.18 cd/f The

random dot background was updated at the disptayofad0 frames per second.

Day 1: Single-Modality Experiments

On Day 1, each participant completed the PO ande¥jé2riments in ~1 hr. These experiments
were used to characterize sensory perception mirvand proprioception, independent of each othdrta
make a prediction of sensory perception when battlatities were combined in the bimodal experiment.
In both PO and VO experiments each trial includsthadardmovement (1.25 cm peak displacement)
which was compared tomobe movement for which peak displacement was pseudderaly selected
from seven possible values: {0.00, 0.42, 0.83, 11267, 2.08, 2.50} cm. The order of movements
(standard and probe) was randomized within trials.

In the PO experiment, participants completed 8&dsr{12 trials for each of the seven probes)
divided into four blocks of 21 trials each. Theg@station order of probes was pseudo-randomizéddrwit
each block but was the same for all participants.

During the VO experiment, we additionally investigghthe extent to which uncertainty in the
spatial location of the visual stimuli (Figure 5}Idight influence perception of hand-path curvatime
one third of the trials, the visual stimulus wesirggle cursor with no experimentally-imposed urmiety .
For the remaining two thirds of the trials, thewabstimulus was a "twinkling" cluster of three sor
elements, randomly selected from a 2-dimensionalkSian that had a standard deviation of eithecth4
or 0.8 cm. The cursor clusters were updated arplagied (40 times per second) centered on the disire
path coordinates (Figure 5-1d). Both movementsiwigach trial always had the same level of visual
uncertainty. Participants completed 252 VO triaesisting of seven blocks of 36 trials each (1&drfor
each of the three levels of visual uncertainty sexken probes). The order of imposed visual uncdytai
values was pseudo-randomized across trials bugehyeence was the same for all participants. Therafd

PO and VO experiments was counter-balanced acessisipants.
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Day 2: Bimodal Experiment (assessing visuo-pro@ive integration)

During the second experimental session (~2.0-hpar}jcipants performed the version of the
hand-path curvature discrimination task whereini@isand proprioceptive stimuli were simultaneously
presented (VP). This experiment was used to cheniaetsensory perception when vision and
proprioception were integrated. Here, the movingaumight deviate from the hand’s actual pathdys
predetermined amount. The two movements of eaghcionsisted of: atandard in which the peak visual
and proprioceptive path displacements differedrbgmountA pseudo-randomly selected from the set {-
0.83 cm, 0.00 cm, 0.83 cm} (the average path disphent was 1.25 cm in each case), apitbbe in
which the visual and proprioceptive peak path dispinents were equal to each other and pseudo-
randomly selected from the seven possible peakatisments: {0.00, 0.42, 0.83, 1.25, 1.67, 2.080R.5
cm. By separating visual and proprioceptive pagipldicements in the standard movemena pfdesigned
to be imperceptible to participants), participamasl to choose whether to rely on the visual stisuie
proprioceptive stimulus, or more likely, a combioatof both stimuli for perception. Thus, we weldeato
empirically determine the extent to which particifsarelied on one sensory modality compared t@ther
for perception of movement kinematics. The withiattorder of standard and probe was randomized.
Participants completed 756 VP trials consistingiof blocks of 84 trials each (12 trials for each
combination of thred levels, three visual uncertainty levels, and squetes). The order of trials was

pseudo-randomized within blocks and was the samallfparticipants.

Data Analysis

Psychometric Function Estimation

The button response from each trial (i.e. eachdstaliprobe pair) was used to determine — for
each of the seven probe values — the percentatgialsfin which participants perceived the probé&¢o
more curved than the standard. We then fit (MATL#Bctionf m ncon) cumulative Gaussian functions

to the data obtained for the PO condition, for daebl of visual uncertainty in the VO conditiondafor
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each of the nine combinationsdfand visual uncertainty in the VP condition. Twygsometric measures
were obtained from each fitted cumulative Gausdtaapoint of subjective equality (PSE) and the
standard deviationsf. PSE is defined as the probe displacement fochwtiie standard and probe could
not be distinguished from each other (i.e. peabeisplacement for which the two possible response
were equally probable). The standard deviationnseasure of participants’ ability to discriminatetween
curvatures and is the difference in displacemetwéen the PSE and the probe displacement value that
was perceived more curved than the standard valéed the time (see also Ernst and Banks, 2002). We
furthermore constrained the Gaussian fit suchttieastandard deviation was always greater than some
arbitrary small valueo(> 0.002). The purpose of this constraint was to leapdssible situations wherein
participants might respond with perfect accuracgrat above some value of probe displacement and at
chance for all sample points below that value.uchscases, enforcing a minimuncoerced the
optimization to yields? values centered within the range bounded by timpkapoints spanning the

transition.

Model of Multisensory Integration for Perception

We sought to characterize the ability of childwdth ASD and TD children to discriminate
movement curvatures using visual and/or proprideemerception. The discrimination threshaddwas
determined for the PO condition, for each leveligtial uncertainty in the VO condition, and for thiae
combinations ofA and visual uncertainty in the VP condition. Distination thresholds of the PO and VO
experiments were used to form a prediction of thtisensory discrimination threshold in the bimodal
condition. An increase in multisensory discrimipatthresholdg,,,, corresponded to an increase in

variability in the participant’s responses. Thedicted multisensory discrimination thresh(ﬁqp, was

determined by scaling the visual and propriocepiagances determined from the PO and VO

experiments by the relative sensory weighig 6-3,5- 4a, 5-4pbsee also Ernst and Banks, 2002)

[5-5]
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The multisensory discrimination threshold was peestl from the PO experiment and each level of
uncertainty in the visual stimulus in the VO expegit. Assuming that noises in the different sensory
channels are independent and Gaussian-distribtitednultisensory estimate is optimal in that it leager
multisensory variance\,p2 than either of the individual sensory estima«ﬁre%,amdcsp2 (Ghahramani et al.,
1997) and therefore, the estimate also has lowdtisensory discrimination threshol&q 5-9 than either
of the individual sensory estimates. In this wég heural mechanisms that integrate sensory intiwma
for perception appear to use knowledge of thessiedil properties of the individual sensory cues to
optimize the overall state estimate.

The multisensory discrimination threshold was dateed empirically from the VP experiment by
averaging the standard deviations of the cumuldiiaassian fits across the differencésbetween visual

and proprioceptive path displacements in the stahstamulus

1
T =32, [5-6]
A

The multisensory discrimination threshold was deteed empirically from the VP experiment for each
level of uncertainty in the visual stimulus. If peipants integrate vision and proprioception in a
statistically optimal way, then the empirical mséthsory discrimination thresholedq 5-6 should equal

the predicted estimate of multisensory discrimmathresholdEq 5-5.

Relative Sensory Dominance in the VP Testing Caomulit

The relative influence of vision compared to propéption was empirically measured during

curvature perception in the bimodal experiment wihetlhh modalities were simultaneously presented in

each trial. Under the assumption that the estirsatoe on average unbiased (i.e. the estimS{esd

ép from Eq 5-1andEq 5-3can be replaced by the actual cursor and robbtdiaplacementsS, and Sp,

respectively), it is possible to compute the re&atrisual weight during the VP condition frdaq 5-3by

making the additional assumption that the multisepsstimateSs, is equal to the point of subjective
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equality, PSE, when both vision and propriocepticm given. Recallingq 5-4band definingA as
S, — S, we obtain:

PSE=w,A+S, [5-7]
We used PSE to obtain the relative weights for éa#l of visual uncertainty in the VP experiments.

More specifically, we plotted PSE as a functiomdbr each level of visual uncertainty. We usedaine

least squares regression to fit a line (constraiaqahss through the proprioceptive displacement

S, = 125cm whenA = 0) to each of the plots. The slope of the resulting (i.e. the relationship

between PSE amh) is a measure of the relative visual and propptige weights such that when vision
dominates, = 1) the slope is 0.5 and when proprioception dameis (v, = 0) the slope is -0.5 (cf. Helbig

and Ernst, 2008).

Validation of Experimental Methods

Since we measured the ability of participants szdininate between very small (0.42 cm)
displacements in robot path curvature in the PO\#Pe&xperiments, we verified whether the robot
accurately produced the desired peak horizontalatiement. For each participant, we determined the
maximum horizontal displacement for each of the tmevements in every trial of the PO and VP
experiments. We then plotted the actual peak hot@alisplacement as a function of the desired
displacement and fit a line to the data. If the suead data were accurate on average, we would ettygec
slope to be very close to 1 and if the data weréaharacterized by the regression line, we wouipest
the coefficient of determination,?Ro be close to 1.

Since we quantified sensory perception and integratsing two measures (discrimination
thresholds, relative sensory weights) derived ffitted models, we wished to evaluate the qualityhef
cumulative Gaussian model fitted to observed pribgoidata and the quality of the linear regressibn
PSE as a function &. The quality of the psychometric model fits wevaleated by computing the
correlation, R, between the observed proportiomials in which participants indicated the probereno

curved than the standard and the fitted propodimraged across models for each participant. fiRis
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1, the observed proportions were perfectly desdrtiethe fitted model, but if R equals 0, theraas
agreement between observed proportions and thelmoteere is no variation in the data. The linfgr

of PSE as functions af were also evaluated by computing R which is appatg for the linear models of
PSE as a function df as well as the nonlinear cumulative Gaussian nsoafethe observed proportion
data. However, if participants were just as likielyely on vision as proprioception during the bdab
experiment, their plot of PSE as a functiomofvould have a slope of 0, and therefore the cdrogla
coefficient, R, would also equal 0. Thus we did ingpose a constraint on R for the plots of PSE as a
function of A because we did not want to exclude participants wére just as likely to rely on vision as

proprioception for perception (i.e.,w 0.5).

Statistical Hypothesis Testing

We sought to compare the way in which children wiD and TD children integrate visual and
proprioceptive information for the perception ofidgath kinematics. First, we tested the hypothbsis
the discrimination threshold of the PO experimeptwas the same as the discrimination thresholtief t
VO experimentg,, when there was no uncertainty in the visual stiiswiT o test this hypothesis, we used a
linear mixed model with compound symmetry covareantatrix to compare discrimination thresholds
across participant groups (ASD, TD) with modalitpe (proprioception, vision) as a repeated fadide.
anticipated that uncertainty in button press respsmuring the PO experimesj, would be smaller than
the uncertainty in responses during the VO expartméth no imposed uncertainty,. Therefore, we
sought to determine the amount of uncertainty envisual stimulus which would lead to a discrimioat
threshold of the VO experiment equivalent to tifahe PO experiment with no imposed uncertaintihi
stimulus. We plotted the uncertainty in the visstéhulus as a function of the discrimination thi@ghof
the VO experiment averaged across participantaéh group. We then fit a line to each plot and used
interpolation to report the average amount of uadety in the visual stimulus in which the discrimation
threshold of vision was equivalent to the discriation threshold of proprioception for each group.

Next, we used a linear mixed model to test the thgsis that multisensory discrimination

thresholds in the single-modality experime&(,lg, Eq 5-9 could predict empirical multisensory
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discrimination thresholds measured from the bimedgeriment ¢, , Eq 5-9 repeated within

participants, across the ASD and TD groups withatm@unt of uncertainty in the visual stimulus (@@,
0.8 cm) as a within-subject repeated factor. ftdssible that empirical discrimination threshold=rev
influenced by the differences in displacemeéntbetween the visual stimulus and the proprioceptiv
stimulus in the standard movement which would lesea difference between the predicted discrimimatio
threshold and the empirical threshold. Where weadoa difference between the predicted threshold and
the empirical threshold, we planned a post-hoalimeixed model test (within group) to test the hyresis
that empirical discrimination thresholds differedhnthe displacementy, with the amount of uncertainty
in the visual stimulus as a repeated factor.

Finally, we used a linear mixed model to test thk lmypothesis that the relative influence of
vision over proprioception during sensory integrat{w,, Eq 5-7 were the same across participant groups
with the amount of uncertainty in the visual stinsibs a within-subject repeated factor. We perfdrme
post-hoc t-tests with Bonferroni correction to exaersignificant main effects and interactions. iStaial
tests were performed using the SPSS 21 (IBM, ArmbihK software package. Effects were considered

statistically significant at the = 0.05 threshold.

Results

One child with ASD was unable to follow task ingfiians and was therefore dropped from the
study. All other children (Table 5-1) successfudbmpleted the first day of testing (VO and PO
experiments). Three children were unable to coraglet second day of testing (VP experiment) anid the
data from the VP experiment was excluded: one chifld ASD (A06) complained of “boredom” and did
not wish to complete the task, one TD child (TO&)Id not be contacted to return for the second
experimental session; another TD child (TO7) rangamessed which button to press. All other chifdre
were attentive to the task on both days of testing.

Group statistics for age, social status, 1Q, handeg, ADOS and ASSQ scores are presented in
Table 5-1. Participant groups were well matchedafpe (fg = -0.15, p = 0.89), social statug@ -0.27, p =

0.79), and total 1Q {§ = 0.06, p = 0.95). None of the children in the gi@up were identified as having
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behaviors characteristic of an ASD as measurethiéASSQ and none of the children in the TD group
attained scores within the clinical range of theGLBAs determined by the ADOS, all children in th&D
group met criteria for ASD. All children in the T@poup were right-handed, whereas in the ASD greixp,
children were right-handed, two children were leirded and two children were ambidextrous.

We next determined whether the robot was able ¢arately produce the peak horizontal
displacements in the PO and VP experiments. Thet drformed well such that the peak horizontal
displacements generated by the robot accuratelghmdithe desired displacements (slope of 1.02) and
peak horizontal displacements were consistent acrmvements (Rrealized displacement vs. desired
displacement = 0.99).

Button-press data from the single-sensory-modeakiyeriments of Day 1 were well fit by
cumulative Gaussian functions as determined bydneelation coefficients between observed proposgtio
and model fits (Rsp = 0.93 £ 0.05, i = 0.95 + 0.04) and as shown for the selected iddais from the
two participant groups (Figure 5-2a). All childread correlation coefficients greater than 0.80 a@erage
across participants, the PSE fell within 0.09 cnthefstandard displacement (PSE = 1.34 + 0.09 cm¥s
1.25 cm, Figure 5-2a, bottom), indicating that whiea probe displacement was equal to the standard,
participants selected between the two responseraptiith bias that was four times smaller than the
minimum difference between peak curvature displarem{k = 0.42 cm). Bar plots show the standard
deviations of the cumulative Gaussian functiongtierPO condition, and for each level of uncertaint
the VO condition (Figure 5-2b). Within the VO exjeent, the standard deviations of the cumulative
Gaussian functions increased as visual uncertaintgased. Moreover, across the two experimergs, th
averages, when the visual stimulus had no imposed uncestaigs smaller thas,. This finding was
confirmed with a linear mixed model which rejecthd hypothesis that the discrimination thresholthef
PO condition was equal to that of the VO conditidren there was no imposed uncertainty {§= 15.47,
p = 0.001). However, there was no main effect ofigipant group and no modality x group interaction
indicating that uncertainty in button-press resjgsrdid not differ between children with ASD and TD
children during the single-modality experimentaidar regression analysis of the relationship baivtiee
amount of uncertainty in the visual stimulus angl @verage discrimination thresholds in the VO

experiment found that the discrimination threshiolthe PO experiment would be equivalent to the
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discrimination threshold in the VO condition wehe tvisual stimulus to have a standard deviatiodb. 68

cm (ASD) or a standard deviation of 0.75 cm (TD).
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Figure 5-2: Psychometric function estimation of sigle-modality experiments.(a) Cumulative Gaussian
functions were fit to the proportion of trials irhigh the probe was perceived more curved than the
standard as a function of peak probe displacemanglthe PO (dashed) and VO (solid) testing cooals
with no uncertainty (black) and with visual uncertgc = 0.4 — 0.8 cm (gray). Results are shown for a
single participant (top) and group averages (bottoihchildren with ASD (left) and TD children (righ
Dotted horizontal lines represent the PSE (50%)staddard deviation (84% - PSE) of the cumulative
Gaussian functions. (b) Group averages of discation thresholds for children with ASD (filled) and

children (open). Vertical error bars: + 1 SEM.
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We then fit cumulative Gaussian functions to thre¢hevels of visual uncertainty and the three
levels ofA in the VP experiment of Day 2 (Figure 5-3a). Ashia unimodal experiments, the bimodal Day
2 data were well fit by cumulative Gaussian funesi¢Rysp = 0.88 + 0.12, i}, = 0.97 + 0.03). For each
cumulative Gaussian function we obtained the stahdaviation and the PSE. We plotted PSE as a
function of A for each level of uncertainty in the visual stiomibnd fit a line to the data(§ = 0.77

0.22, Rp = 0.88 £ 0.13). The slope of PSE as a function afas used to compute the relative visual

weight Eq 5-7).
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Figure 5-3: Multisensory integration in the VP experiment.(a) Psychometric function estimation of the
VP experiment. Cumulative Gaussian functions wittt® the proportion of trials in which the probesv
perceived more curved than the standard as a fumofipeak probe displacement during the VP testing
condition with no uncertainty (top) and with visugdcertaintys = 0.4 cm (middle) and = 0.8 cm
(bottom). During the standard movement, the cuasaor robot differed by an amoufatin which the cursor
was more curved than the robot (V+, black) the tetms more curved than the cursor (V-, light graty)
the two paths were the same (0; medium gray). Reatg averaged for the ASD (left) and the TD @igh
groups. Dotted lines represent the PSE used tondigie the measured visual weights in (b) PSE as a
function of A. The slope of the fitted line is used to compb&measured visual weight during the VP
experiment for the ASD group (black, solid) and T2 group (gray, dashed). Dotted lines represemt th
conditions in which vision is exclusively use#l, & 1; slope = 0.5) or proprioception is exclusiveed

(w, = 0; slope = -0.5).

We next sought to identify whether multisensorycdisination thresholds obtained from the VO
and PO experiments could predict empirical mulsen discrimination thresholds in the VP task in
children with ASD and TD children (Figure 5-4a)liAear mixed model found a main effect of condition

(predicted vs. empirical:iFs35= 19.41, p < 0.001) and an interaction betweetigygant group and



105

condition (F, s35= 10.09, p = 0.002). We investigated the intecachetween participant group and
condition by performing four post-hoc tests withrBB&rroni correction to compare predicted and erogiri
discrimination thresholds across the participanugs. We found that empirical discrimination thiasls
measured during the bimodal experiments differdd/&en the ASD and TD groups (p = 0.01). Empirical
discrimination thresholds in the ASD group diffefenim those predicted from data collected durirgy th
single-modality experiments (p < 0.001). Howeveastghoc testing did not reject the hypothesis that
empirical thresholds in the TD group were predidigdhe single-modality experiments (p = 0.40) diok
it reject the hypothesis that predicted threshaldese the same in the two groups (p = 0.57). Thdirfi
that empirical discrimination thresholds were maapher in the ASD group compared to the empiridal T
thresholds and the predictions (from unimodal thoés measures) indicates the presence of an ASD-
related deficit in multimodal sensory processingtfe perception of movement kinematics. The same
linear mixed model test also found a simple mafaatfof visual uncertainty ¢Fs; ,= 11.31, p < 0.001).
Post-hoc tests found that discrimination threshofdbe single cursor stimulus differed from those
measured when the visual stimuli had uncertaint aandard deviations of 0.4 and 0.8 cm (both p <
0.03), which did not differ significantly from eaotther (p = 0.12). As seen in Figure 5-2, the
discrimination threshold in the VO conditions irgses as uncertainty in the visual stimulus inciefme
both groups.

We next sought to determine whether increased bahdidcrimination thresholds in children with
ASD might result from the presence of conflict be¢w visual and proprioceptive feedback in the stehd
movement (i.e. in trials with non-zero valuesAoh the standard stimulus). We therefore performewdst-
hoc linear mixed model test within the ASD grouptdermine whether thresholds differed by the
hand/cursor displacemet{-0.83 cm, 0.00 cm, +0.83 cm}, with level of vidumcertainty as a repeated
factor. Although we found a main effect of visuatertainty (i 2= 8.08, p = 0.001), we observed no
main effect ofA and no interaction between visual uncertainty arfdoth p > 0.75). Thus, increased
empirical discrimination thresholds in the ASD gpalid not depend on the presence or absence afryens
discord in the standard movement.

Finally, we sought to determine whether empiridgalial weights measured from the VP

experiment Eq 5-7) varied across imposed visual uncertainty levet¥@ across participant groups
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(Figure 5-4b). Variations across imposed unceryditels would be expected if the neural mechanisms
mediating sensory integration for perception coratilve different sensory information sources in § wa
that minimizes uncertainty in the overall, multinabéstimate. Our final, planned linear mixed madst
found a main effect of visual uncertainty levej ggo= 17.40, p < 0.001), but no main effect of papicit
group and no uncertainty x group interaction. Atgaxc test was performed (with Bonferroni correg}io
for each pair of visual uncertainty levels. All pb®c tests rejected the hypothesis that relatiseal
weights were the same across visual uncertaingldgall p < 0.02). These results are supportethéy

psychometric plots of Figure 5-3a, which show thatPSE for each moved closer to the proprioceptive
standardSp as uncertainty in the visual stimulus increasdtkyTare also supported by the plots of PSE as

a function ofA (Figure 5-3b), which show that the slopes (eqeintto the relative visual weight,w
decreased as uncertainty in the visual stimulueased. Thus, ASD-related deficits in multimodaissey
processing (demonstrated through analysis of bitraiderimination thresholds) do not appear to resul
from deficits in sensory re-weighting (as reveddgdanalysis in the relative contributions of visaat
proprioceptive sensation, which were similar acqmagicipant groups but varied as uncertainty & th

visual feedback was experimentally increased).
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Discussion

Children with ASD and TD children performed a twierval forced choice curvature
discrimination task with three different levelsimfposed visual uncertainty. In both groups, bimodal
discrimination thresholds increased as uncertamtiie visual stimulus increased. However, bimodal
empirical discrimination thresholds were signifittgrigher in children with ASD compared with
empirical discrimination thresholds of TD childrand compared with predicted discrimination threghol
in the ASD group. Visual weights were greatest fawdred vision during the baseline condition with n
uncertainty in the visual stimulus. As stimulus ertainty increased, we found that visual weights

decreased (and proprioceptive weights increasetim groups of children with no measured diffeeenc



108

between groups. Taken together, these findingsesidlat the relative influence of vision over
proprioception is intact in ASD, but the precisi@e. inverse discrimination threshold) with which
children with ASD integrate vision and proprioceptito discriminate between hand and cursor curgatur

is non-optimal.

Multisensory Integration is Non-Optimal in ASD

Discrimination thresholds are inversely relateth®s precision with which participants
discriminate between movement curvatures. As disoation thresholds increase, precision in their
button-responses decrease. The discriminationhbles of the PO and VO experiments were used to
predict the empirical threshold when vision andppi@ception were simultaneously presented. Our
findings show that TD children combine vision amdgrioception in a way that is predicted by thegkin
modality experiments, but children with ASD fail¢combine vision and proprioception in an optimaywa
A possible reason for increased empirical discration thresholds in children with ASD compared @ T
children is that the assumption of independentasoifer each sensory modality was violated in this
population. If noise in the visual estimate vaméth noise in the proprioceptive estimate in ASkBen we
would expect to see increased empirical discrinmmathresholds in this population.

Discrimination thresholds were measured from psgedtoic curves fit to button-press response
data. The ability to press a button in responseta@lly-presented sensory stimuli requires cogaiti
processes to remember the stimuli, select whictobub press, plan the motor commands to press the
button and execute those commands. These cogpitoesses were required for both the single-madalit
(PO and VO) experiments and the bimodal (VP) expent; therefore, it is unlikely that empirical
discrimination thresholds differed from predictadodimination thresholds due to deficits in thelipto
remember and recall sensory stimuli and/or to $@led execute motor commands in children with ASD.

There is increasing interest in characterizing aisund proprioceptive precision in individuals
with ASD. Fuentes and colleagues (2011) measuragtipceptive precision in an elbow angle matching
task. Their study consisted of an active task irctviparticipants moved their forearm so as to aligvith

a line depicted on a computer screen above themhmotion and a passive task in which participant
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used a joystick to move the line on the computezestto align with their forearm. Proprioceptive
precision was measured as the standard deviatitre@tngular error between the computer-generated |
and the actual forearm position measured acrads.tffuentes and colleagues (2011) found no diftere
in proprioceptive precision between adolescenth WD and TD adolescents. Even though
proprioception and vision were simultaneously ald# during their elbow angle matching task, it was
fundamentally different from our bimodal task besathey measured precision related to the
proprioceptive modality alone, whereas we meastiredliscriminability integrated across both visand
proprioception. Furthermore, participants in thedgtby Fuentes and colleagues were aware of dengti
between vision and proprioception, whereas deviaturing our bimodal task (i.4) were small and
designed to be imperceptible. It is unlikely thatifngs of increased discrimination thresholds BDAIN
the current study were attributed to uncertaintysea by the discord,, between the visual stimulus and
the proprioceptive stimulus in the standard movdrbenause post-hoc tests revealed that discriromati
thresholds did not differ with.

Characterizing visual ability is much more compilean characterizing proprioception. Measures
of visual acuity (Ashwin et al., 2009), saccadie eyovements and smooth pursuit (for a review, see
Brenner et al. 2007) can be used to describe vistmmperformance. On average, visual acuity is much
better in adults with ASD (20:7) compared with cofs (20:13) such that acuity in ASD is “so superio
that it lies in the region reported for birds oépt (Ashwin et al., 2009). Studies of whether sdicaye
movements are abnormal in ASD yield conflictingufess(Brenner et al., 2007), although memory-guided
saccade tasks in particular yield longer latenaigsincreased response suppression errors in adotss
with ASD compared to TD adolescents (Goldberg e28l02; cf Brenner et al., 2007). Closed-loop
smooth pursuit gain is reduced in ASD comparedDo dlthough this finding is likely caused by defficin
prediction rather than deficits in processing sengtformation (Takarae et al, 2004; cf. Brennealet
2007). One possible confound of our study is thatvisual stimulus in our study (a cursor) did loak
like a hand and the hand does not move in the \ff@rxent. Thus it was obvious to participants that
cursor was not a veridical representation of thedh&lowever, we see the same increase in discrirnina

thresholds in the VP experiment as uncertainthénwisual stimulus increased as in the VO experimen



110

suggesting therefore that differences between érapaind predicted discrimination thresholds wese n

due to participants’ inability to reconcile the sor with the hand.

Relative Influence of Vision over Proprioceptionngact in ASD during Perception

In both groups, the relative influence of visioreoproprioception was greater than 0.5 when
there was no uncertainty in the visual stimuludjdating that vision was dominant during baseline
conditions. This finding is consistent with that@bri and colleagues (2008) who measured the velati
influence of vision over haptics and reported sgmrreliance on visual information compared to keagh
a two-interval forced-choice size discriminatiosk@mong children 8 to 10 years old. Here, we stiatv
children with and without ASD — like adults (Erstd Banks, 2002) - are able to re-distribute sgnsor
weights in favor of proprioception as visual unaarty increases. In very young children the abiiity
integrate multimodal sensory information is noteleped. Gori and colleagues (2008) found that ‘fpigo
8 years of age integration of visual and haptidiapaformation is far from optimal, with eitheision or
touch dominating totally, even in conditions in eithe dominant sense is far less precise thaotties”.
All of our participants were 11 years or older amdaverage both groups relied on vision more than
proprioception, although vision was not exclusivétyminant because average visual weights were less
than 1.0, suggesting that proprioception also arflted curvature perception.

Whereas sensory information processing deficith s1$ hyper- and hyposensitivity are commonly
reported in ASD in firsthand accounts (O’Neill alwhes, 1997), caregiver questionnaires (Wiggird. et
2009; Lane et al., 2010; Tomchek and Dunn, 2007sW/eet al., 2011) and observation (Watson et al.,
2011), they are less often characterized usingtgative measures (larocci and McDonald, 2006;aor
exception, see Fuentes et al., 2011). The prevaleheports of hyper- and hyposensitivity in A us
to hypothesize that the relative influence of uisaver proprioception during integration of the two
sensory modalities might be increased in childréh wSD compared to TD children (if vision is
hypersensitive and/or proprioception is hyposevejtor decreased (if vision is hyposensitive and/or
proprioception is hypersensitive) during curvatdigcrimination. However, we did not find differesca

sensory weights between our participant groupsk ibdgroup difference in sensory weights could be
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explained if both visual and proprioceptive sengigs were greater than normal (hypersensitivé)aih
were lower than normal (hyposensitive) by similaroaints within each participant with ASD. In thatea
sensory weights (which arelative measures of sensory dominance between vision r@mdipception)
would not differ across groups. We also considéheti group differences in relative visual weightsud

not occur if some children with ASD had extremelsgle w and other children with ASD had very low w
compared to TD children, causing a bimodal distrdruin the ASD group centered about the mean Visua
weight in the TD group. This was not the case instudy. Both groups exhibited sensory weights that
were normally distributed with equal variance asrdS$D and TD groups.

Prior studies have inferred that proprioceptiodaminant in ASD from motor tasks (Frith and
Hermelin, 1969; Masterton and Biederman, 1983; Hdisst al., 2009; Izawa et al., 2012). A fundaménta
difference between these studies and the curredy $ that the current study measures sensorgriion
for a perceptual task, whereas others (Frith anunidiin, 1969; Masterton and Biederman, 1983; Haswel
et al., 2009; Izawa et al., 2012) and our pilotgt(Salowitz et al., 2013) measured motor abilguiring
active muscle force. Such measures conflate peorept limb states relative to some desired goatkst
with the ability to properly form and execute mopdains. The current study found that vision is dwant
under baseline (no uncertainty) conditions durimgieely perceptual task in children with ASD and TD
children. The difference between proprioceptive oi@mce in the prior studies and visual dominandhén
current study may be attributed to the type of &siployed. Whereas prior studies used motor tasks
requiring action, the current study involved a pyperceptual task in which only passive movemefits
the arm were employed (i.e. the task did not reguiuscle force production). Computation of sensory
expectation depends on whether action or perceimvolved (Brayanov and Smith, 2010). Sensory
estimation for motor action follows Bayes’ law ifnieh prior expectations contribute to sensory wisigh
In contrast, sensory estimation for perceptionegzeBayes’ law such that sensory weights are biaseg
from prior expectations (Brayanov and Smith, 20Firthermore, perception requires hundreds to
thousands of trials to adapt sensory expectatianégan et al. 2008; cf. Brayanov and Smith, 2010)
whereas the motor system adapts sensory expectat®h trials (Flanagan and Beltzner, 2000; Grandy

and Westwood, 2006; cf. Brayanov and Smith, 2010).



112

Deficits of sensorimotor memories might explain wirgprioceptive dominance is observed in
ASD during motor tasks, but not during the percabtask described here. Spatial working memory is
impaired in individuals with ASD (Steele et al.,020 but it is unknown whether sensorimotor memories
used to update motor commands are also impairddsipopulation. Sensorimotor memories can be used
to predict future motor outcomes (Scheidt et 102 2012) and it has been suggested that chilsitén
ASD exhibit impairments of prediction and plannihgring motor learning (von Hofsten and Rosander,
2012; Schmitz et al., 2003; Glazebrook et al., 200&ri et al., 2003; Fabbri-Destro et al., 2009 gHes,
1996; Forti et al., 2011), although some have replathat motor execution but not planning is imgdimn
ASD (Stoit et al., 2013). We are currently usinghbotic task to identify sensorimotor memories ineol
in planning movements of the wrist and we are usiagnetic resonance imaging to identify regionthef

brain important for memory and prediction in chddrwith ASD (Salowitz et al., 2014).

Limitations, Future Directions, and Conclusions

We used discrimination thresholds from the unimadgleriments to estimate the discrimination
thresholds of the bimodal condition. However, sitaéous presentation of visual and proprioceptive
stimuli (which occurred in the bimodal experimeefid to higher visual and proprioceptive discrintima
thresholds compared to those predicted by the whaiexperiments in children with ASD, who are known
to have deficits in sensory integration. Thus, wdal estimates of visual and proprioceptive
discrimination thresholds might not be represewtatif those that occurred during the VP experiment.
Therefore, a limitation of the current study istthe could not obtain the unimodal visual and
proprioceptive discrimination thresholds during Bimodal condition. We propose a future study to
measure visual and proprioceptive thresholds bljcang the VP experiment described above with two
additions: [1] a visual channel would be appliedth&f of the trials such that the cursor would be
constrained to pass through the standard pathZjraddroprioceptive channel would be applied to the
other half of trials such that the robot handle Mdae constrained to pass through the same stapddind
If we found that visual and proprioceptive discmation thresholds measured during bimodal condition

were higher in children with ASD compared to TDIdren, then, it would explain the findings of the
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current study including increased bimodal discrition thresholds, but no difference in the relative
contributions of vision and proprioception in chéd with ASD compared to controls.

Sensory integration therapy is used to treat ofildvith ASD. However, the efficacy of such
therapies is rarely reported (Case-Smith and Br¥889; Dawson and Watling, 2000). The exact
treatments used in sensory integration therapyaaedy defined and are often individualized forteac
participant (Pfeiffer et al., 2011). Thereforeisitifficult to evaluate specific treatments of sery
integration therapy, and the mechanisms of suetrrents in ASD are largely unknown. Our findings of
non-optimal integration of vision and proprioceptfor perception in ASD suggest that sensory irgggn
therapies should seek to train children with ASIntprove their ability to discriminate movementsesh
more than one sensory modality is present. For pl@mur two-interval forced-choice curvature
discrimination task with visuo-proprioceptive stiintould be played as a video game in which paréiots
receive points for correctly discriminating movereurvatures. Such a game would encourage
participants to attend to very small differencepa@ak displacement between subsequent movement
presentations and could possibly train them to ecdaliscrimination ability during integration ofwial
and proprioceptive perception.

In summary, we found support for the hypothesis digcrimination thresholds are non-optimal in
children with ASD during multisensory integratidoyt we did not find support for the hypothesis that
children with ASD favor proprioception over visitma greater extent than TD children. Future stidie
should evaluate sensory integration therapiesdrctimtext of visuo-proprioceptive integration ahdwd

evaluate the extent to which proprioceptive prefeeemight occur in ASD during active movement.
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CHAPTER 6: NEURAL CORRELATES OF GOAL-DIRECTED REAUNG MOVEMENTS IN
CHILDREN WITH AUTISM SPECTRUM DISORDER AND TYPICALY DEVELOPING
CHILDREN

The ability to predict the consequences of one’senments based on prior experience is important
for maintaining accuracy in the presence of envitental uncertainty. Children with autism spectrum
disorder (ASD) are known to have deficits in memang planning. However, the extent to which chitdre
with ASD integrate memories of prior sensorimotatocmmes to form a motor plan and the underlying
neural circuits which support memory-guided praditin this population remain unclear. Nine childre
with ASD and 11 typically developing (TD) childr@erformed a goal-directed wrist flexion/extensiaskt
against an applied load while magnetic resonanegjiimg data were simultaneously collected. The load
remained constant (predictable) within an initilldk of trials and then varied randomly within four
additional blocks. Children with ASD produced monts that were more variable compared to those of
TD children. We identified neural correlates of gual-directed wrist flexion/extension task sepelyat
within each group. We observed marked differenndbé extent and intensity of the neural activities
supporting goal-directed reaching in children witBD compared to TD children in both environmental
conditions. The findings presented here providéimpneary evidence that TD children and childreniwit
ASD differ in the way they integrate sensorimota@mories to update motor commands. This work
expands upon a feasibility study (Salowitz et2014) presented at the World Multiconference on

Systemics, Cybernetics, and Informatics which waarded “Best Paper in its Section”.

Introduction

Motor abilities are known to be impaired in ASD (Wier et al., 2001; Minshew et al., 1997;
Ming et al., 2007, for a review see Gowen and Hamjl2013) and movement disorders can be the strlie
expressed features of ASD. ASD-related motor dsfimie often observed in infancy (Teitelbaum et al.
1998), long before the expression of language anghkdeficits (cf. American Psychiatric Associatjo

2013; for reviews, see Gerlai and Gerlai, 2003;iRa®97). However, the factors that contributenator
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control deficits in the autistic brain remain eltesiOne reason for this may be because neuromontdrot

is intimately coupled with sensation (i.e. “you aanly control what you sense”; Prochazka, 1996).
Because sensory information processing can itgelifripaired in ASD (American Psychiatric Association
2013; Lane et al., 2010; Ornitz, 1974, 1983; O'Naild Jones, 1997; Wiggins et al., 2009; Gerrad] an
Rugg, 2009; Hermelin and O’Connor, 1970; Kern et2007; for reviews see Ben-Sasson et al., 2009;
Baranek, 2002; Dawson and Watling, 2000), sensdaamoontrol deficits in ASD can be due to defiafs
motor production, deficits of sensory informatialogessing, or both.

One important goal of sensorimotor control is tant&n motor performance despite persistent
environmental disturbance or perturbation. The @ssdy which this happens is known as motor
adaptation (Shadmehr and Mussa-Ivaldi, 1994; Thgivoman and Shadmehr, 2000; Scheidt et al., 2001).
Motor adaptation is commonly studied using simpalgdirected reaching movements performed with the
whole arm (Scheidt et al., 2001), the elbow (Saheticl., 2011) or the wrist (Scheidt et al., 2018)the
normal adult brain, the ability to adapt goal-dieztwrist movements to changing environmental loads
requires an intact ability to sense features oftindronment that may degrade performance of tkeet
action, an ability to sense how the body respoadkdse “perturbations”, and an ability to use such
information to predict and compensate for futurargfes in the environment (Scheidt et al., 2012).
Memories of prior sensorimotor experience playucial role in the brain’s ability to predict future
environmental perturbations and to minimize theipact by appropriate updating of motor commands
(Judkins and Scheidt, 2014). Sensorimotor prediagsdypically supported by a distributed netwofk o
cortical and subcortical brain regions; sensorimatemories from prior movements are representelinvit
frontal and temporal cortical regions known to suppvorking memory whereas brain activities in
multiple distinct brain regions (hippocampus, cetilm and basal ganglia) are integrative in that/th
correlate with the one particular combination ofnmegies that comprises a viable prediction of upecami
environmental perturbation (Scheidt et al., 20TRk finding of neural correlates of memory-based
prediction within multiple brain structures sugget$tat prediction of environmental change is anartgnt
function of the human brain, one that can be peréat using each of the brain structures most comynonl
associated with learning. Importantly, the literatdescribes structural and functional abnormalitie

each of these brain regions in ASD, including fadnparietal and temporal cortices, the hippocamiies
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basal ganglia and the cerebellum (Courchesne ad&?i2005a, b; Carson et al., 2014; Muller et1898;
Casanova et al., 2002, 2006; Buxhoeveden et &6;Zlbovicius et al., 2000; Gendry Meresse et al.
2005; Dager et al., 2007; Allen and Courchesne32Bauman and Kemper, 2005; Sears et al., 1999;
Hollander et al., 2005; Qiu et al., 2010; Verhoegeal., 2010; Brambilla et al., 2003; Cody et 2002).
Despite strong evidence for ASD-related structaral functional abnormalities in the brain,
behavioral evidence for ASD-related deficits ofgictive sensorimotor control has been equivocah In
study by Schmitz et al. (2003), a load was plaaed platform which was affixed to the left forearais
children with and without ASD. Children were askedemove the load with their right hand while elbo
angle, force, and electrical activity Bf brachiiwere measured with a potentiometer, strain gaanye,
electromyography (EMG), respectively. There waglifference between groups in the maximum elbow
angle during the unloading reflex; however, chifdvath ASD exhibited longer duration of unloading
force. Furthermore, the latency of the unloadirferewas much longer in children with ASD such that
EMG recordings revealed that TD children reducedateuactivity 15 mgrior to the onset of unloading,
whereas children with ASD reduced muscle activityidsafter the onset of unloading. Thus, children with
ASD in the Schmitz et al. (2003) study had a de6i€anticipatory postural adjustments which leerthto
depend primarily on feedback modes of control adisize forearm position. Salowitz and colleaguaseh
also observed subtle deficits in the adaptive perémce of a point-to-point reaching task (Salowital.,
in preparation). In that study, TD children anddt@n with ASD performed goal-directed arm moversent
within a simple virtual reality environment thateakd visual feedback of hand motions by rotatiisgat
feedback of task performance. Whereas children A8D did exhibit some ability to adapt their
movements to the altered feedback condition, thesevwess able to reduce target capture errors after
extended practice than TD children. By contrasiglists of ball catching (Mostofsky et al., 2004)ll ba
throwing (Gidley Larson et al., 2008), and reachi@gdley Larson et al., 2008) have reported thdton
with ASD are able to adapt to suddenly-imposed@ardistent environmental disturbance at rates
comparable to those of TD children. During thoseligts, the experimenters induced sensorimotor
adaptations by varying the weight of the ball (Mdsky et al., 2004), rotating visual feedback ckta
performance (Gidley Larson et al., 2008), or bylgipg a force field (Gidley Larson et al., 2008\ e

speculate that diversity of reported findings ig ¢l the multiplicity of predictive mechanisms retbrain;
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for example, deficits of prediction in one adaptimechanism (e.g. the cerebellum) might be mitigated
part, by predictive control in another (e.g. theddayanglia). But because the input and outputvgeth of
the basal ganglia, cerebellum and hippocampusistiaa, redistributing the responsibility for pietive
control amongst adaptive neural systems withirathtéstic brain may result in subtle performanceaitsf
that may in fact differ from child-to-child, depeand on his/her particular deficits of sensorimdtarning.
In the current study, children with ASD and TD dhén reclined in a magnetic resonance (MR)
scanner and made goal-directed wrist flexion/extensiovements against a spring-like load that was
constant during some trials and then varied unptablly from one trial to the next in the remaintrigls.
We recorded blood-oxygen-level-dependent (BOLDhal@s they performed the task to obtain functional
MR images related to memory-based sensorimotoiigiied. We analyzed kinematic performance
measures to test the hypothesis that the two grougisildren differed in the way they use memonés
prior performances to update movements from oaéttsithe next. We analyzed the functional
neuroimages using multilinear regression to testiypothesis that relative to TD children, childweth
ASD recruit a different subset of adaptive neuyatams to adjust their movements in response to
changing environmental demands. We discuss ouinfigscto advance understanding of sensorimotor

learning deficits in children diagnosed with ASD.

Methods

Participants

Nine children with ASD [aged 15.8 + 1.8 years (meatandard deviation, here and elsewhere);
one female] and 11 TD children [aged 16.7 + 1. #ygree female] completed this study. All study
procedures received institutional approval from deatte University and the Medical College of
Wisconsin in compliance with the Declaration of sieki. All children participated after giving infored
assent and after obtaining informed parental cangerential participants were excluded from thelgtif
they had ferrous objects within the body or a mistaf claustrophobia. Upon enrollment, parents were

asked to complete the Child Behavior Checklistaipes 6-18 (CBCL; Achenbach and Rescorla, 2001).
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Parents were also asked to complete a questiortoaieport their child’s medication use and to mepo
parents’ or caregivers’ occupations and highestatitonal degrees. Occupation and education data wer
used to determine social status with the Barratip8fied Measure of Social Status (Barratt, 2008&rents
of children who did not have a prior diagnosis &R were asked to complete the Autism Spectrum
Screening Questionnaire (ASSQ; Ehlers et al., 1,998)dren receiving a total score > 13 exhibited
behaviors characteristic of ASD and they were degjpjpom the study. Prior diagnoses of childrerhia t
ASD group were confirmed using the Autism Diagno€lbservation Schedule (ADOS; Lord et al., 1994):
a total scorex 7 confirmed presence of an ASD. Children in batbugs were administered the Kaufman
Brief Intelligence Test, second edition (KBIT2; Kman and Kaufman, 2004) to measure intelligence
quotients (1Q). Only high-functioning children (bed 1Q > 70) were included in the study. Each ckild
handedness was assessed with the Edinburgh Harsdeldnentory (Oldfield, 1971). All children used
their right-hand to complete the task and onlydreih who were predominately right-handed (LI > 40),

ambidextrous (-4& LI < 40) were included in the study. Participant chiastics are shown in Table 6-1.
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Table 6-1 Participant Characteristics

Group Participant Sex  Age Laterality SS KBIT2 *ADOS/ASSQ Medication
(years) T (V, N) T(C,S)/T

ASD Al F 18.0 0 45 101 (92,109) 18(6,12) BC, AP, A
A2 M 17.4 -18 51 110 (116, 100) 10 (3,7) ST
A3 M 13.5 26 31 115(117,108) 7 (2,5) AD
Ad M 13.8 53 47 117 (107,122) 7 (3,4) -
A5 M 15.2 71 47 122 (112,125)13 (3, 10) ST
A6 M 16.7 90 50 71 (77,72) 17 (7, 10) ST, AD, AD
AT M 16.9 44 45 107 (100, 112) 7 (3, 4) ST
A8 M 13.8 88 48 131 (135, 118) 10 (4, 6) ST, AD
A9 M 17.1 100 55 103 (96, 108) 9 (4,5) ST

M £ SD 158+18 51+41 46+6 109 +17 11+4

TD T1 F 13.1 88 66 139(130,139) O -
T2 M 16.1 58 66 116 (122, 105) 0 -
T3 M 14.9 79 39 109 (101, 117) 0 -
T4 M 17.0 100 53 104 (101,105) O -
T5 M 16.7 70 43 119 (118, 114) 0 -
T6 M 17.3 100 42 104 (110, 96) 0 -
T7 M 18.6 100 55 117 (118,111) O -
T8 M 16.0 80 42 115 (114, 111) 0 -
T9 F 17.4 100 65 113(110,111) O -
T10 M 18.9 100 65 101 (102, 99) 0 -
T11 F 17.8 53 42 106 (108,104) O -

M £ SD 16.7+1.7 84+18 52+11 113+11 0+0

Abbreviations: ASD autism spectrum disorder, TDiggfly developing, SS social status, KBIT2 Kaufman
Brief Intelligence Test, 2nd Edition, ADOS Autisnidgnostic Observation Schedule, ASSQ Autism
Spectrum Screening Questionnaire, T total, V vefdalonverbal, C communication, S social, M male, F
female, BC birth control, AP anti-psychotic, AH ahypertensive, AD anti-depressant, ST stimulamt,
mean,SD standard deviation

* ADOS reported for ASD; ASSQ reported for TD

General Procedures

Each child participated in three experimental sgssiwhich were conducted on separate days and
lasted between one and two hours each (Figure.8Alaperformed clinical assessments at the beginnin
of the first session to determine whether childsemne eligible to participate in the second anddthir
sessions. Motor control testing in the first sesglmench testing) was performed with the participan
grasping the handle of an air-powered plastic r¢bigiure 6-1b) while seated at a desk in a resdaixh
The purpose of this testing session was to traitigi@ants on the spatial accuracy and timing regpaents
of the sensorimotor task to be performed in subsegessions. This first session also allowed us to
determine whether the child was able to follownlkeessary task instructions. The second session was

performed as the child rested supine while grasgiirgobotic handle within a mock magnetic resoranc
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(MR) scanner at the Medical College of WisconsinisTsession was designed to acclimate particigants
the close confines and loud acoustic scanning adisbe experienced during actual scanning. Tiugree
session also provided additional practice on-t@$kldren who successfully completed both the bearuh
mock scanning sessions were invited to participagefinal, actual, functional magnetic resonance

imaging (FMRI) scanning session at the Medical €yl of Wisconsin.
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Figure 6-1: Experimental apparatus and procedure(a) Structure of experimental sessions across the
three days of testing (b) Schematic representati@nsingle degree-of-freedom MR-compatible pneicnat
manipulandum. (c) lllustration of the visual cusgtmmary feedback and instructions provided to
participants. Trials began with a “Go” cue wheraipair of black circles appeared representing theeh
(right) and goal (left). There was a one-to-ongespondence between the subject’s wrist angletand t
location of a red cursor on the screen. No viseetiback was provided during the movement. Instead,
“Feedback” of peak wrist angle and total movemanétwas presented after movement completion.
Participants relaxed and visually fixated betweéls (“Relax”). (d) The load applied to the haratied
from trial-to-trial during the last four blocks.

Behavioral Task

The experimental task was the same in each ohtiee sessions: participants performed 250
target capture movements, one movement per ti.task required the children to perform fast, goal
directed, wrist flexion/extension movements whitaegping the handle of the MR-safe robotic device
(Figure 6-1b). Wrist position was recorded at & Ht1000 samples per second. Participants made
flexion/extension movements using the right hanith the base of the robotic device rigidly attached
the forearm. For Day 1 testing, the base of thecgewas also fixed to a table top. For the sessions

performed within the mock and real scanners, tise lod the device was fixed to the hip and oriestech
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that the target-capture task could be performedfadably. Participants watched a visual displayesecr
(Figure 6-1c) placed in the line of sight. The akdisplay was updated at a rate of 60 frames georsl.
For details of the robotic device and its contsele Suminski et al. (2007b).

Participants were instructed to “move the robotdtarover-and-back,” without pause, to capture
the target”, which was displayed on the video str&ecause the purpose of this study was to exathee
neural underpinnings of memory-based sensorimatapttion in children with and without ASD, we
designed the flexion/extension task to minimizetdbation of moment-by-moment feedback control
mechanisms in determining performance accuracy;hwinistead required trial-by-trial updating of
feedforward movement control (cf. Judkins and S#fh&014). Thus we did not provide ongoing visual
feedback of cursor motion during wrist movements,ibstead provided summary feedback of task
performance as described below. Children who ihitisere unable to make fast reaches without paysin
at the target were allowed additional practiceisessuntil proficiency was achieved.

Trials began with the appearance of a “GO” cuefég-1c “Go”) -i.e., the appearance of a pair
of 7-mm-dia black circles spaced 9 cm apart. Thktrgircle represented the hand’s starting or “hobme
position (10° wrist extension) and the left cirodpresented the target or “goal” location (10° ithey, in
which participants were to reverse their movematiiaut pause. Direct view of the hand was precluated
all times, either by an opaque shield placed imateti above the hand (during lab sessions) or &y th
scanner bore (in the simulated and real scannisgjaes). Feedback of task performance was provigted
a cursor (5-mm-dia red circle) that mapped joirgldar rotation onto cursor displacements along the
horizontal axis. The cursor appeared with the G®and disappeared at movement onset (defined helow)

Knowledge of results (KR) feedback was displayadrahe hand returned within 3° of home
(Figure 6-1c, “Feedback”). KR consisted of the ouslocation at the moment the wrist reversedaion
and a categorical indication of movement time (udi as the time between movement onset and the
moment the wrist returned within 3° of horhé) reinforcement signal (a large star concentiith the

target) appeared if maximum extent was within bflthe target. Participants earned two points if

? Pilot testing found that KR using this definitiohmovement time encouraged fast out-and-back
movements without pause in the neighborhood ofarget.
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maximum extent was within the desired range bu tbst a point if maximum extent was outside the
desired bounds. Total movement time was indicayed textual cue: “Too Fast”, “Too Slow” or “Good
Speed”. Participants earned an additional two gafribtal movement time was within the desiredgean
(700 ms - 900 ms), but they lost a point if speed wutside the desired bounds. A total movemen tim
within the desired range yielded flexion moveménes equaling ~400 ms.

Participants rested quietly and fixated on a vistiahulus crosshair for a variable period of time
between trials (Figure 6-1c, “Relax”). The timeweén GO cues varied randomly between 8 and 18
seconds with a mean of 10 seconds. This varialde-irial-interval was designed to maximize thdigbi
of FMRI deconvolution analysis (described belowgitract hemodynamic response functions (see Toni e
al., 1999; Scheidt et al., 2012).

The 250 trials comprising each session were grougied blocks of 50 trials each. Participants
were allowed to rest between blocks. In the fitatk of trials, the robot opposed wrist flexion e
spring-like load having a constant, predictabléfngtss of 0.13 Nm/°. This block allowed participsito
practice performing the goal-directed wrist flexiextension target capture movement with maximum
likelihood of success. In the remaining four blaake robot applied a spring-like load, hich remained
constant within any given trial, but which variesepdo-randomly from one trial to the next. In these
blocks, the load was randomly selected from a wmifdistribution (ranging from 0.01 to 0.25 Nm/°csu
that again, the average load across trials wasNm/3 (Figure 6-1d). This variable load was desujte
challenge the ability of each child to move in iresence of considerable environmental uncertairits.
load sequence and the sequence of inter-trialvalemere the same for all participants.

In the first experimental session, children addiidy completed an initial training block of 30-45
trials in which they were provided with continuadsual feedback of hand position to better encosithe
performance of fast flexion/extension movementsait pause at the point of reversal. A ‘teacher’ (5
mme-dia blue circle) was displayed above the viseadiback cursor in the first 15 trials to model the
desired kinematics. Children were encouraged taimideir cursor with the teacher as they learned to
capture the target quickly, accurately, and trartgigwithout pausing at the target). After 15 Igivith the
‘teacher’ present, children completed a minimum ®trials without the teacher. Children then mowed

to the behavioral task described above (i.e. witly &R performance feedback). Data from these ingin
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trials were not analyzed. Control of the pneumatiuot and post-processing of data were performeajus

MATLAB software (The Mathworks, Natick, MA).

MR Imaging

During the final session, children rested supina BE 3T short bore M750 scanner equipped
with a standard, single-channel, commercial hedd\¢sual stimuli were projected onto a screernttha
participants viewed using a mirror attached totltead coil. The robotic device was positioned cotafuy
over the participant’s hip using a rigid supportsture. Participants rested quietly in the scammer
watched a video while we acquired 180 high-resotusipoiled GRASS (gradient-recalled at steady-state
axial anatomic images (TE = 3.2 ms, TR = 8.2 nig,dhgle = 12°, NEX = 1, slice thickness = 1.0 mm,
FOV = 240 mm, 256 x 280 matrix). These images adVocalization of functional activity and spatial-
registration between participants. Functional eglamar (EP) images were then collected while
participants performed the target capture taskugésl a single-shot, blipped, gradient EP pulseesemg
(TE=25ms, TR =2 s, FOV = 240 mm, 64 x 64 matiorty-two contiguous axial 3.7-mm-thick slices
were selected to provide coverage of the entirelf8a75 x 3.75 x 3.70 mm voxel size). As in thaffitwo
experimental sessions, participants performed &kislof 50 target-capture trials. Here, each block
comprised an imaging run ~ 8.5 minutes in duratiamadditional 4 volumes were collected at the
beginning of each run to allow the FMRI signal tpidibrate and 7 more were added to the end of each

to accommodate the rise and fall of the hemodynaesponse.

Data Analysis

Behavioral Data Analysis

Hand paths were low-pass filtered with"d @der, 10 Hz Butterworth filter prior to computing
hand velocities. We computed three kinematic messof task performance from the flexion phase of
each movemenMovement onseiccurred when wrist flexion velocity first exceedg®/s.Movement

reversaloccurred at peak movement extent (i.e. the joigteanf the first zero-crossing in wrist flexion
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velocity following its initial peak)Movement errorg, was defined as the wrist’'s angular deviation from
the target at movement reversal. We computed twasores to summarize kinematic performance across
trials: average movement errér, and standard deviation of movement ereof-or the reaching task with
constant load, these measures were computed dbeolsst 40 trials (i.e. when steady state perfoceaa
was achieved) and for the reaching task with rangamrying load, these measures were computed gcros
all 200 trials. For the reaching task with randomwdyying load, we removed the influence of the &gapl

load by subtracting the linear fit of movement eme a function of load before computing the stathda
deviation of movement errors. This allowed us taralterize variability in performance errors tharev

due to the movements and not due to the randormesequof loads. We next computed secondary
performance measures includirgaction time(RT: the time interval between GO cue presentediuch
movement onset), arftbxion movement tim@T: the interval between movement onset and mearem
reversal). Movements were considered unsuccegshdvement extent was less than 5°, if movement
occurred in anticipation of the GO cue (RT < 100,nigarticipants were inattentive (RT > 800 mni§),
flexion movements were slow (MT > 800 ms) or if ttend paused during the return home (total

movement time > 1500 ms). Unsuccessful movements excluded from further analysis.

Statistical Analysis of Behavioral Data

We sought to identify whether children with ASD wémpaired in their ability to compensate for
environmental uncertainty. Therefore, we comparegement kinematics across groups to characterize
performance against a constant spring-like loadagainst a randomly-varying (i.e. unpredictable)
sequence of loads. For each reaching task, werpggtba 2-sample t-test to compare the standard
deviation of movement error across groups and wipeed a second 2-sample t-test to compare average
movement error across groups. Our secondary asalgsight to identify whether children with ASD
exhibited deficits in the time to prepare and exeenovements. For each reaching task we perfornzed a
sample t-test to compare RT across groups and rferped a second 2-sample t-test to compare MT
across groups. Statistical analysis was perfornmiddthe SPSS 21 software package (Armonk, NY).

Effects were considered statistically significantree o. = 0.05 threshold.
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Imaging Data Analysis

Structural and functional images were analyzedgiie Analysis of Functional Neurolmages
(AFNI) software package (Cox and Hyde, 1997). kmicfional data, voxel time series were shifted gisin
Fourier interpolation3dTshi f t ) so that individual slices aligned with a temparagin and the first four
volumes were removed to account for start-up teamsi For the first block of trials in which thebai
applied a constant spring-like load, only the &&trials were analyzed when steady state perfacmams
achieved. For the remaining four blocks of triamlsvhich the robot applied a randomly-varying loae,
concatenated the imaging data from these bla@#$¢at ). Subject-specific structural and functional
images were cubically interpolated to 1 froxels, co-registered and converted to stereotzoacdinate
space following the method of Talairach and Touxn@®88). Functional images were blurred with a 4-
mm full-width half-maximum Gaussian filter to cormsaite for subject-to-subject anatomical variations.

Six head motion parameters [translations in theriaf/superior (dS), right/left (dL), and
anterior/posterior (dP) directions as well as ioteg about each of these axes] were identified
(3dvol r eg) and referenced to the first volume. We used tethod of Van Dijk and colleagues (2012,
cf. Satterthwaite et al., 2012) to compute a thttieeensional (3-D) measure of displacement for each
repetition time (TR) using the root-mean-squaréhefthree relative displacements. Participants who
exhibited relative 3-D displacement greater thanmm (cf. Van Dijk et al., 2012) during more thad®ad
of imaging volumes were dropped from the study.W&®ed AFNI progran3dDeconvol ve to remove
baseline drift (modeled as the linearly-weighteda$erthogonal Legendre polynomials inclusive tder

4) as well as the six head motion parameters fribimages.

Statistical Analysis of Imaging Data

We sought to test the hypothesis that neural ressoto environmental uncertainty in autistic
brains differ from those in TD brains. We creatddal onset time reference function using a comb
function (a series of 1's and 0’s) with 1's assigjte TR times of trial onset (the Go cue) and @signed

to the remaining imaging intervals for each loagusmce. These time series were then convolvedawith
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gamma variate function resembling the canonicaldegmamic response (Cohen, 1997). Note that the
Legendre polynomial modeling baseline drift (i.egendre polynomial order 0) was fit only to funotb
data from TRs wherein the estimated hemodynamjmorese to the Go reference function fell below 1% of
its maximum value, thereby removing the approxinmagan of the raw BOLD signal while preserving
those signal components having potential correfatiih trial-by-trial fluctuations. For each paifiant,

we identified correlations between BOLD activitydahe task-specific time series (i.e. Go-relatetil/dy)
using AFNI progran8dDeconvol ve to calculate the regression coefficient for eaadlsequence.

First, we identified brain regions in which the BDIsignal correlated with task onset during the
reaching task with constant spring-like load. Factegroup, we performed a 1-sample t-test to coepar
regression coefficients to 0.0 using progradt t est ++. For each statistical test in the imaging analysis
we estimated the minimum cluster size by perforndi@@00 Monte Carlo simulation3Cl ust Si m) to
yield a whole brain family-wise error thresholdoof 0.05; the t-threshold was determined from the
degrees-of-freedom (which differed across groupd)adesired significance level of p = 0.001. fer1-
sample t-test comparing regression coefficienthiwithe ASD group to 0.0, we used a minimum cluster
size of 11Qul and an individual voxel probability of t = 5.92B0r the 1-sample t-test comparing regression
coefficients within the TD group to 0.0, we useghiaimum cluster size of 11@ and an individual voxel
probability of t = 5.020. This pair of 1-sampleests allowed us to identify brain regions thatiargortant
for reaching within each participant group. We netight to determine whether the magnitude of
regression coefficients differed between groupghéregions identified by these 1-sample t-tests.
Therefore, we created a mask of the regions idedtif the ASD group or the TD group (i.e. an OR-
mask). Then, we used a 2-sample t-test to compmarelation coefficients between ASD and TD groups
within the mask. Since the volume within the OR-knass much smaller than the total brain volume used
in the 1-sample tests, we were able to use a mimiciuster size of 30l with an individual voxel
probability of t = 4.126 to maintain the family-wigrror threshold during the 2-sample t-test.

We next identified brain regions in which the BOkIgnal correlated with task onset during the
reaching task with randomly-varying loads. For egadup, we performed a 1-sample t-test to compare
regression coefficients to 0.0. For the 1-sampést-comparing regression coefficients within tHgDA

group to 0.0, we used a minimum cluster size of dlldhd an individual voxel probability of t = 5.9250r
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the 1-sample t-test comparing regression coeffisiaithin the TD group to 0.0, we used a minimum
cluster size of 11Ql and an individual voxel probability of t = 5.020/e next sought to determine whether
the regression coefficients differed between thestant load sequence and the randomly-varying load
sequence for each group. For each group, we craat@R-mask of the regions identified by the 1-demp
t-test of the constant load sequence and the 1lisargst of the randomly-varying load sequencehiii
each participant group, we performed a paired 2p$airtest to compare regression coefficients withie
OR-mask between the constant load sequence amdrttiemly-varying load sequence conditions. For the
ASD group, we used a minimum cluster size ofiP@nd an individual voxel probability of t = 5.92B0r

the TD group, we used a minimum cluster size ofil3@hd an individual voxel probability of t = 5.020.

We next sought to determine whether the magnitdidegression coefficients during the randomly-vagyi
load differed between participant groups. We ciiéatenask of the regions identified in the ASD group
the TD group during the randomly-varying load sewee Then, we used a 2-sample t-test to compare
correlation coefficients between ASD and TD groujithin the OR-mask. We used a minimum cluster
size of 33ul with an individual voxel probability of t = 4.12%6r the 2-sample t-test comparing regression
coefficients between groups during the randomlyvey load. Each of the imaging tests described abov
was performed with two cofactors: average moveraear and standard deviation of movement error.
These cofactors were used to account for potedifferences in BOLD signal that were influenced by

ASD-related deficits in kinematic performance.

Results

Of the participants who successfully completedmioek scan, three children with ASD were
dropped from the study because one did not shoferupis scheduled MRI and two others exhibited
excessive head motion during the MRI scan. Two hilleen were also dropped from the study due to
excessive head motion. The remaining 20 participasetre attentive to the task and successfully cetagl
the MRI session.

Participant groups were well matched for age<t1.16, p = 0.26), social statug(t 1.40, p =

0.18), and total 1Q {§ = 0.72, p = 0.48). All children in the TD group#r1) were right-handed, whereas
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in the ASD group (n = 9), six children were rigtaritled, and three were ambidextrous. All childrethén
ASD group met criteria for ASD measured by the AD@S children in the TD group had behaviors
characteristic of ASD as measured by the ASSQ aneé of these children attained scores within the
clinical range of the CBCL. Group statistics foeagocial status, 1Q, handedness, ADOS and ASS@sco

are presented (Table 6-1).

Behavioral Results

Constant Load Seqguence

Both groups of children made quick over-and-backemnaents toward the target when moving
against the constant spring-like load of 0.13 N¢Ri§ure 6-2a). Few reach trials were unsuccessful
(unsuccessful trials in the TD group: 3 + 2%; ASDup: 7 + 5%). We fit a falling exponential to the
movement error time series (Figure 6-2b). On awerbgth participant groups exhibited slight overtho
during initial task exposure. Movement extent dasea rapidly in both groups (a time constant oftoiaé
for the ASD group and a time constant of thredgffiar the TD group). Since we were interested in
characterizing performance after initial learniragitsubsided, we computed performance variables
(standard deviation of movement error, average meve: error, RT, and MT) during the last 40 trials

when steady state performance was achieved.
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Figure 6-2: Kinematic behavioral results of constant load sequee. (a) Average time profiles of wrist
displacements (top) and velocities (bottom) foldrein with ASD (solid) and TD children (dotted)igaled

by movement onset (vertical gray line). Thick limepresent group averages. (b) Performance eri@r as
function of trial averaged across ASD (filled) and (open) groups. Gray band indicates target talesga

Both groups undershot the target during steadg-stgposure to the constant load sequence such
that on average the TD group remained within thed gegion of the target whereas the ASD group
undershot the target by about 2° and performarmoesewere more variable in the ASD group relative t
the TD group. A 2-sample t-test found a differeimcstandard deviation of movement error acrossggou
(oasp = 1.77 £ 0.39°p1p = 1.25 £ 0.21°; = 3.76, p = 0.001), suggesting that children wA8D
produced movements that were more variable thasetbbéTD children. A separate 2-sample t-test foand
difference in average movement error across grOapsp = -2.18 + 2.26°%¢ p =-0.24 + 0.83°%; =
2.65, p = 0.016), suggesting that children with A@idlershot the target to a greater extent than TD
children. Since group differences in movement extenld potentially influence neuroimaging resuits,
included both the standard deviation of movememreand average movement error as co-factors in the
imaging analyses.

ASD-related deficits in movement kinematics wereelated to deficits in movement timing
because the time to prepare and execute movemdmstdiffer between groups. Two additional 2-

sample t-tests revealed no group-wise differend@Tir{p = 0.287) or MT (p = 0.237). Thus our findsngf
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increased movement variability and decreased monteexaent in ASD were unrelated to movement

timing.

Random Load Sequence

During the random load sequence, participants madsk movements to the target (Figure 6-3a).

Few reach trials were unsuccessful (unsuccesgdis tn the TD group: 4 £ 4%; ASD group: 11 + 8%).
Movement errors varied proportionally with loadfsiss (Figure 6-3b). When the load was weak, TD
children tended to overshoot the target whereddreni with ASD acquired the target on average. When
the load was strong, TD children undershot thegtanghereas children with ASD undershot the tatget

an even greater extent compared to the weak liffwess. For each participant, we fit a line to rement
error as a function of load. The relationship betwenovement error and load stiffness was approgimat
linear in both groups {sp = 0.71, frp = 0.77). The slope of the line did not differ assarticipant

groups (p = 0.29) suggesting that the perturbatiagnitude influenced movement extent similarly asro

both groups of children.
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Figure 6-3: Kinematic behavioral results of random load sequenrg (a) Average time profiles of wrist
displacements (top) and velocities (bottom) fotdrein with ASD (solid) and TD children (dotted)cgded
by movement onset (vertical gray line). Thick limepresent group averages. (b) Performance erar as
function of applied load averaged across ASD (illand TD (open) groups with fitted linear trenakk.
Gray band indicates target tolerance.

Movement errors were more variable in the ASD groompared to the TD group. We removed
the influence of load stiffness from movement eend computed the standard deviation of these
movement error residuals. A 2-sample t-test fousiyaificant group difference in the standard déera
of movement errordpsp = 2.20 + 0.30°pp = 1.59 £ 0.24°;:4 = 5.03, p < 0.001), suggesting that children
with ASD produced more variable movements everr #fieeinfluence of the randomly-varying
perturbation sequence was removed. A separate gisastest found no difference in average movement
error across groups (p = 0.078). Since group @iffees in movement extent could potentially inflleenc
neuroimaging results, we included both the standaxdation of movement error and average movement
error as co-factors in the imaging analyses.

ASD-related deficits in movement variability wenerelated to deficits in movement timing
because the time to prepare and execute movemidnistddiffer between groups. Two additional 2-
sample t-tests revealed no group-wise differend®Tir{p = 0.070) or MT (p = 0.743). Thus our findiof

increased movement variability in ASD was unrelatechovement timing.
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Functional Imaging Results

Constant Load Sequence

We identified brain regions in which the BOLD si¢jnarrelated with task onset during reaching
with a constant spring-like load. A 1-sample t-fesind that regions of activation were widespreathe
TD group, whereas a separate 1-sample t-test fthataegions of activation were smaller in the ASD
group. Total activation volume was more than sixets greater in the TD group relative to the ASDugro
Many of the regions identified in the current studerlapped with those of our adult study (Schetdl.,
2012) of goal-directed wrist movements. We ideatifregions supporting right-handed reaching
movements (Kawashima et al., 1995; Toni et al,91®8i et al., 2001): left central sulcus including
primary sensory (S1) and primary motor (M1) arsapplementary motor area (SMA), and dorsal
premotor (PMd) area in both groups of children welasronly children with ASD exhibited activation
within the posterior parietal cortices. We foundioms supporting visual perception, the processing
visual cues and encoding of visual targets relativeand position (Hadjikhani and Roland, 1998 e@ei et
al., 2000): middle occipital gyrus, middle tempaggtus, and fusiform gyrus in both groups of clelar
whereas only TD children exhibited activation witlgrimary visual cortex (V1), lingual gyrus and
superior colliculus and only the ASD group exhibitectivation within the superior occipital gyrusdan
pulvinar nucleus of the thalamus. We identifiedioag which support motor response selection in the
presence of uncertainty and movement errors (Gnihled al., 2006, Kayser et al., 2010; Paus, 2001):
cingulate cortex in both groups of children, wherealy the TD group exhibited activation within the
insular cortex, inferior parietal cortex, and médiersal (MD) nucleus of the thalamus. Within the T
group, we found regions supporting closed-loop lieett compensation for positional limb errors and
postural stabilization and movement (Suminski gt28l07a) including cerebellar lobules V — IX. Rat

in which BOLD signal correlated with task onset sihhewn in Tables 6-2 and 6-3 as well as Figure 6-4.
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Table 6-2 Location (center of mass) and volumeoofical activations related to Go cue during conssta
load sequence

TDvs O ASDvs 0 ASD vs TD
Anatomy Label H Vol Coordinates T H Vol Coordinafes H Vol Coordinate§
ul X y z ul x y z u x y z

PreCG (BA4){M1},L 10079 -35-3355 17.3L 665 -29-31 64 14.9
PoCG (BA 3) {S1}

PreCG (BA 6) L 171 -359 56 7.7
L 112 -593 38 7.3
MFG (BA 6) {PMd} L  see 171ul above R 309 40 -1@611.7 R20541-1046 7.4
PoCG (BA 2) L 448 -57-2028 11.3
IPL (BA 40) L  see 448l above
L see 10079l above
R 227 32 -4850 8.4
MeFG (BA 6) L/R 699 -2 -1667 11.7L 487 -5 -205110.4
{SMA} RIL 537 4 -2 51 93 L/IR 226 1 7 48.1

L 351 -4 -1849 11.2
aCgC (BA32, 24) L  see 35i above

pCgC (BA 26) RIL 162 3 -43 105
SPL (BA7) L 120 -26635111.7
SOG (BA 19) R 133 26 -6969.7

INS 155 -3016 15 8.8

L
R 246 34 16 9 8.0

MTG (BA 37) R 129 53 -5519 -79 R 123 42-576 8.7
R

MOG (BA 18, 19) 177 36 -830 149R 220 43 -729 114
L 204 -34-806 13.0

FG (BA 37 R 18 37 -521986 R 159 21 -53138.8
R 141 36 -712010.4

FG (BA 37), R 1357 45 -669 9.4
MOG (BA 19) L 719 -47-662 126
L 694 -30-72-13 14.1

Cu(BA17){Vl}, R/L 1286 10 -642 8.9
LG (BA 18)

Abbreviations: TD typically developing, ASD autispectrum disorder, H hemisphere, L left, R right] V
volume, T peak T, BA Brodmann'’s area, a anteriggopterior, CgC cingulate cortex, Cu cuneus, FG
fusiform gyrus, INS insula, IPL inferior parietaldule, LG lingual gyrus, M1 primary motor cortexeNG
medial frontal gyrus, MFG middle frontal gyrus, MO@ddle occipital gyrus, MTG middle temporal
gyrus, PMd dorsal premotor cortex, PoCG post-cégtnais, PreCG preentral gyrus, S1 primary sens(
cortex, SMA supplementary motor area, SOG supexoipital gyrus, SPL superior parietal lobule, V1
primary visual cortex
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Table 6-3 Location (center of mass) and volumeubtsrtical activations related to Go cue duringstant
load sequence

TDvs O ASD vs 0 ASD vs TD
Anatomy Label H Vol Coordinates T HVol CoordinatesT H Vol CoordinatesT
u x y z u x y z p x y z
TH (MD) L 208-11-199 6.8
TH (P) L 144 -17 -28 7.6L 107 -17-248 6.3
SC L/R 2120 -300 104
CER (lob V) R/L 1512 -59-15 7.2
R 13519 -45-21 6.2
CER (lob VI) R/L see 151l above

CER (lob VII, VIR~ 45929 -52-46 7.5
R 48713 -62-42 9.6
CER (lob IX) R/IL 2976 -40-38 14.7

Abbreviations: TD typically developing, ASD autispectrum disorder, H hemisphere, L left, R right] V
volume, T peak T, CER cerebellum, lob lobule, MDdimédorsal nucleus, P pulvinar nucleus, SC superio
colliculus, TH thalamus
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Figure 6-4: A pair of voxel-wise 1-sample t-testsoenpared fit coefficients versus 0.0 in children wh
ASD and TD children. Regions of activation are shown for the ASD gréngnl) and for the TD group
(blue). Few regions overlapped between the twoggduellow). Lateral, medial, and dorsal surfaaapl
(top) and axial views (bottom) indicate regionsuvnich BOLD signal correlated with task onset (Ga
cue) overlaid on a standard anatomical refereneee Hnd elsewhere, left hemispheric activitiesshmvn
to the left of each panel. Abbreviations: M1 prignarotor cortex, MOG middle occipital gyrus, PMd
dorsal premotor cortex, PostCG post-central gyPusCG pre-central gyrus, S1 primary sensory coB€X,
superior colliculus, SMA supplementary motor aretd, thalamus, VIl cerebellar lobule VII, VIII
cerebellar lobule VIII.

We next compared the magnitude of regression aiefifis across participant groups within the
regions established by the pair of 1-sample t-fg$tables 6-2 and 6-3). The 2-sample t-test fbilnat
regression coefficients within dorsal premotor errtPMd) and the pulvinar nucleus of the thalamasaw

significantly different between groups (Tables &2l 6-3; Figure 6-5a). Impulse response functions
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averaged across participants were greater in th2 gx8Bup relative to the TD group (Figure 6-5b)
suggesting that BOLD signal increased during tasebto a greater extent in children with ASD

compared to TD children in PMd and the pulvinarlaus of the thalamus.

O

PMd
20 - @ ASD
=@= TD

15 4

10 4

%Signal Change

15 4
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%Signal Change

Time [sec]

Figure 6-5: The voxel-wise 2-sample t-test compardit coefficients between children with ASD and

TD children during the constant load sequencga) Regression coefficients differed between gsanp

the dorsal premotor cortex (PMd, top) and the mawinucleus of the thalamus (TH, bottom). (b) Irspul
response functions averaged across participants gveater in the ASD group (filled, solid) compated

the TD group (open, dashed). Abbreviations: PMdadigpremotor cortex, TH thalamus.
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Random Load Sequence

We sought to determine whether neural correlatestified during goal-directed reaching against
an unpredictable sequence of loads differed fraemttural correlates identified during reaching astaa
constant sequence of loads. Within each particigemip, 1-sample t-tests identified activation oegi that
were similar to those identified during the constaad sequence (cf. Tables 6-2 and 6-3, Figurg G-ér
each participant group, paired 2-sample t-testadao difference between regression coefficientainbd
during the constant load sequence compared to tima@ed during the randomly-varying load sequence
Thus, each group of participants engaged similaraleetworks for movements that were made against
constant load sequence compared to movements gnatmade against a randomly-varying load sequence.

We then performed a 2-sample t-test to comparess@n coefficients across participant groups
during the randomly-varying load sequence. Ther@pda t-test found that regression coefficients imith
the post-central gyrus, supplementary motor ar®)Sand middle temporal gyrus were significantly
different between groups (Table 6-4; Figure 6-Gapulse response functions averaged across paitsp
were greater in the ASD group relative to the TBugr (Figure 6-6b) suggesting that BOLD signal
increased during task onset to a greater extesttildren with ASD compared to TD children withirede

three regions.

Table 6-4 Center of mass and volume of activatrefeted to Go cue during random load sequence

ASD vs TD
Anatomy Label H Vol Coordinates T
ul X y z
PostCG (BA 3) L 51 -17 -36 68 5.7
MeFG (BA 6) {SMA} R 154 5 -25 57 7.0
MTG (BA 37) R 45 52 -62 3 6.0

Abbreviations: TD typically developing, ASD autispectrum
disorder, H hemisphere, L left, R right, Vol voluniepeak T, BA
Brodmann’s area, MeFG medial frontal gyrus , MT Glaihé
temporal gyrus, Post CG post-central gyrus, SMApkrpentary
motor area
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Figure 6-6: The voxel-wise 2-sample t-test compardit coefficients between children with ASD and
TD children during the random load sequence(a) Regression coefficients differed between gsaap
the post-central gyrus (PostCG, top), the suppléangmotor area (SMA, middle) and the middle
temporal gyrus (MTG, bottom). (b) Impulse respofisetions averaged across participants were greate
in the ASD group (filled, solid) compared to the §up (open, dashed). Abbreviations: MTG middle
temporal gyrus, PostCG post-central gyrus, SMA Rmppntary motor area.
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Discussion

Children with ASD and TD children performed a gdakcted wrist flexion/extension task by
moving a robotic joystick against a constant, preedile load and by moving against a random sequefnce
loads. MRI data was simultaneously collected. Redab TD children, children with ASD produced
movements that were more variable during both kefliences and they undershot the target to a greate
extent when the load was constant across trials.

Linear regression and statistical hypothesis tgstientified regions of the brain in which the
BOLD signal was modulated by task onset. Both gsoafpchildren engaged the primary sensorimotor
cortices, dorsal premotor cortex (PMd), supplemgmntaotor area (SMA), middle temporal gyrus, middle
occipital gyrus, and fusiform gyrus. Activity waarticularly widespread in TD children, whereas the
magnitudes of regression coefficients were graatehildren with ASD relative to TD children in PMd
and pulvinar nucleus of the thalamus during thestanmt load sequence and in post-central gyrus, lenidd

temporal gyrus, and SMA during the randomly-varyioad sequence.

Movement Kinematics and Timing

Endpoint movements were more variable in childréth WSD compared to TD children when the
load was constant across trials. Movements weteratge variable in the ASD group compared to the TD
group during the randomly-varying load even whemittfluence of the load was removed. Together these
findings suggest that increased endpoint varighiitASD relative to controls was related to defién
movement performance and not due to deficits iptdien. These results are consistent with those of
Papadopoulos and colleagues (2012) who found iseteandpoint variability in children with ASD
compared to TD children during repetitive reachiing. a Fitts’ task). One explanation for increased
endpoint movement variability in ASD is that thes@dren might have deficits in feedforward control
(Papadopoulos et al., 2012; Mostofsky et al., 2@8yid et al., 2012; Schmitz et al., 2003; Bast2006).

In our study, children were encouraged to makedast-and-back movements so that they would rely on

feedforward control to update their internal moafethe environment rather than rely on feedbackrobn
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which is slow due to delays in processing sensaigrination (Seidler et al., 2004). Furthermoregsithe
visual display appeared above the head, but thé Was positioned above the hip, a visuo-motor
transformation was required to align visual andppiaxeptive coordinates. Another explanation for
increased endpoint variability in ASD is that thekddren might exhibit deficits in shifting fromma
effortful mode of control during the beginning bktmotor task to an automatic mode of control durin
steady state performance (Mostofsky et al., 200®Papadopoulos et al., 2012). Habitual executson i
supported by the cerebellum (Mostofsky et al., 2@@8ich was not identified during goal-directed
reaching movements in the ASD group of the curseudy.

Both groups of children undershot the target omaye TD children reversed wrist position
within the boundary of the target such that theyuired the target on average, whereas children A&D
reversed wrist position below the target range shahthey failed to acquire the target on averatggdan
and colleagues (2003) report overall weaknessdivituals with ASD compared to controls during skia
measuring grip strength. Although we did not measurnist flexion strength in our study population,
undershooting the target could have been due t&mvesa in our cohort of children with ASD. Children
with ASD have performed reaching movements in acigl-dependent force field in only a few studies
(Gidley Larson et al., 2008; Haswell et al., 20@@jch do not report endpoint error so it is unknafvn
undershooting occurred in response to externaefoirt those experiments. Others have found no
difference in movement error between children wi8D and TD children during reaching when there is
no external force applied to the hand (Rinehaal.e2006; Glazebrook et al., 2006; Forti et €01 P).
Increased movement errors in the ASD group cowd bé explained by systematic aiming errors och la
of motivation to perform the task. We could distirgh deficits due to weakness from those due tangim
errors or motivation using a modified version o task in which there are no externally-applieditodf
the ASD-related deficits in movement extent were ttuweakness, then we anticipate that childreh wit
ASD could produce accurate movements when thereaepplied loads. However, if ASD-related deficits
were due to aiming errors or motivational deficiteen we would expect to see the same patternrafsein
movement extent as in the current study.

We found no difference between groups in the timprepare and execute reaching movements.

During pilot testing, 8 children with ASD and 10 Thildren made wrist flexion movements with no
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penalty for slow movement time and no training vggmtinuous visual feedback. Although movement
times and reaction times were comparable to tho#eei current study, children in both groups (but
especially those with ASD) tended to pause atahget before reversing direction (unpublished data)

the current study, we added specific experimemtatrols (initial training trails with continuoussual
feedback of wrist position as well as a movemeanetpenalty/reward structure that was present throuig
the entire testing session) to encourage partitiganquickly reverse direction when attemptingapture
the goal target (cf. Figures 6-2a and 6-3a). Oweminwas to minimize kinematic differences between
children with ASD and TD children and we were gatigrsuccessful, with the exception of differenaes
movement extent and variability across particigaoups. When experimental controls are not used,
children with ASD have slower reaction times andseraent times compared to TD children (Glazebrook

et al., 2006, 2008, and 2009; for an exceptionPsgEdopoulos et al., 2012).

Neural Correlates of Goal-Directed Reaching

We measured the extent to which BOLD signal catesl with task onset separately in both
groups of participants while they made goal-dirdat®vements against constant and random load
sequences. For both load sequences, we foundigh#icant correlations were more widespread in TD
children compared to those with ASD (see also Midteal., 2001). We found no difference in regions
identified during the constant load sequence coatbty the random load sequence within each group.
Recall that the average applied load during thd@emload sequence was identical to the load usadgiu
the constant sequence. We then compared regressifficients between ASD and TD groups and found
that during both load sequences, the ASD grougddrager correlation coefficients than the TD groomi
few distinct regions of the brain. During the ca@mitioad sequence, we found significant group difiees
in BOLD signal correlations in the PMd, and thevinér nucleus of the thalamus. During the randoadlo
sequence, we found significant group differencgsost-central gyrus, SMA, and middle temporal gyrus
The group-wise differences in activation regionwas the two environmental loading conditions miggt
due to compensation for unpredictable motor outeothat occurred during the randomly-varying load

sequence.
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To accurately perform the reaching task, partidipavere required to use memories of motor
outcomes to update their motor plan on subseqeewctrattempts. Therefore, we anticipated that nsgio
of the brain involved in memory storage and retrlevould be strongly correlated with task onsete Th
ability to coordinate retrieval of stored memorigsupported by a network which includes the saperi
colliculus, the medial dorsal nucleus of the thalarand pre-motor cortex (Van Der Werf et al., 2003;
Sommer, 2003). All three of these regions weretifled in the TD group who exhibited less movement
execution variability compared to the ASD groupgygesting that TD children used sensorimotor mersorie
to form load predictions. In contrast, childrentwKSD were impaired in their ability to acquire tiaeget
on average, and they did not exhibit activatiorhimithe superior colliculus or the medial dorsatleus of
the thalamus. Children with ASD are known to haefaits in memory (Steele et al., 2007; Minshewalet
1997) and the neural network supporting memory-th@sediction which was identified in the TD group
was absent in the ASD group.

Children with ASD exhibit superior performance dsual search tasks compared to TD children
(Plaisted et al., 2000) and they may have userhtegy involving visuospatial attention (ratherrtha
memory-based prediction) in the current study. ¥&patial attention is supported by the pulvinadews
of the thalamus (Karnath et al., 2002), and thedieidccipital gyrus (Martinez et al., 1999). Batle t
pulvinar nucleus of the thalamus and the middlapitad gyrus were activated in children with ASDytb
not in TD children. Importantly, the 2-sample ttgesonfirmed that the correlation coefficients bedw
BOLD signal and task onset were significantly didfiet between ASD and TD groups in the pulvinar
nucleus of the thalamus. Unlike the TD children veingaged neural networks supporting the retriefval o
sensorimotor memories, children with ASD might hangaged neural networks supporting visuospatial
attention.

Our goal-directed over-and-back reaching task yasifically designed to minimize the
influence of feedback control by encouraging fasvements. We found increased endpoint variabitity i
children with ASD compared to TD children suggestihat children with ASD were impaired in their
ability to use feedforward control. Seidler andeagues (2004) have shown that motor performance is
influenced by a continuum of feedforward and feetttrmodes of control. In their study, participantada

reaching movements to targets of varying diamétsitarget size increased, participants were magdyli
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to make ballistic movements using feedforward aanis target size decreased, participants madeeslo
movements using feedback control. BOLD signal clkeangere correlated with increasing and decreasing
target sizes to identify regions of the brain impat for feedforward and feedback control, respebfi
Seidler and colleagues (2004) found that left prinmaotor cortex, left dorsal premotor cortex, ansular
cortex were important for feedforward modes of ooinfThese same regions were identified in the TD
group in our study, but only the left primary motartex was identified in the ASD group. By contras
Seidler and colleagues (2004) identified regiongpsuting feedback modes of control; these inclugéd
cingulate motor cortex, bilateral cerebellum, aigthtrinsula. Both the ASD and TD groups in our stud
had significant task-correlated BOLD signal aci@stin the cingulate cortex and the TD group addéilly
exhibited significant activities in the cerebellamd right insula. Moreover, both groups in the entr

study exhibited correlations between BOLD signal task onset during the constant load sequencénwith
the SMA which is important for postural stabilizati(Suminski et al., 2007a). Task-related BOLD algn
changes in the SMA were much higher in the ASD groempared to the TD group during the random
load sequence suggesting that the ASD group relige on a feedback control strategy to perform the
goal-directed reaching task, especially when theiegh load was unpredictable. Comparisons betwaen t
current study and those of Seidler et al. (2004) Smminski et al. (2007a) suggest that childret WD
relative to TD children invoke a different set @funal pathways to solve the task.

Courchesne and Pierce (2005a) reviewed severaéstatibrain growth in ASD and they have
found that infants with ASD exhibit a period of aomally accelerated brain growth by 6 to 14 momths
age and the frontal lobes in particular exhibit gheatest growth compared to other brain regiohsyT
also found that local circuitry is overdeveloped aisorganized within the frontal lobe and longtaiice
connections with other brain regions are underapeas (2005b) although there is some disagreement in
the literature (Sundaram et al., 2008). If locatuaitry is overdeveloped in ASD, then we might exptbe
percent signal change of the BOLD signal to be é&igh children with ASD relative to TD children dtee
the increased metabolic load. This interpretatiosuipported by Figures 6-5b and 6-6b, which compare
impulse response functions across study groupgdtidg that the percent signal change of the BOLD

signal was higher in children with ASD compared @ children.
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Conclusion and Future Direction

Our findings suggest that TD children used a mgnbaised prediction strategy to update motor
commands. TD children had less movement variakititympared to children with ASD, and they engaged
regions of the brain such as superior colliculusdial dorsal nucleus of the thalamus, and pre-motor
cortex which are important for memory retrievalcbmtrast, children with ASD engaged regions of the
brain such as pulvinar nucleus of the thalamusnaiddile occipital gyrus which are important for
visuospatial attention suggesting that childrerhwiSD used the spatial position of the hand to tgda
motor commands. This strategy was not as successthle strategy employed by TD children because
children with ASD produced movements with greatiability compared to TD children. Taken together,
the preliminary findings presented here supporidea that the motor performance deficits are aosed
by dysfunction in a single brain region, but likegsult from functional abnormalities in severadibr
regions and the interactions between them.

The sample size of the current study is low andefioee, the results should be interpreted with
caution. We are currently enrolling additional papants to increase the sample size. In the futueswill
identify neural correlates related to learning aigrobtained from performance variables such as
reinforcement learning, supervised, and unsupeahlearning in these two populations (cf. Scheidilet
2012). However, additional participants are neagseaprovide adequate statistical power for these

analyses.
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CHAPTER 7: CONCLUSIONS, LIMITATION, AND FUTURE DIRETIONS

Conclusions

We used robotic assessments of sensorimotor funatid functional neuroimaging techniques to
identify ASD-related deficits in the adaptive amchgegic compensation for sensorimotor discord (An
in the integration of visual and proprioceptiveoirthation for perception of movement kinematics (Ajn
and in the neural correlates of memory-guided ptemi (Aim 3). In chapter 3, we found that childneith
ASD were impaired in their ability to imitate geists of the hand and arm and these deficits were
correlated with performance errors while tracinghape with reflected visual coordinates. Thesarfosl
suggest that visuospatial information processirfigitie contribute importantly to functional motor
coordination abnormalities in ASD. In chapter 4,faend that children with ASD exhibited large
movement errors in response to large, known trameftions of visual feedback and motor command
updating; however, they exhibited subtle defiaitshe steady-state response to incrementally-inthose
rotations. These findings were unrelated to a gdmaotor execution deficit because movement errors
were similar across groups when there was no inthbpseurbation of visual feedback and because
performance variables did not differ across gropshapter 5, we found that children with ASD were
impaired in their ability to discriminate movemdimematics when visual and proprioceptive inforroati
were integrated. However, children with ASD exfediiproficiency in their ability to update the rélat
contributions of vision and proprioception for pgption of movement kinematics in response to cdetfo
levels of visual uncertainty. Finally, in chaptem@& characterized neural correlates of goal-daebct
reaching during adaptation to an unpredictable eecgi of perturbations. Whereas TD children exhibite
widespread neural activity related to the targetwe task, children with ASD exhibited activitigst
were more narrowly-focused in a small number o&foegions that exhibited larger-than-normal
correlations between the BOLD signal and task ofisgken together, the results from these thredeud
support the hypotheses that children with ASD exlaibnormalities in their ability to use sensory

information to guide limb movements and that ASIxed abnormalities in sensorimotor information
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processing give rise to deficits in compensatiarufgpredictable environmental change during goal-
directed movement.

Across the four studies, we found evidence of semsdor information processing abnormalities
in ASD. During the mirror-drawing task (chapten@ found that some children with ASD made errors
that were smaller than typical whereas other céildrith ASD made errors that were much larger than
those of TD children, such that performance emaaee characterized by a bimodal distribution in A%D
group. We hypothesized that large and small movéerears during mirror-drawing in the ASD group
were caused by reactions to proprioceptive stithalf were hyper- and hypo-sensitive, respectively.
However, when we characterized multisensory intémrgchapter 5), we found that the ASD group was
impaired in their ability to discriminate movemdimematics, but sensory re-weighting was intachis
group. Furthermore, we found that discriminatioresinolds and relative sensory weights were normally
distributed with equal variance across groups (hd), unlike the bimodal distribution of mirroradving
errors (chapter 3). An alternative explanationsbnormal movement errors during mirror-drawing was
that children with ASD were impaired in their atyilto compensate for visuo-motor discord. This
explanation was supported by the finding of inceglaisitial movement errors during strategic
compensation for reflected coordinates during rigegcand tracking in ASD (chapter 4). Movement esror
were compared across groups to characterize me¢gugon (chapter 4), spatial calibration (chagter
and sensorimotor adaptation (chapters 4 and 6)nWiseial feedback corresponded directly to hand
position (chapter 4), we found no group-wise défeze in movement error, suggesting that motor
execution was intact in ASD. However, when visesdback was perturbed from the hand’s actual
position [by reflecting or rotating the cursor’ssition from the hand’s position (chapter 4) or bapping a
curved movement to a linear trajectory (chapter\®y found ASD-related deficits in initial movement
direction (chapter 4), movement extent (chapteart) endpoint variability (chapter 6), suggestiraf th
children with ASD were impaired in their ability tbmpensate for sensorimotor discord. During rearhi
movements made with incrementally-imposed rotat@ngsual feedback (chapter 4) or randomly-varying
loads (chapter 6), we found subtle ASD-relatedaitsfin movement accuracy, suggesting that
sensorimotor adaptation was impaired in this gr@uring reaching and tracking movements with

suddenly-imposed reflection of visual feedback fitba4), we found large ASD-related errors, sugggst
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that strategic compensation was also impairedigngtoup. The findings across the four studies stiep
the hypotheses that multisensory integration, aat@nadaptive compensation and volitional strategic
compensation were impaired in ASD, but motor exeauvas intact.

The findings from these four studies have broadrdific and clinical impact. In the past, ASD
was defined primarily by social and language deffigiith litle emphasis on sensorimotor information
processing deficits (American Psychiatric Assooiatil994). However, the most recent version of the
Diagnostic and Statistical Manual of Mental DisasdAmerican Psychiatric Association, 2013) indésat
that sensorimotor information processing deficits@n integral part of ASD. The results of the &sd
presented in this Dissertation provide additiongprt for these recent updates to the diagnosteria of
ASD. Sensory integration therapy is currently usetteat children with ASD. However, the efficady o
such therapies is rarely reported (Case-Smith agdr3 1999; Dawson and Watling, 2000). The resflts
the current studies may lead to improved treatrfiergensorimotor information processing deficits in
ASD. For example, each of the tasks in the experisef chapters 4 through 6 could be modified by
adding additional reward/penalty criteria so agam individuals to improve sensorimotor infornuati
processing. Finally, by characterizing differenteneural activity in children with ASD, we can ingve

our understanding of the brain and identify altégnmseural networks supporting goal-directed movemen

Limited Generalizability of Findings Across the Broad Spectrum of Autism

The broad spectrum of autism includes high-funétigrindividuals who exhibit average or above
average intelligence as well as low-functioningivi@lials, who exhibit cognitive deficits. The chidh
who patrticipated in the current studies were ahkiunctioning (defined as having a verbal 1Q >.70)
Therefore, we have not tested whether the spesgfisorimotor deficits observed in these high-flmitig
children with ASD would generalize to the entirgoptation of children with ASD.

There are three methods commonly used to accoumaf@bility in cognitive deficits across the
spectrum of autism. One option is to constraingieicipant groups such that only high-functioning
individuals with ASD and TD controls are includettdao assume that the results of high-functioning

individuals generalize across the entire spectriiautism. This method was employed in the studies
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presented here as well as recent studies of ASby8a et al., 2013; Abu-Dahab et al., 2013; Kouwrlau
et al., 2013; Fuentes et al., 2011; Forti et &1,12 Fabbri-Destro et al., 2009; D’'Cruz et al., 20Gidley
Larson et al., 2008; Rinehart et al., 2006, 200&stdfsky et al., 2004; Muller et al., 2003, 200linshew
et al., 2004). Another option is to include indiwads with low-functioning ASD but to also include a
control group with cognitive deficits (MacDonaldadt, 2013; Watson et al., 2011; Wiggins et alQ20
Miyahara et al., 1997). However, there are two f@wois with this method: the control group with cdiye
deficits is not representative of the TD populatfbtilller et al., 2003) and cognitive deficits areiategral
part of ASD and they should not be factored outl{dtiet al., 2001). Perhaps the best option isittuide
representative participants from the entire augpectrum as well as two separate control groupes gt
cognitive deficits and one with average or aboverage intelligence (Hughes, 1996; Masterton and
Biederman, 1983; Frith and Hermelin, 1969). Thesuits from the ASD group could be compared
separately with those of the two control groupdistinguish deficits that are related to cognitiledays
from those that are attributable to ASD. Howewec|usion of low-functioning individuals was not
appropriate for the current studies because therempnts required the cognitive ability to undemstand
follow multi-step task instructions. The ability tmderstand task procedures was especially impgdidan
the experiment of Aim 3 in which children participd in a MRI scan. Children with ASD exhibit greate
anxiety compared to TD children (Kim et al., 206@p we were concerned that if the children werdlgna
to understand the instructions and descriptiommeMRI procedure (as might occur in low-functioning
children), it might have led to increased anxiethated to the experimental procedures. Therefoee, w
constrained all three studies to only include Higihetioning individuals who were able to understand

comply with task instructions.

Future Directions

Correlation Analysis of Clinical Assessments andsamotor Performance Measures

Each of the experimental protocols was custom-aesigo answer specific research questions

about sensorimotor control in children with ASD.whyer, the techniques used to characterize
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sensorimotor performance (i.e. robotic manipulgtMRI scan) are not practical for use in the clihior
therapeutic setting because they are time-consuanidgequire specialized equipment. Therefore, our
results would have more clinical utility if we weteefind significant correlations between sensotiono
performance measures (from the experiments abaone}eores from standard clinical tests. Such dinic
tests must be easy to implement and score suadfiraisiatering questionnaires and performing face-to-
face assessments.

We are currently collecting clinical test scoremirthe participants who completed the
experiments described above. Clinical tests incthdeT est of Pragmatic Language (TOPL; Phelps-
Terasaki and Phelps-Gunn, 1992), Social Commupic&uestionnaire (SCQ; Rutter et al., 2003), Social
Responsiveness Scale (SRS; Constantino and G201#2), Family Assessment Device (FAD; Epstein et
al., 1983), Adult/Adolescent Sensory Profile (AA®Pown and Dunn, 2002), and the 12-item version of
the Intolerance of Uncertainty Scale (IUS-12; Carieet al., 2007). The TOPL, SCQ, and SRS will be
administered to both groups to characterize langwaang social deficits in ASD which are important
symptoms of the disorder (American Psychiatric Assiion, 2013) as well as to verify that the cohtro
group was free of such impairments. The FAD willused to assess family functioning in both groums a
has six categories to assess problem solving, coneation, roles, affective responsiveness, affectiv
involvement, and behavior control. The AASP wilbcacterize sensory processing in six categories
(taste/smell processing, movement processing, Misoaessing, touch processing, activity level, and
auditory processing). We anticipate that the AASBas will correlate with the ability to discrimitea
hand path curvatures using visuo-proprioceptivegrdtion (Aim 2). The IUS-12 will characterize the
participants’ ability to deal with environmentalaamtainty. We anticipate that the 1US-12 score will
correlate with the regression coefficient from finediction model of chapter 6 in which participants

adapted reaching movements in response to a rasdguence of loads.

Correlation Analysis of Sensorimotor Performanceablees Between Experiments

We identified ASD-related deficits within three d& components of limb position control

(Figure 2-1) including: adaptive and strategic cengation for sensorimotor discord (Aim 1), integmat
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of visual and proprioceptive information for pertiep of movement kinematics (Aim 2), and memory-
guided prediction (Aim 3). The model predicts thath of these three model components is adaptatiie s
that changes within one model component will likieiffuence the other model components. Thus, to
maintain accurate performance in the presencefafitdan any one of these three model componehts o
limb position control, one would need to exhibipstior behavioral performance in the other comptsen
to maintain accurate task performance. The thrper@xents presented above have identified ASDedlat
deficits in each of these model components of gaaleted reaching. However, it is unknown if chddr
with ASD are able to update specific componenthefmodel of limb position to compensate for dédici
in other aspects of the model. Unfortunately, dhparticipants (3 participants with ASD and 3 TD
participants) completed all three studies (chaptatsough 6), thus we do not have enough data to
determine if behavioral performance measures @igélacross studies. However, a future study doaild
designed such that every participant completes eatfe studies so that a correlation analysisbEan
performed to compare behavioral performance measum®ss studies.

Others have found a relationship between compeamsédir sensorimotor discord and sensory re-
weighting (Burns and Blohm, 2010) and between adaptarning and sensory re-weighting (Wei and
Kording, 2010). Burns and Blohm (2010) measuredaliand proprioceptive weighting while participants
made goal-directed reaching movements. Particigg®rmed the reaching task with three differesddh
roll positions (-30°, 0°, 30°) so as to introdueasorimotor discord between the visual stimulus and
proprioceptive information. When participants rdlkeir heads by -30° or 30°, the relative contituof
vision decreased compared to the condition in wihehhead was not rolled (0°). The authors condude
that the brain used reliability of the sensorimatference to update the relative contributiongistfial and
proprioceptive information. In another study by Vilad Kérding (2010), participants grasped a robotic
device and made goal-directed reaching movemeigsaWfeedback was randomly perturbed across trials
and the visual stimulus was represented by a smgtor (no visual uncertainty) or a cluster ofscuis
randomly selected from a Gaussian distribution sittall or large standard deviation (small or large
uncertainty in the visual stimulus). The authonsnio that the rate in which participants adapted to
perturbations of visual feedback differed acrossttiiee levels of visual uncertainty. Results fimum

multisensory integration experiment suggest thasegy re-weighting occurred in response to unaertai
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in the visual stimulus. Thus, adaptive learninghi& study by Wei and Kdrding (2010) was likely
influenced by sensory re-weighting. These relatijpsbetween components of limb position control
provide motivation for a future study to compareétnatic performance measures across the threestudi

presented in this Dissertation.
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