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Preface

Neuroscience—a diverse field of study—provides a unique insight into the most complex system of
all: the human. Reflecting technological advances, modern neuroscience draws on the foundations of
engineering, mathematics, and statistics to provide a rich and nuanced field of inquiry aimed at trans-
forming some of the current psychological and psychiatric approaches to study the mind. The work
outlined in this book is arguably at one of the forefronts of this new era of psychology and neu-
roscience. Combining principles from clinical psychology or psychiatry with the study of motor con-
trol and perception, this work aims to open new dialogue and push at the boundaries of our
understanding of autism.

Initially conceived in the 1950s as a mental illness in the Diagnostic and Statistical Manual of
Mental Disorders of the American Psychiatric Association, by the 1980s autism had evolved into
a phenotype with a more specific psychological profile. Clinical psychology provided an early defi-
nition focusing on the role of deficits in social interactions and communication; primary axes of
symptomatology that have since been discussed within the broader context of repetition and ritualistic
behaviors. In so doing, the field of clinical psychology initiated the path to systematically diagnose
this developmental disorder and deliver treatment. The new movement helped create an infrastructure
for education and training that, without a doubt, advanced the clinical practices and influenced policy
making for special education and inclusion.

Notwithstanding the many advances in the clinical and educational arenas, basic research on aut-
ism has made more modest progress over the years, partly due to a paucity of studies involving objec-
tive assessments of the physiological underpinnings of nervous systems’ development. A new era of
autism basic research has been marked by an integrative neuroscientific approach that combines ele-
ments of foundational levels of electrophysiology with higher-level concepts from the psychological
sciences. One of the threads weaving the fabric of this new symbiotic collaborative effort has been
computational neuroscience. Indeed, new methods and technological advances in areas of movement
neuroscience have begun to promote the notion that autism and its coping neurodevelopment can be
longitudinally quantified.

This book is the culmination of a journey that started with ample resistance from the research com-
munity to the very notion that movements and their sensation could provide a new quantitative lens to
gain insight into many of the problems that self-advocates and parents had described so vividly since
autism was defined in the 1950s. It also marks the beginning of a new interdisciplinary era of colla-
borative work across disciplines as diverse as philosophy, theoretical physics, applied mathematics,
psychology, and the neurosciences at large.

The book is divided into five sections that aims to provide an overview of an integrative approach
driven by psychology and neuroscience. Section I provides some motivational thoughts on how to
connect movement and its sensations with the emergence of cognition, using a combination of
high-level psychological and foundational physiological techniques. Section II delves into the social
definition of autism, integrating information across many layers of inquiry, from genes to behavior,
and using a complex systems approach aimed at discovering scale-invariant emergent properties of
the developing nervous systems. Section III focuses on mathematical principles and statistical tech-
niques that can help redefine many concepts in basic behavioral physiology and psychological
approaches to the study of behavior, highlighting caveats in our current assumptions for data ana-
lyses, inference, and interpretation. Section IV includes some examples of less conventional thera-
peutic interventions tailored to enhance social exchange, while Section V brings in the perspective
of parents and their journey through the diagnoses and therapies for autism.

The book closes with a positive note, thanking the fields of clinical psychology and psychiatry for
their pioneering efforts that have enabled today’s critical inflection point in a new computational neu-
roscience—driven research era. Indeed, it is these foundational concepts that have facilitated the

xiii



Xiv Preface

launch of today’s accelerated rate of change of discovery that will lead to new personalized target
treatments and new methods to longitudinally track their effectiveness and their risks.

We dedicate this collective effort to those touched by this condition and embrace them as an
integral part of our broad human spectrum.

Elizabeth B. Torres
Caroline Whyatt

Rutgers University

New Brunswick, New Jersey



Foreword

As a scientist and clinician who has spent decades trying to better understand and help people with
autism, I read Elizabeth Torres and Caroline Whyatt’s book, Autism: The Movement Sensing
Perspective, with great interest. In fact, over the past several years, I’ve made a special point of fol-
lowing the work of Elizabeth Torres and her collaborators. It was clear from their earliest papers that
they were describing a unique perspective on autism that has the potential to fundamentally change
the way we understand, assess, and treat this complex disorder.

In this book, Torres and Whyatt and their co-authors make a strong case that movement offers
an essential dynamic window into neurodevelopment and autism. It has long been recognized that
impairments in motor abilities and sensory processing are part of the autism syndrome. In his
original descriptions of eleven children with autism, Kanner’s observations included “a failure
to assume an anticipatory posture,” “limitation in the variety of spontaneous activity,” and clum-
siness in “gait and gross motor performance.” More recently, researchers have discovered that
delays and differences in motor development are among the earliest symptoms of autism evident
in infancy. However, such characteristics have been relegated to the category of associated fea-
tures. The model described in this book turns this conceptualization upside down, positing that
differences in motor and sensory abilities are primary and social interaction deficits are the sec-
ondary consequences of underlying differences in moving and sensing. This leads to different
ways of thinking about how best to treat autism, as well as novel ways of measuring response
to treatment.

A key concept introduced is that individual variability in movement is a form of kinesthetic
sensory feedback flowing, in closed loop, from the peripheral to the central nervous system. As
such, movement sensation helps the person to prospectively guide social interaction dynamics.
From the vantage point of the researcher and the clinician, the objective quantification of motion
offers a new form of feedback to guide interventions with unprecedented precision. Indeed, the
new model provides a rich lens through which we can understand neurodevelopment, both typi-
cal and atypical. Torres and Whyatt demonstrate how this concept can help us understand autism
and its cardinal symptoms and lead to innovative approaches to assessment. Specifically, they
suggest that the recording of dynamic, continuous micro-movements will uncover different
types of fluctuations in amplitude and timing that will have direct clinical relevance for under-
standing complex behaviors, such as social interaction. In a sense, this approach can be likened
to using a microscope to uncover patterns and meaning that are evident in behavior that simply
can’t be seen with the naked eye. The authors also suggest that different statistical approaches
are needed to capture the nonlinear patterns inherent in such data. Rapid advances in the field
of computational neuroscience will provide powerful tools for analyzing and interpreting such
data.

Drawing parallels to how clinicians originally characterized Parkinson’s disease using subjec-
tive observation, the authors describe how our current diagnostic and assessment methods for
autism, which rely on clinical observation, fall short. The quantification of dynamic motor fea-
tures of Parkinson’s disease provided a more detailed, objective way of assessing the progression
of this condition and its response to treatment. Furthermore, such quantitative approaches yielded
important new insights about Parkinson’s disease that simply were not possible through subjec-
tive clinical observation. Can a similar path of discovery help us better understand and quantify
autism?

XV



XVi Foreword

This book is revolutionary in its approach to autism. Inherently interdisciplinary in its focus,
Torres and Whyatt’s book will delight and expand the perspectives of clinicians, physiologists, neu-
roscientists, and computer scientists who care about understanding and improving the lives of persons
with autism.

Geraldine Dawson, PhD

Professor of Psychiatry and Behavioral Sciences

Director, Duke Center for Autism and Brain Development Duke University
Past President, International Society for Autism Research
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Movement variability has emerged as a critical research component in the field of neural motor
control. This chapter explains why movement variability can be seen as such a rich resource for
studying neural development and autism spectrum disorder. This cannot be done without a uni-
fying framework for understanding the relationship between neural control, movement, and
movement sensing. Thus, in the process of explaining why we should study movements, sev-
eral analytical and empirical aspects of motor-sensed variability from self-generated actions are
recast, as are their putative role in the development of motor-sensory-sensed maps of external
stimuli present in social settings. This chapter offers a new lens for the research and treatment of
neurodevelopmental disorders on a spectrum. This chapter thus proposes a general re-concep-
tualization of movement sensation and control. Through this a new framework for research and
treatment of neurodevelopmental disorders in general we study ASD in particular.

INTRODUCTION

Autism has been defined as a disorder of social cognition, interaction, and communication where ritua-
listic, repetitive behaviors are commonly observed. But how should we understand the behavioral and
cognitive differences that have been the main focus of so much autism research? Can high-level cog-
nitive processes and behaviors be identified as the core issues people with autism face, or do these char-
acteristics perhaps often rather reflect individual attempts to cope with underlying physiological issues?
Much research presented in this volume will point to the latter possibility, that is, that people on the
autism spectrum cope with issues at much lower physiological levels pertaining not only to central ner-
vous system (CNS) function, but also to the peripheral nervous (PNS) and autonomic nervous (ANS)
systems (Torres et al. 2013a). The following are questions that we pursue in this chapter: What might be
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FIGURE 1.1 Characterization of multilayered sensory-motor systems. (a) Taxonomy of layers of motor
control. (b) Different waveforms registered with wearable sensors across different layers of the nervous systems
give rise to different types of minute fluctuations in amplitude and timing (micromovements). (c) Analytics for
personalized medicine integrate multisensory micromotions and characterize noise-to-signal transitions across
multiple levels in a and b.

fruitful ways of gaining objective measures of the large-scale systemic and heterogeneous effects
of early atypical neurodevelopment? How should we track their evolution over time? How should
we identify critical changes along the continuum of human development and aging?

We suggest that the study of movement variability—very broadly conceived as including all minute
fluctuations in bodily rhythms and their rates of change over time (coined micromovements [Figure 1.1a
and b] [Torres et al. 2013a])—offers a uniquely valuable and entirely objectively quantifiable lens to bet-
ter assess, understand, and track not only autism but also cognitive development and degeneration in
general. This chapter presents the rationale first behind this focus on micromovements and second behind
the choice of specific kinds of data collection and statistical metrics as tools of analysis (Figure 1.1c¢).

In brief, the proposal is that the micromovements obtained using various timescales applied to dif-
ferent physiological data types (some examples are shown in Figure 1.1) contain information about
layered influences and temporal adaptations, transformations, and integrations across anatomically
semi-independent subsystems that cross talk and interact. Further, the notion of sensorimotor reaffer-
ence is used to highlight the fact that these layered micromotions are sensed, and that this sensory
feedback plays a crucial role in the generation and control of self-generated movements in the first
place. In other words, the measurements of various motoric and rhythmic variations provide an access
point not only to the “motor systems,” but also to much broader central and peripheral sensorimotor
and regulatory systems. Lastly, we posit that this new lens can also be used to capture influences from
systems of multiple entry points or collaborative control and regulation, such as those that emerge
during dyadic social interactions (further explained in Chapter 7).

MOVEMENTS AS RICHLY LAYERED REAFFERENCE

We now turn to the first core aspect of bodily movement that we want to highlight in this chapter,
namely, that movement contains complex reafferent system information. This reafferent complexity
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serves to ground and justify our core methodological proposal that the microstructures of movement
variability and their shifting statistical signatures can be measured and therefore represent a rich
opportunity for objective assessment of neural and autoregulatory functioning.

REAFFERENCE PRINCIPLE

The concept of reafference stems from the work of Von Holst and Mittelstaedt in the 1950s as they tried
to capture the circularity of movement and sensation. They wrote, “Voluntary movements show them-
selves to be dependent on the returning stream of afference which they themselves cause.” The core idea
is that a movement-dependent sensory signal, that is, the “reafference,” is ever present in the organism
that moves at will as it interacts with its surroundings, and thus that the overall afferent is layered and
due to both self- and externally generated causes. The self-recognition and eventual anticipatory pre-
diction of the system’s own self-initiated movements has gained influence in the context of the contem-
porary notion of “smart (probabilistically predictive) sensing” used today in portable media such as cell
phones, tablets, appliances, and cars. Yet the concept is rooted back in the pioneering works of these
physiologists: Von Holst and Mittelstaedt (1950), Von Holst (1954), and Grusser (1995). We see their
principle of sensorimotor reafference as a tremendously important insight that is still overlooked in
many areas of neuroscience and clinical practice today. Most crucially, reafference has been ignored
in nearly all areas dealing with autism spectrum disorders (ASDs).

Von Holst and Mittelstaedt were interested in how we can sense the external world, given this pre-
dicament of sensing through self-generated movement. Like earlier theorists, such as Dewey (1896)
in philosophy, Uexkiill (1928) in theoretical biology, and later Gibson (1960, 1979) in psychology,
they challenged the notion of the “stimulus” as something that simply appears passively as an “input”
for the organism. Rather, the isolation of the stimulus is in a sense already an accomplishment of the
active sensorimotor organism. The predicament of the organism seems to be that it needs a certain
predictive knowledge of self and world in order to perceive these in the first place. In other words,
the organism is always in a sort of hermeneutically circular situation where its sensorimotor history
serves as the anchor for both perception and action in the present.

Interestingly, it is only fairly recently that the field of predictive coding and Bayesian statistics has
brought these insights and Von Holst’s reafference principle to mainstream perception research
(Friston et al. 2012). However, the reafference principle has been enormously influential in the
area of motor control, and many theories about “internal models,” “efference copies,” “corollary dis-
charge,” and “error minimization” have been developed (Wolpert and Miall 1996; Wolpert and
Kawato 1998; Wolpert et al. 1998; Haruno et al. 2001) trying to map how this principle of reafference
might be more precisely implemented physiologically and/or computationally. Questions have been
raised pertaining to the actual nature of the efferent command, how this efferent signal is linked to the
expected afferent input, how this expectation is compared and used to interpret the actual afference
input, and which of these “signals” are used as “posteriors” to update which parts of systems of
“priors” and so forth (Kording and Wolpert 2004, 2006). We shall not here try to settle these still
live theoretical and empirical debates over how best to understand specific reafference processes,
nor try to model how various aspects of these feedback mechanisms are embodied at different levels
of the nervous system.

However, we do want to draw attention to the problematic simplicity by which these questions of
implementation are typically posed—not only by many contemporary motor control theorists but also
by Von Holst himself. Models, for example, mostly assume that we are dealing with one efferent sig-
nal at the time, being compared with a reafferent such that a simple subtraction can generate an error
signal that might directly translate to an “ex-afferent” signal pertaining to the perception of the exter-
nal world. But in actuality, our movements are temporally continuous and highly layered also within
single motor channels. In this sense, sensory feedback might be used to adjust movement across many
anatomically distinct loops and hierarchical levels. When reading the literature on motor control, one
could be misled into believing that all movement is goal directed and under high-level intentional
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control (Shadmehr and Wise 2005). However, such types of movements actually represent a rather
small fraction of our overall bodily movements. Thus, the question is how we also understand the
regulation and reafference of more spontaneous and non-goal-directed actions (Torres 2011), and
further how this sort of reafference might work in concert with—and perhaps inform—our cortical
priors for goal-directed and intentional action control.

As mentioned, itis a core aspect of Von Holst and Mittelstaedt’s original principle that raw sensory
input is not simply a passive reflection of the external world, but always sensed throughout one’s own
active movements. One way to think of this central insight is that our perception of the external world
in a sense always involves an active “subtraction of self.” To get to what Von Holst and Mittelstaedt
called the ex-afference, that is, the perception of the world beyond the expected effects of one’s own
self-produced movement, various subtractions seem to take place. However, the question is, how does
the organism know what part of the overall afference is the reafference, that is, the expected product of
its own movement? A big complication here is the fact that we are actually physically embodied living
creatures—that we are not simply dealing with abstract motor commands executed to digital perfec-
tion. Rather, our bodies represent an intricate orchestration of multitudes of subsystems at mind-
boggling plentiful levels of description. The question is, how do we know what to subtract from
what? To produce controlled movements, it seems that we need to empirically update our predictions
not only about the physical and social world but also about our own bodies. And by bodies, we do
not here simply mean our sensorimotor machinery, but our bodies as autonomically regulated and
physically and socially impacted. Accordingly, we need a model of reafference that accounts for our
continuous exploration of multiple simultaneously changing aspects of self, others, and the world."

To elucidate this need for a more complex model, it might be helpful to take a closer look at this
extreme complexity of our embodiment, and thus of what might be seen as forms of reafference to
begin with. To do this, in the following two sections, for the purposes of analysis, we will look in
turn at movements as outputs and inputs, respectively. Note that this division is purely methodologi-
cal, not a claim that these can be isolated in practice. To the contrary, the reafference principle reminds
us that movements and bodily rhythms are always simultaneously produced and sensed.

MOVEMENTS As OuTPUT REVEALING MANY LAYERED INFLUENCES

Our bodily movements and rhythms are products of many complex and heterogeneous influences
stemming from within the CNS and PNS and spanning phylogeny and ontogeny. Further, movements
also carry effects of a whole host of other physiological and external physical and social influences.
One can thus see the continuous stream of bodily motions and rhythms not only as a product of some
current conscious mental state or regional brain activity but also as an expression of the state of the
entire contextually embedded organism.

This layered nature of the peripheral movement is extremely important to keep in mind as we ana-
lyze the complex data measured and collected, for example, by wearable sensors on bodily parts dur-
ing a particular set of contextually situated activities. If one, to the contrary, thought of the cortical
motor system more or less as a digital command center, functioning in relative isolation and indepen-
dently from other bodily processes and influences, and as producing each output independently of
previously sensed movement, then one might think that what movement sensors would measure
would be revealing of only this modular cortical motor function. However, such abstract assumptions
ignore not only the reentrant and complex integrative nature of the cortical motor output, but also the
entire subcortical, peripheral, and physical embodiment of the movement system, which all contribute
to the patterns of variability found at the level of the actual embodied movement. To make this point

* Note that Von Holst and Mittelstaedt avoided some of these complexities through their focus on eye movements rather than
body movements. They took the main afferent in vision to simply be the retinal modulation and showed a minimal regard for
bodily proprioceptive channels involving a far higher number of degrees of freedom than the eye.
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about dynamic complexity and heterogeneity palpable, it is informative to look beyond cognitive
neuroscience to the fields of evolutionary, developmental, and functional anatomy.

In the following, we return to the question of control, but here just notice that the movement “out-
put” measured at the periphery is subject to both physical forces and biological regulatory influences
far beyond our volitional and narrowly cortical control.

MOVEMENTS As INPUT REVEALING WHAT MusTt BE CoreD WITH

By objectively measuring and characterizing the current variabilities and patterns of movement
change, one can see this as a readout not only of the movements (actively) self-produced by a
given embodied system, but also of what the nervous system of this person has to cope with. In
other words, the continuous and distributed brain—body feedback circularities are layered into over-
lapping movement sequences (discussed in Chapter 7), and also serve as kinesthetic inputs. Whether
these movements are consciously tracked or transpire largely beneath awareness, they feed back into
the system. When considering the fact that our movements are sensed and serve as input, the quality
and characteristics of this sensory input become important, that is, does it read as a useful or noisy,
random, or confusing signal? What would it mean for a typically developing system to receive a given
type of kinesthetic input rather than another? What tools would be needed to extract systematized
information from the variations at hand? Consensus is growing that the PN'S and CNS must contain
various priors, that is, expectations about the barrage of sensory changes that happens at the body’s
many receptors. These priors can then help us sort out the many layers of influences contained in the
sensory input.

Following the hypothesis of Von Holst and Mittelstaedt, there might be some sort of internal signal—
perhaps an efference copy—that allows a system to sort its overall afferent input into reafference and
ex-afference, respectively. However, as we have underscored earlier, the actual efference, in the sense
of the actual peripheral movement, is a rather complex and layered affair. In other words, the efference
copy or, more broadly, embodied expectation had better be layered and complex as well, to be able to
tease apart and decompose the signals of the returning afferent barrage. The simplistic picture of one
isolated afference quantity minus one isolated efference quantity is simply not going to cut it even if
we limit our consideration to one sensory modality or even one receptor channel in isolation.

Also note that in a broad sense of priors, many such expectations are precisely distributed and
embedded in the functional anatomy of both peripheral and central systems. One can thus see not
only cortical sensory feedback expectations, but also baseline firing rates, average conduction
times given myelination, and so forth, as involving priors. The idea here is that the baseline firing
rate gives rise to expectations that are communicable at least in the sense that the broader expectations
of the sensorimotor system have been adapted to these. With this notion of anatomically distributed
priors, we now start to see how the expectations pertaining to higher-level events and volitional action
not only carry traces of the overall embodiment but also rely on the predictable behavior of this
broader physiological system. This is an important part of our interpretation of the reafference
hypothesis, as it would suggest that we should think of deliberate action control and high-level per-
ception as always interacting with and dependent on much broader peripheral—and often cultural and
social—systems. This means similarly that one might interpret some priors about the physical and
social environment as not explicitly represented, but as more distributed and implicitly adapted to.
These are all issues that need more empirical elucidation. However, they alert us to the possibility
of “corrupted” or unreliable priors at all these levels.

CoNTINUOUS REENTRANT HisTORICITY, INTEGRATION, AND (VOLUNTARY) CONTROL

Now we have looked at the complexity of the measurable movements at the periphery, and how this
both reflects the many causal influences and can be seen as a complex sensory input that the organ-
ism needs to try to understand, anticipate the consequences of, and control. So far, we have mostly
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focused on the sensory “understanding” part. However, this understanding is intimately linked to
processes of action control necessarily requiring estimation, prediction, and confirmation about
the current and impending actions and their sensory consequences. How we tease apart what is
conducive of positive reward for the system from what to avoid in future encounters will require
evaluation schemas that “remember,” store, and retrieve information in some (prospective) statistical
sense.

Given sensorimotor circularity, separating active willed movement variability from supportive
spontaneous variability may actually be possible when considering long histories of sensory conse-
quences continuously sampled in unbroken reafferent sensorimotor loops. It is a core aspect of our
proposal that this temporal feedback circularity is not just adding random noise, as others have
pointed out (Faisal et al. 2008), but also serves a key feature of adaptive and integrative sensorimotor
and regulatory control. As we have expressed in an earlier paper, “not all variability is created equal”
(Brincker and Torres 2013), and clearly self-sensing movement variability influences noise that
comes from other parts of its own body and over time might become a meaningful signal in the overall
reafferent economy. Mechanisms that help the nervous systems recognize internal phase transition
from spontaneous random noise to systematic, well-structured noise (i.e., signal) will aid in the detec-
tion and distinction of deliberateness versus spontaneity (Kalampratsidou and Torres 2016) present
both in one’s own movements and in those of other social interaction partners. This is a testable
hypothesis under the new proposed lens of micromovements’ kinesthetic sensing.

In sum, we hypothesize the existence of a proper sensory-motor variability environment as a
necessary ingredient to scaffold the emergence of a predictive, anticipatory code realizable from
the inherent statistical properties of actively generated movements. Such movements generated
under schemas that successfully compensate for transduction and transmission delays within the ner-
vous systems will go on to form a foundation for the sort of anticipatory coding required for adaptive
and fruitful behavior and social exchange. The question is how the actual embodied and embedded
historical organism succeeds in this feat of knowing, predicting ahead, and controlling its own move-
ments and isolating and interpreting relevant sensory signals while temporarily discarding or down-
playing irrelevant ones within a given context. It is clear that this intricate resolution within the
individual’s nervous systems could fail to develop properly or break down in multiple ways, and
one should not be surprised to find atypical sensorimotor variations in babies born with complications
(Torres et al. 2016b) (Figure 1.2a—c) conducive in some cases to neurodevelopmental disorders, such
as ASD, compared with neurotypical controls (Figure 1.2d and e). Disorders of sensory-motor sys-
tems are also quantifiable in neurodegenerative cases, such as Parkinson’s disease, and in deafferen-
tation (Torres et al. 2014). In the latter case, stochastic signatures overlapping with those of ASD
individuals have been quantified at the motor output (Torres et al. 2016a). Further, individual reaf-
ference sets the stage for social exchange with others—and can be reciprocally shaped by such
exchanges (De Jaegher and Di Paolo 2007). Many of the estimation, transformation, and prediction
processes that take place within the person (Figure 1.1) are thus bound to extend to the social dyad
(see Chapter 7 for an expansion on this proposition).

VOLUNTARY CONTROL AND STABILITY: HOw BEING STILL ON COMMAND IS ITSELF AN
ACCOMPLISHMENT

With this notion of reafference in hand, not only singling out the stimulus but also holding the body
still becomes an accomplishment. To paraphrase the American polymath of the nineteenth century
Charles Sanders Peirce, given the historicity of the world, what needs explaining is not instances
of change but rather instances of apparent stability (Peirce 1891). In other words, in terms of biological
and cognitive development, how do we succeed in developing stable structures and relations, and
what are the active processes of maintenance that go into the creation of these stabilities? Take the
simple command of remaining still while participating in a regular cognitive neuroscience experiment.
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FIGURE 1.2  Stagnation in neuromotor development in the newborn and beyond. (a—c) Index of risk for neuro-
developmental derailment characterized by lack of noise-to-signal transitions in acceleration-dependent
micromovements measured as a function of the rate of physical growth (weight, body length, and head circum-
ference) longitudinally tracked in newborn babies for 6 months. G1, G2 and G3 are classified according to
patterns of growth and readiness to walk (see Torres et al. 2016). (d) Maturation in noise-to-signal transition
in typical development (cross-sectional data from 3 to 25 years old) showing the decrease in noise and the
shift from skewed to symmetric shapes of probability distribution functions from velocity-dependent micro-
movements. (e) Stagnation in noise-to-signal transitions in ASDs (cross-sectional data from 3 to 25 years old)
lacking the decrease in noise and the absence of shifts to symmetric Probability Density Functions (PDFs).
Available at: http:/journal.frontiersin.org/article/10.3389/fped.2016.00121/full and http://journal.frontiersin.org/
article/10.3389/fnint.2013.00032/full.

Most existing techniques and analytical methods to study cortical surface activity require such stillness
to minimize motion artifacts. Yet the field rarely admits to (1) the artificial nature of such an imposed
condition and (2) the level of volition that is required in order to maintain such stillness even for a
few minutes.

Recent work involving 1048 participants has revealed that excess noise accumulation in involun-
tary micromotions of the head (while the person is in a resting state) is present in individuals with
ASD and attention deficit hyperactivity disorder (ADHD) but absent from neurotypical controls
(Figure 1.3a). Such excess noise signatures were consistently found regardless of differences in
ages, Autism Diagnostic Observation Schedule (ADOS) severity scores, 1Q levels, and levels of
social difficulties (Torres and Denisova 2016). For our purposes here, note that any excess involun-
tary micromotions in these neurodevelopmental disorders are bound to interfere with the ability to
remain still on command. This ability, taken for granted in neurotypicals, is indeed a great accom-
plishment of their nervous systems. We further hypothesize that the extent to which this ability is
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FIGURE 1.3  Excess noise accumulation from involuntary head micromotions in ASD is present with or with-
out psychotropic medication intake (a), indicated by empirically estimated stochastic signatures in (b) using
involuntary head micromotions in ASD. Data extracted from involuntary head micromotions of 1048 individuals
(including ASD and controls) registered in the Autism Brain Imaging Data Exchange (ABIDE) publicly avail-
able to researchers.

compromised may be revealing of the level of severity concerning disconnects between the (inten-
tional) desire to voluntarily control bodily motions and the actual realization of this will.

NEW DATA AND NEW ANALYSES ARE NEEDED

This idea of reafference and embodied heterogeneity and historicity is absent from most traditional
cognitive theories of mind and action, and therefore also from common methodologies and practices
of data collection and statistical analyses. Given this absence, it is perhaps not surprising that the very
information sought is entirely missing from the core description of autism. One critical problem in
this regard is that the methods employed in the current key disciplines defining and treating autism
often predefine global-level behavioral categories and formulate discrete segments unambiguously
captured by the naked eye (Figure 1.4a). In so doing, these definitions result in researchers missing,
for example, intermediate, more ambiguous (spontaneous) segments of the actions (see also Chapter 7).
Such segments occur much too fast or at frequencies that escape the naked eye. In this sense, conceptual
categories are in part to blame for the failure to capture and analyze the rich variability of multiple influ-
ences across many layers and control levels of the ever-interacting CNS and PNS (Figure 1.1a). This use
of high-level categorization of behavior seems analogous to if one were to use biased instrumentation
with poor spatiotemporal resolution, and then, without any awareness of or attention to these limitations,
conclude that the data collected represented all the relevant phenomena.

Further, another set of problems may arise when low-level variability is studied, but most research-
ers, in the areas of motor control, (1) acquire data under highly practiced tasks with an exclusive focus
on goal-directed movements, (2) analyze the data under preimposed linear models, and (3) use para-
metric statistics under a priori assumptions of normality, further enforcing a notion of stationarity in
data that is inherently stochastic with shifting dynamics (Figure 1.4b). Such impositions undermine
our ability to empirically study the sensorimotor maturations and dynamic adaptations occurring in
typical development. With the paucity of motor control data reflecting the highly nonlinear nature
of neurodevelopment (Smith and Thelen 1993; Thelen and Smith 1994), along with its true stochastic
and nonstationary features (Torres et al. 2016b), it has been extremely challenging to even begin to
frame the problems that an atypically developing nervous system may face (Torres et al. 2013a,
2013b, 2016a), let alone propose a solution.

Assessing the dynamics, acquisitions, and temporal developments of statistical distributions char-
acterizing physical sensorimotor parameters during typical neurodevelopment can add that missing
layer of objective information that current psychological definitions of autism have failed to provide
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FIGURE 1.4 Moving beyond the one-size-fits-all model used to analyze the statistics of human behavior.
(a) Assuming and enforcing normality in data that is inherently not normally distributed. Kinematic parameters
(speed, meters per second; temporal profiles) taken across epochs (e.g., pointing trials) of a motor control experi-
ment are averaged under the assumption of Gaussian mean and variance, thus smoothing out the minute fluctua-
tions that provide information about the noise-to-signal ratios and their transitions from spontaneous random
noise to systematic, well-structured noise (signal) with predictive power. The a priori imposed Gaussian assump-
tion is applied to all population data discarding as well as individual features critical for the implementation of
personalized medicine models. (b) The individualized approach does not assume a theoretical distribution but
rather estimates it from the empirical data. A kinematics data time series has a segment highlighted with a bar
representing the data in (a) continuously registered and used as it accumulates information about the person.
The historicity of the data is then reflected in the changing shapes and dispersions of the nonstationary data.
Each person spans a family of probability distributions, and it is the rates of change of noise-to-signal transitions
that uniquely define the person’s responses to context, goals, and treatments. The minute fluctuations in the data
and their cumulative history are preserved in this individualized approach amenable for the personalized med-
icine model as applied to the fields of neurology and neuropsychiatry.

(Torres et al. 2013a, 2016a). Such a step seems essential if we want to understand how the growing
and developing nervous systems adapt and gain familiarity and control in the face of constantly chan-
ging bodies and environments. Only after we characterize the multilayered influences of the nervous
systems in typical neurodevelopment will we begin to identify and characterize atypical manifesta-
tions. This will enable us to pose new questions and gain new insights into atypical processes partak-
ing in any social exchange between the individual with neurodevelopmental challenges and others in
the social medium. Note how this approach differs from current “deficit models” in psychiatry—
where atypical development is seen as a failure to develop high-level abilities without a systemic
characterization of how this typical development dynamically comes about or of which systemic
lower-level issues might make other behaviors and abilities adaptive for a given person.

Further, and very importantly for our present purposes, scientists who do look at physical bodily
variabilities typically enforce a priori assumptions of normality and linearity in the data (Kuczmarski
et al. 2002; Flegal and Cole 2013). We argue that this practice completely fails to acknowledge
the evidence that probability distributions change over time and in response to new conditions.
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Thus, while some parameters of well-practiced movements of Typically Developing (TD) adults
often can be approximated by normal distributions, early and atypical development is precisely linked
to skewed distributions of those same parameters and a prevalence of noisy and random movement
variabilities. We now have multiple sources of evidence of neurodevelopmental stagnations where
movement variabilities do not undergo the maturation and transitions quantified in typical develop-
ment (Figure 1.2) (Torres et al. 2013a, 2016a, 2016b). We propose that such stagnant variabilities—
otherwise interpreted as corrupted movement priors—can be approximately mapped and precisely
tracked over time if one lets go of a priori imposed assumptions of normality, linearity, and stationar-
ity. Movement variabilities thus present us with extremely valuable data types not only for under-
standing both typical and atypical developmental trajectories but also for tracking learning and the
effectiveness of therapeutic interventions. They provide the counterintuitive notion that some
noise is signal in the nervous systems.

USING MOVEMENT VARIABILITY TO MOVE AUTISM RESEARCH FORWARD

Movements, their microfluctuations, and their sensations provide a flow of feedback measurable in non-
invasive ways. We argue that this continuous reentrant information simultaneously reflecting a layered
peripheral output and input makes movement variations an incredibly rich lens through which to study
neurodevelopment and, in particular, the systems’ ability to adapt to new tasks and integrate and trans-
form feedback across various sensorimotor and autonomic channels and subsystems. In other words,
rather than simply assuming we have a nervous system in control, we seek to measure the system’s abil-
ity to integrate across semiautonomous subsystems and recover stability and control given constant
change and perturbation. The advent of rapidly advancing wearable sensing technologies now makes
this project very feasible. These technologies enable noninvasive data collection and studies of periph-
eral micromotions, as well as micromotions of coupled bodily rhythms and various cognitive tasks. All
these movement variabilities can be accessed completely objectively at high resolutions and relatively
low cost while the person naturally interacts with the surrounding social medium.

In the context of autism research, the theoretical conception of “movement as reentrant smart (pre-
dictive) sensory feedback’ and the use of its inherent variabilities as outcome measures thus seem like
potent tools. However, there are some methodological, conceptual, and institutional barriers to pro-
gress that bear mentioning.

METHODOLOGICAL AND CONCEPTUAL BARRIERS

Movement issues in autism have been highlighted for decades (see, e.g., Damasio and Maurer 1978;
Donnellan et al. 2012; Donnellan and Leary 2012; Torres and Donnellan 2015), but with little
consequence. One reason could be that there has been a lack of proper methodology to address its
continuous, dynamic, and stochastic flow in naturalistic social exchanges.

There is now broad mounting evidence of the presence of sensory-motor issues in autism (Jones
and Prior 1985; Rogers et al. 1996; Rinehart et al. 2001; Williams et al. 2001; Noterdaeme et al. 2002;
Teitelbaum et al. 2002, 2004; Minshew et al. 2004; Mostofsky et al. 2006; Jansiewicz et al. 2006;
Gowen et al. 2008; Fournier et al. 2010a, 2010b; Brincker and Torres 2013; Torres et al. 2013a,
2016a; Mosconi and Sweeney 2015; Mosconi et al. 2015). Yet, in the field of autism sensorimotor
issues are sadly still bluntly denied and excluded from consideration within core clinical and research
constituencies.

It is worth highlighting the arguments against movement issues as being central to ASD. Many
have, for example, pointed to (1) an absence of narrowly motor or gross-level isolated movement
issues in many people with autism and also (2) the skillful and amazingly precise movements of cer-
tain musical prodigies on the spectrum (for such a diverse account, see Silberman 2015). Thus, at this
level of description it looks like a strong double dissociation of ASD and movement issues. Yet a
paucity of actual physical quantification and measurements with millisecond timescale precision
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has accompanied such claims, claims that have been primarily based on categorical interpretation of
the observed phenomena. Accordingly, autism has been clinically defined in purely descriptive cog-
nitive and behavioral terms, as if behaviors in general did not involve movement and their sensations.
As argued above, this definition assumes that all relevant evidence should follow preexisting high-
level categorizations, and ignores that the naked eye cannot possibly see how the PNS and the
CNS exchange feedback from actively produced motions.

INSTITUTIONAL BARRIERS: CLINICAL ASSESSMENTS AND CONFLICTS OF INTEREST

Given what we know about sensorimotor issues, we suggest that the current clinical definition and use
in assessment not only seems inaccurate, but also seems epistemically and morally problematic.
A look at the current ADOS assessment practices is instructive here. The ADOS-2 manual (Lord
et al.), under the “Guidelines for Selecting a Module” section, proposes the following—to many,
innocent sounding—caveat:

Note that the ADOS-2 was developed for and standardized using populations of children and adults with-
out significant sensory and motor impairments. Standardized use of any ADOS-2 module presumes that
the individual can walk independently and is free of visual or hearing impairments that could potentially
interfere with use of the materials or participation in specific tasks.

The above statement implicitly assumes that the person administering the test and selecting
the module a priori knows whether the child has significant sensory-motor issues that could impede
performance. Yet the naked eye of that person has limited capacity to make that determination
with any degree of certainty, not to mention that they would have to know beforehand what they
were looking for.

The crucial point is that we neither need to exclude sensorimotor issues nor assess these a priori
or intuitively. Objective quantification and characterization of physiological disturbances tied to
sensory-motor phenomena are now possible. We can also empirically assess and track such distur-
bances longitudinally, and thus objectively judge the sensory and somatic motor effects of various
medications. Such assessment is equally possible in relation to behavioral therapies.

Additionally, one can use similar methods during cognitive-social performance evaluated by the
Diagnostic and Statistical Manual of Mental Disorders (DSM) and ADOS criteria. Specifically, it is
possible to use the new statistical platform for individualized behavioral analysis (SPIBA) and wear-
able sensors to assess dyadic social exchange with millisecond time precision (see Chapter 7).

The idea here is to expand the notion of reafference to the social domain, and accordingly continu-
ously track and analyze coupled rhythms and their mutual output—feedback loops during social
exchange. In particular, this can be done during the types of staged social exchanges that observa-
tional inventories such as the ADOS-2 carry out (see Chapter 7). These observational inventories
have yet to go beyond the manual scores and their interpretation. Actually quantifying physiological
signatures of nervous systems with neurodevelopmental issues as social exchanges unfold could
reveal physiological signatures of entrained and disjointed exchange. Nervous systems persistently
receiving corrupted sensory-motor feedback are likely bound to operate in rather disjointed ways
that we have yet to characterize (Brincker and Torres 2013). For example, Figure 1.5 shows some
of the signatures of involuntary head motions polluting the resting-state behavior of individuals
with various forms of ADHD that occur with and without psychotropic medication intake. In
terms of the social dyad, the effects of such corrupted feedback tend to be reflected in both agents,
as the reciprocal interaction continuously unfolds in a given context (Whyatt et al. 2015).

Likewise, Figure 1.6a further stresses this point as it shows the interplay of the noise-to-signal ratio
characterizing the signatures of involuntary head micromotions in individuals with ASD as a function
of ordinal data from incremental IQ scores across ages. These signatures change in Figure 1.6b in
controls as they age and develop, but remain stunted across 6-60 years of age in ASD. Color bars
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FIGURE 1.5 Stochastic signatures of involuntary head micromotions in ADHD estimated for the normalized
peak fluctuations in linear and angular velocities: (a) linear speed and (b) angular speed. Medication effects in
ADHD subtypes (inattentive [IN] and combined [C], denoting hyperactive plus inattentive) on the stochastic sig-
natures of involuntary head micromotions for the normalized linear and angular peak velocities. Panels show the
empirically estimated gamma shape and scale parameters for cases without and with medication corresponding to
participants in the ADHD-200 database.

show differences in the incremental values of the IQ as well. Each dot in this graph represents the
gamma moments of individuals above and below the median change in IQ scores for five age groups.
There are 10 points in each class of subjects, 2 per age group denoting the median ranked group.
Gradients of gray denote the controls’ IQ changes per age, while blue shades denote those of the
ASD. The size of the marker is the kurtosis of the probability distribution estimated from the micro-
movements extracted from involuntary head motions. The z-axis is the shape (skewness) of the dis-
tribution whereby the controls converge to symmetric, Gaussian-like shapes, while the ASD remain
with very skewed shapes tending toward the exponential range of the gamma parameter plane (Torres
and Denisova 2016).

Along these lines of involuntary motions polluting the nervous systems of the individuals with
ASD, the pervasive use of psychotropic medication across neurodevelopmental conditions poses a
question about the long-term effects that combinations and dosages of such substances may have
on a young, rapidly growing and developing nervous system. We simply do not know the answer
to this question, but recent work involving large cross-sectional data from individuals with ASD
and ADHD (Torres and Denisova 2016) reveals excess noise and randomness in the involuntary
head motions that systematically increases with the use of psychotropic medication in relation to indi-
viduals with such disorders who do not take medication. Table 1.1 lists some of the commonly
reported medication in the ABIDE I database used in this recent study.

It should be underscored once more that the central tenet of this volume is to bridge current discrete
criteria emphasizing cognitive and social issues with continuous criteria characterizing the bior-
hythms of natural behaviors flowing during social exchange. The explicit goal is to reach a much
more precise and individualized understanding of the entire spectrum of experiences that self-
advocates and practitioners have expressed so forcefully against too narrow deficit models
(Donnellan et al. 2012; Donnellan and Leary 2012; Robledo et al. 2012). Thus, we stress that
what we propose is a methodological and diagnostic use of the micromovements as a new lens to
understand the complex heterogeneous characteristics people experience on the autism spectrum
both at an individual level and at the level of dyadic (and multiparty) social exchange.
Accordingly, the idea is by no means to exclude the many autonomic, sensory, cognitive, behavioral,
and social challenges. Quite the contrary, the idea is to attempt to characterize these low- and
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FIGURE 1.6 Stochastic signatures of head micromovements differ with incremental changes in IQ with age.
(a) Probability distribution functions fit to the frequency histograms of full IQ, verbal IQ, and performance 1Q
scores for the case of absolute scores (Gaussian fit) and incremental scores (gamma fit) corrected by age for
both control typical (CT) and ASD participants. (b) Incremental scores for different age groups in CT and ASD
obtained for age groups ranging from 6 to 60 years old. Color corresponds to the rate of change of incremental
full IQ with age. Values of 3 (excess skewness index) correspond to symmetric distributions, while values
below 3 are skewed distributions with a heavy right tail. The youngest CTs are 6 years old, on the bottom
of the graph of the empirically estimated summary statistics. Note that the CT moments evolve with age.
The mean values increase, tending to slower rates of involuntary head micromotions in the linear displacement
domain. The variance decreases as the CTs age and the distributions become more symmetric, with higher kur-
tosis as well. In the ASD group from 6 to 60 years old, their distributions remain heavily skewed at the level of
the TD of 6 years old.

high-level ambiguous descriptions from a more systemic physiological perspective—with basis in the
evidence that physical data can be collected noninvasively, under unrestrained conditions, and con-
tinuously while employing contemporary wearable sensors.

New analytics designed for the personalized use of wearable sensors now enable the objective
characterization of such signals and their use in near real time, making biofeedback available in
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TABLE 1.1

Subset of Psychotropic Medications Taken by Participants with ASD in Figure 1.3b
Shown by Medication Class, and Their Reported Motor and Bodily Related Side

Effects
Class (Psychotropic Medication Names Motor and Bodily Related Side
Medication) Effects
Antidepressants Fluoxetine, sertraline hydrochloride, Tremors; paraesthesia; dizziness,
trazodone, escitalopram, citalopram, drowsiness
bupropion, mirtazapine, duloxetine
hydrochloride, venlafaxine,
paroxetine
Stimulants Amphetamine and Dizziness, drowsiness; twitching;
dextroamphetamine, convulsions
lisdexamfetamine, methylphenidate
extended release,
dexmethylphenidate,
dextroamphetamine sulfate
Anticonvulsants Oxcarbazepine, valproic acid, Tremors; drowsiness

lamotrigine
Atypical antipsychotics Risperidone, ziprasidone
hydrochloride, asenapine,

quetiapine, aripiprazole

Tremors, twitching; restlessness

Benzodiazepine
anticonvulsant

Lorazepam Drowsiness; muscle trembling

Alpha-agonists Guanfacine, clonidine Restlessness; shakiness; dizziness

Atypical ADHD medication Atomoxetine Tremors; dizziness, drowsiness
Noreprinephrine Reuptake
Inhibitor (NRI)

Nonbenzodiazepine sedative- Eszopiclone Clumsiness; difficulty with
hypnotic coordination

Nonbenzodiazepine anxiolytic ~ Buspirone Nervousness

parametric form during activities of daily living, therapeutic interventions, and basic research (Torres
et al. 2013a, 2013c; Whyatt et al. 2015). Under these conditions, such variability is now conceptualized
as reentrant sensory flow that can become predictive (or not). It is in this potential for prospective
(predictive) control and the self-discovery of cause-and-effect relations from actively self-generated
motions that we will rest our hopes for habilitation and improvement of social exchange across the spec-
trum of neurodevelopmental disorders. Indeed, as it has been already demonstrated, in nonverbal children
with ASD, the reentrant flow can begin to transition from random and noisy to predictive and systematic
within a matter of minutes of using bio-sensory-motor feedback to evoke self-exploration and self-
discovery of goals conducive of agency in the person’s motions (Torres et al. 2013c; Torres 2016).

This methodology aiming to elicit and build self-emerging control is thus in a sense the inverse
of the currently widely used methods of prompting and reinforcing predefined action types by
external rewards, as done in the behaviorists’ tradition of animal conditioning. Indeed, allowing
self-exploration and autonomous detection of goals and voluntary control rewards the child internally
simply by enabling active identification of action generation with sensory-motor consequences dur-
ing motor learning. Such schemas exploiting self-discovery of self-generated movements and their
sensory consequences lead to the nontransient dampening of sensory-motor noise (Torres et al.
2013c) and retained gains even 4-5 weeks later, in the absence of practice.
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WARNING AGAINST MOTOR REDUCTIONISM AND NEAT
COGNITIVE MODULARITY

Note that the proposal is not that autism uniquely or reductively should be characterized as a problem
of micromovements. The central tenet of our work is to characterize current cognitive and behavioral
symptom descriptions with objective means in noninvasive ways. The ubiquitous presence of micro-
motions of different timescales and frequencies in all aspects of behavior enables the development
and use of a statistical platform to measure these minute fluctuations in the nervous systems’ output.
This methodology can be also applied in naturalistic social exchanges, by measuring the forms of
social-output—feedback loops simultaneously co-occurring within the person and between the agents
in the social dyad. Using the changing signatures of micromovements in such multilayered contexts
further allows advancing our understanding of such complex and heterogeneous phenomena as ASD
above and beyond verbal descriptions and interpretations of the continuous flow of actions, largely
missed by the naked eye.

Theoretically, our proposal to think of movements and their inherent variability as important forms
of feedback to estimate sensory and somatic motor consequences is rooted in a nonmodular and more
contextual and organismic view of human cognition. We are acutely aware that many researchers
work under different, more modular and brain—body dualistic paradigms that treat the brain as a bodi-
less organ and describe the emergent mental states in complete disconnect from physical states of the
nervous systems. In fact, one can see the classifications used in the DSM-5 as, to a large extent, simply
assuming what the philosopher Susan Hurley has labeled the “classical sandwich of cognition,” that
is, the idea that there are neat divisions between sensory and motor systems and that central cognitive
processes rely on a relatively modular neurological machinery that is independent not only of sensor-
imotor processes but also of peripheral and autonomic systems more broadly (Hurley 2001).
Similarly, Daniel Rogers has documented in great detail how twentieth-century psychiatry is ripe
with examples of theoretically based arguments either denying or isolating motor and neurological
issues from our understanding of psychiatric cases and psychological function more broadly
(Rogers 1992).

However, we see little current empirical evidence in support of blindly assuming such abstract
models or of letting our assessment and classification of neurodevelopment depend on them.
Given evidence pertaining to contextual influences and feedback in development, evolution, physiol-
ogy, neurology, and so many areas of molecular and cognitive neuroscience, it seems that one would
have to empirically prove any clean modularity of, for example, the motor system from the sensory
systems, or of cognitive or cortical processes from subcortical, peripheral, and autonomic systems. In
short, it seems that the burden of proof might be on the researcher that assumes isolation rather than
the one that starts with an assumption of possible integration and cross talk between the many regu-
latory subsystems. To repeat the insight from Peirce, in a historical system it is stability rather than
change that primarily calls for an explanation (Peirce 1891). We thus do not deny or attempt to ignore
that there are anatomically differentiated subsystems that function with relative autonomy. Rather,
what we hope to do is to explain why and how this feat of relative autonomy, isolation, and stability
gradually self-emerges and is ultimately accomplished in typical neurodevelopment. In other words,
how do we succeed in isolating and using meaningful signals in the cacophony of variabilities and
noise that we are embodied and embedded in? We aim at discovering the specific ways in which
such processes might be disrupted in various clinical cases, and thereby be better positioned to aid
and support such processes when the organism faces developmental challenges. To summarize, we
are not claiming that people with autism cannot move—we are hypothesizing that individually het-
erogeneous difficulties with various forms of regulatory and adaptive control will be reflected in the
microstructure of movement variability continuously registered as the person naturally interacts with
physical objects or, for example, the social medium of a clinician.

However, as discussed, highly modular and narrow theoretical conceptions of movement prevail
in the current clinical definition of autism, and symptoms are typically based on predefined cognitive
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categories associated with studies of a “bodiless brain” (Baron-Cohen et al. 1985; Happe et al.
2001; Chakrabarti and Baron-Cohen 2006; Happe and Frith 2006; Ramachandran and Oberman
2006; Sucksmith et al. 2013). Reducing the level of inquiry to discrete descriptions and subjective
interpretations of observable phenomena makes the problem unnecessarily intractable. But more
importantly, ignoring the continuity and physical bases of behavior misses the opportunity to thera-
peutically close the feedback loops within the person’s nervous systems and also between the per-
son’s nervous systems and those of the participating interlocutor in the social dyad.

Further, in terms of moving the research forward, existing approaches leave little room for blind
reproducibility of results and limit constructive diversified discussion of possible methods to pose
new questions and advance our basic understanding of this complex problem. Additionally, current cog-
nitive theoretical constructs are not conducive to empirical questions that enable bridging the layer of
inventories that these theories promote (Baron-Cohen and Wheelwright 2004; Baron-Cohen et al.
2005; Wheelwright et al. 2006) with the layers of genetic research that could advance target treatments.

We thus see pervasive human, financial, therapeutic, and scientific consequences of the current too
narrow cognitivist definitions, and hope that our new approach can contribute to a broadening of the
conceptual landscape, and thus the empirical science of autism. The new proposed approach can
hopefully also contribute to the expansion and diversification of available therapies in the United
States by virtue of providing a concrete framework for outcome measures to enable insurance cover-
age (see Chapter 27). Note that this is independent of whether the intervention in question is medical
or behavioral. In terms of empathic understanding, we hope that looking at the dynamics of micro-
movements will help transform the perception of this condition, and thereby, to some extent, reframe
actual interactions. One aspect here that is often assumed in both clinical and educational settings is
that the affected person is in full control of his or her behavior, but we suggest that such control is
precisely an accomplishment that can be aided by special accommodations and therapeutic and med-
ical expertise in various fields. Further, many symptomatic behaviors, such as “stimming,” averted
gaze, and ritualistic routines, might be understood as coping mechanisms supporting stability and
control of perception and action. Thus, rather than being taken as focal intended and communicative
behaviors in the interaction, these might better be seen as personal accommodations, much like pos-
ture adjustments and autonomic responses such as blinking. Overall, one could hope that some of the
bullying the children suffer today (Zablotsky et al. 2014) might be dampened in the face of new, more
scientific definitions of the condition and the potential of public knowledge of the core physiological
Ssymptoms.

CONCLUSION AND TAKE-HOME MESSAGE

In short, much like one might look at marine sediment and ice cores in order to infer and assess climate
conditions of the past and further use this understanding to analyze the present, we suggest that
biophysical rhythms output by the nervous systems contain a rich interlayered basis for assessing
neurodevelopment. Further—and in contrast to the ice core analogy—because of the dynamic and
stochastic nature of the motions embedded in the nervous systems’ rhythms and property of self-
sensing their own self-produced movements, these motions (in the broadest sense of the word) can
also provide an important handle for intervention and developmental support. Movement, in this
sense, gives a dynamic window into neurodevelopment and the many influences of early interven-
tions that are at present blindly performed. We need to know, for instance, the effects that combina-
tions of different drug classes (psychotropic or otherwise) may have on a developing nervous system.
They were not tested in the first place with neurodevelopment in mind. We do not know what effects
behavioral modifying techniques may have on the children’s nervous systems, beyond tantrums, self-
injurious behaviors, and anxiety attacks reported by self-advocates, parents, and therapists. We do not
know how to objectively and automatically track the balance between benefit and risk of any inter-
vention today. Even without directly revealing the causes of autism, movement variability does pro-
vide a new powerful physiological lens into all these issues. As such, motion and its sensations are
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bound to become our great ally in beginning to unravel the dynamic evolving complexities of ASDs,
in terms of both development and when subject to treatments. It would be foolish not to take advan-
tage of such a powerful new access point. In Chapter 2, we look at autism through this new physio-
logical lens to go beyond purely psychological constructs. Through this lens, we learn much more
about autism than meets the eye.
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2 The Autism Phenotype
Physiology versus Psychology?

Caroline Whyatt
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In Chapter 1, the role of movement, and movement sensing, was eloquently illustrated, positing
the need for a reconceptualization of autism spectrum disorders (ASDs). In particular, the lim-
ited perspective of ASD as a psychiatric disorder, viewed and conceptualized through an iso-
lated cognitivist lens, was discussed in light of academic evidence to the contrary. Throughout
this chapter, evidence is presented illustrating the pervasive nature of sensory processing and
motor control to higher-level outcomes, such as social and cognitive skills. Viewed from a
developmental perspective, questions will be posed regarding the isolated and artificial segre-
gation of higher-level symptomatology to characterize ASD, and the repeated resistance to the
inclusion of such secondary or “associated” sensory and movement skills. This chapter thus
aims to further discuss and elucidate the impact and limitation of this arguably restricted
view, and further asks, is it time for a new model of ASD?

INTRODUCTION

Introduced in the fifth edition of the Diagnostic and Statistical Manual of Mental Disorders (DSM-5)
(APA 2013), autism spectrum disorder (ASD) is an umbrella term encompassing autism, Asperger’s
syndrome (AS), and pervasive developmental disorder—not otherwise specified (PDD-NOS).
Clinically defined and characterized by “classical” behavioral symptomatology (impaired social
and communicative ability, and restricted and repetitive behaviors) (APA 2013), ASD is broadly con-
ceptualized as a social-cognitive disorder—a characterization that persists across both the clinical and
academic fields.

Within the clinical domain, ASD is defined and examined through a “triad” of behavioral
impairments—socialization, communication, and imagination—all of which reflect this overarching
conceptualization (Wing and Gould 1979). These core behavioral difficulties are assessed using
clinical diagnostic tools, such as the Autism Diagnostic Observation Schedule 2 (ADOS-2)
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(Lord et al. 2012) and Autism Diagnostic Interview—Revised (ADI-R) (Lord et al. 1994). A focus on
key behavioral impairment within this framework facilitates the diagnosis procedure, which in turn
enables the timely provision of developmental and educational services. As such, the impact of
this arguably restricted conceptualization of ASD is unknown, and may be limited within the clinical
arena (Donnellan 1984).

Within the academic domain, these classical, overt behavioral difficulties have been extensively
researched, leading to a long-standing focus on three predominant theories of ASD, all of which
have a strong social-cognitive thread: theory of mind (Baron-Cohen et al. 1985), weak central coher-
ence theory (Frith 1989), and executive functioning theory (Ozonoff et al. 1991; Ozonoff and McEvoy
1994). Yet, the integrity of this clinically reinforced perception of ASD, and the corresponding cog-
nitive theoretical constructs, has been repeatedly questioned within the academic community—from
the testing metrics used to the discriminant ability of such models to isolate ASD from other develop-
mental conditions (see De Jaegher 2013; Whyatt and Craig 2013a). Indeed, these functionalized
and fragmented social-cognitivist theories, despite being popularized within the clinical and academic
arenas, fail to account for the diverse, heterogeneous spectrum phenotype of ASD (see also Whyatt
and Craig 2013a; De Jaegher 2013). Given the recent amalgamation of neurodevelopmental disorders
into the umbrella of ASD, questions are raised over the persistent clinical and academic conceptuali-
zation of a social-cognitive disorder entrenched within the psychological, psychiatric that endorses a
symptom-based approach.

THE ASD PHENOTYPE: ROLE OF ASSOCIATED SECONDARY SYMPTOMS

First presented in the seminal works of Leo Kanner (1943) and Hans Asperger (1944), autism and AS
were long considered distinct developmental disorders in terms of both epidemiology and nosology.
In particular, both were quantified and classified by levels of language and intellectual ability.
Critically, however, Asperger noted a range of lower-level motor peculiarities:

Gross motor movements are clumsy and ill-coordinated. Posture and gait appear odd [90% of the 34 cases
mentioned above] are poor at games involving motor skills. (Asperger, translated in Wing 1981, p. 116)

Further quantified and discussed by British psychiatrist Lorna Wing (1981), these motor difficul-
ties were proposed to be a critical component isolating the two disorders:

The one area in which ... comparison does not seem to apply is in motor development. Typically, autistic
children tend to be good at climbing and balancing when young. Those with Asperger’s syndrome, on the
other hand, are notably ill-coordinated in posture, gait and gestures. (Wing 1981, p. 123)

Despite this distinction, Wing argued for the consideration of AS and autism as part of a larger group
of conditions characterized by a range of communal symptoms—introducing the “triad of impairments”
(Wing and Gould 1979; Wing 1981). This rather controversial view of a “spectrum of autism” (Nordin
and Gillberg 1996; Wing 1997) led to a flurry of research examining the true extent of communal symp-
toms. This research served to illustrate the broader phenotype of autism (e.g., Dawson et al. 2002), with
similarities across a range of axes, including lower-level motor characteristics. Specifically, through the
use of modern standardized behavioral tools of movement assessment and pioneering technologies, a
growing range of evidence has illustrated the ubiquitous nature of motor peculiarities. Early results
cited abnormal gait, postural control, bradykinesia, hyperagility, and dystonia as some of the most pre-
valent movement abnormalities within both autism and AS, supporting Wing’s spectrum of autism
(Damasio and Maurer 1978; Vilensky et al. 1981; Kohen-Raz et al. 1992; Hallett et al. 1993).

It was in the publication of the DSM-4 (APA 1994) that autism and AS were first viewed on a
spectrum or continuum of a single disorder, a reconceptualization that was completed with the pub-
lication of the DSM-5 (APA 2013). Yet, despite this amalgamation, the building evidence for the
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presence of sensory-motor difficulties across the entire spectrum of ASD remains largely abandoned,
even within recent diagnostic criteria.” Rather, the triad of impairments remains characteristic of the
spectrum’s phenotype. Sensory-motor difficulties remain a secondary or associated symptom con-
tained within the ambiguous category of symptomatology “restricted and repetitive behaviors”—
rather than as a fourth axis of impairment (Wing and Gould 1979; Ming et al. 2007). This omission
may reflect an ongoing tension between our conceptualization of ASD as a psychological or physio-
logical construct.

AUTISM SPECTRUM DISORDER: PSYCHOLOGICAL VERSUS PHYSIOLOGICAL

ASD—and its predecessors—has been traditionally considered a psychological or psychiatric condi-
tion, reflected in a social-cognitive conceptualization and theoretical foundation. Diagnosed through
behavioral observation—reflecting the working model of the DSM-5—ASD continues to be viewed
as a mental disorder characterized by behavioral disturbance. However, from a computational per-
spective these behavioral outcomes may be indicative of underlying etiology. Unlike mental health
disorders, such as dementia or depression, there is a dearth of clinical, medical, and academic knowl-
edge of, and importantly consensus on, the underlying physical etiology of ASD—perhaps, in part,
reflective of this psychological position. By subsuming sensory-motor difficulties under “restricted
and repetitive behaviors,” the diagnostic and clinical domains retain a psychological stance—with
such behaviors tied to existing social-cognitive theoretical frameworks, particularly weak central
coherence and executive functioning theories (Frith 1989; Ozonoff et al. 1991; Ozonoff and
McEvoy 1994). However, in light of the recent quantification of persistent lower-level sensory-
motor difficulties, should ASD be characterized as a psychological construct?

The 10th revision of the International Classification of Diseases (ICD-10) (WHO 1994), the core
medical listing of “disease and related health problems,” provides a comprehensive encyclopedia of
both psychological and physiological conditions. ASD can be found in Section F80-F89 under
“Disorders of Psychological Development” of the “Mental and Behavioral Disorders: Diagnostic
Criteria.”" This section block is prefaced with the following statement:

The disorders included in this block have in common: (a) onset invariably during infancy or childhood;
(b) impairment or delay in development of functions that are strongly related to biological maturation of
the central nervous system; ... affected include language, visuo-spatial skills, and motor coordination.

The DSM, published by the American Psychiatric Association (current version—APA 2013),
operationalizes the working symptomatology of mental disorders listed in the ICD-10 and is the lead-
ing manual of mental disorders adopted across the United States and further afield.” Despite reference
to potential physiological etiology and sensory and motor difficulties within the ICD-10, these fea-
tures are omitted from the operationalization of ASD within the DSM—including the most recent ver-
sion, DSM-5 (APA 2013)—in accordance with a psychological perspective.

Why does ASD remain viewed and characterized as a psychological construct founded upon, and
diagnosed via, core social-cognitive deficits? This preserved characterization and conceptualization
is perhaps unsurprising due to a number of factors. First, the clinical domain and the DSM hold
strength within this arena, directly influencing and guiding diagnostic criteria, and thus conceptuali-
zation (see Chapter 27). Second, the existence of ASD on a continuum of ranging severity and

* Indeed, although serving an alternative purpose, namely, illustrating the continuity or spectrum of ASD, this research soli-
dified evidence for the presence of significant sensory-motor difficulties, and led to the emergence of a new field of related
inquiry.

¥ For full diagnostic information for ASD according to the ICD-10), see http://apps.who.int/classifications/icd10/browse/2016/
en#/F80-F89.

¥ For full diagnostic information for ASD according to the DSM-3, see https://www.autismspeaks.org/what-autism/diagnosis/
dsm-5-diagnostic-criteria.
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symptomatology serves to magnify the difficulty of deconstructing complex behaviors into underly-
ing physiological expressions. Specifically, the range of social-cognitive behaviors that are character-
istic of the ASD phenotype are complex, and have yet to be comprehensively deconstructed to
consider underlying neurophysiology. These core constructs, which remain firmly ensconced within
the behavioral and psychological realm, are further hampered by the early disconnect between psy-
chology and modern neuroscience. Indeed, as a field, psychology as defined by Descartes (1984) tra-
ditionally viewed the mind and brain as distinct—resulting in the disembodied perspective alluded to
in Chapter 1. Despite this, however, behavioral outcomes from physical movement to complex
higher-level social-cognitive processing can be fundamentally viewed as the physical reaction to,
and active engagement with, our external environment.

BEHAVIOR: A PHYSIOLOGICAL STANCE

Behavior in its purest form can be conceptualized as a mediated” response, often physical, to incom-
ing sensory stimuli. These afferent sensory stimuli are bound and synthesized, generating an internal
percept to guide an appropriate response. Behavioral responses can be reflexive and automatic, or can
be goal directed and voluntarily mediated by internal need, intention, and rewards (Haggard 2008).
Higher-cortical control centers, such as the prefrontal cortex, differentiate such voluntary, top-down
coordinated control from early or reflexive behaviors—Ieading to a focus on higher-level cognitive
processes in the understanding of human behavior. This is reflected in the examination and under-
standing of ASD from a social-cognitive stance. However, even during cortically mediated voluntary
actions sensory stimuli (and their consequences) remain the guiding factor in the planning, and thus
organization, of simple and complex behavior. In particular, during development, the infant builds an
internal representation or schematic based on these early exploratory behaviors. The consequences of
behaviors, and the resulting sensory stimuli, are “sampled,” building a stochastic, predictive platform
from which an individual can predict the consequences of an action, and the identification of percep-
tual invariants to guide action (Fajen 2005)—allowing a level of prospective control. An inability to
build this emergent internal representation will lead an individual to live in the “here and now,”
reflected in immature levels of prospective control impeding action and resulting in notable beha-
vioral difficulties. Therefore, disruption in behavioral output should be viewed and considered within
the context of sensory processing ability and fundamental motor control—both of which may impede
behavioral outcomes.

DEVELOPMENT OF BEHAVIOR

A direct extension of the human nervous system, the sensory organs provide our line of communication
with the external environment. The foundations for this level of sensory perception and control are laid
during early neurulation within the embryo (Volpe 2008), with the initial development of the central
and peripheral nervous systems. Subsequent neuronal cell proliferation, migration, and organization
provide the foundations for neural control, a process that begins prenatally but continues postnatally.
Indeed, postnatal neural plasticity leads to the strengthening and pruning of neural pathways in
response to incoming stimuli—guiding neurodevelopment and subsequent behavioral outcomes.
The visual system illustrates this postnatal neurodevelopment and its role in the development of
behavior. Born with undifferentiated retinal cells (photoreceptors) and a reliance on the use of sub-
cortical structures for processes, including spatiotopical coding, infant vision is initially blurry and
hazy (for review, see Braddick and Atkinson 2011). Postnatal visual development, due to anatomical
differentiation and maturation of the nervous systems, leads to increased visual acuity, color vision,
and depth perception (Held et al. 1980; Atkinson 2002), resulting in a newfound interest in objects
and faces within the environment. This environmental inquisition drives subsequent active, volitional

* Mediation that differentiates this conceptualization from a pure stimuli-response paradigm.
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exploratory behaviors, which provide the foundational building blocks for social and cognitive devel-
opment. Indeed, infants born with impaired vision are known to display a limited range of infant
exploratory and complex play behaviors (Troster and Brambring 1994), resulting in delayed
motor, cognitive, and social development (McAlpine and Moore 1995; Bouchard and Tetreault
2000; Levtzion-Korach et al. 2000; Brambring 2006).

A more overt example of nervous system and behavioral development is observed in motor out-
comes during infancy. Born as altricial organisms, the human infant must develop postnatal motor
patterns for the establishment of meaningful, volitional behaviors. Arnold Gesell, a pioneer in infant
development tracking, observed invariant sequences and stages of infant development (Gesell and
Amatruda 1945, 1947). These stages were used to create a motor and behavioral developmental tra-
jectory that focused on morphological maturation (Gesell and Amatruda 1945). Similarly, McGraw
(1940) argued that infant development is a direct result of underlying neural growth. Through neural
maturation—proliferation, pruning, and migration—the infant develops new patterns of behavior,
moving away from “primitive reflexes” (McGraw 1940; Hadders-Algra 2000) toward higher levels
of goal-directed autonomy and intentionality. Theories of physiological maturation are reflected in
common clinical tools, such as motor milestone charts (Wijnhoven et al. 2004) and standardized
tests of motor control,” which were developed on the premise that an infant will logically progress
through a pattern of motor coordination as, and when, the developing system adapts. Such frame-
works thus seek to identify and profile neurodevelopment through the sequence of motor output or
growth patterns.

In contrast to this linear predefined hierarchical maturational stance, the dynamical systems (DS)
approach (Thelen and Smith 1994) considered development an emergent and self-organizing conse-
quence of recursive interactions with the environment. Motor or behavioral development was considered
a nonlinear, evolving dynamic dependent on the assimilation of afferent sensory feedback—explicitly
coupling sensory and motor development in an iterative loop. This afferent sensory feedback can
take many forms, including visual and auditory; yet, it can also be “kinesthetic sensation” (Thelen
and Smith 1994, p. 193) or “kinesthetic reafference” (Holst and Mittelstaedt 1950)—the direct sensing
of movement from the peripheral nervous system through the dorsal root ganglia and spinocerebellar
tract—a concept introduced in Chapter 1. Thus, with concomitantly occurring multimodal afferent
feedback, along with kinesthetic reafference from self-produced active movements, sensory-motor beha-
viors can become tightly coupled (e.g., Holst and Mittelstaedt 1950; Gibson and Walk 1960; Held 1965;
Gibson 1988; Bushnell and Boudreau 1993). Recent evidence suggests that disruption of this form of
afferent feedback results in impaired levels of corporeal self-awareness and sensory-motor acquisition,
and impedes movement (Cole and Paillard 1995; Fourneret et al. 2002; Stenneken et al. 2006; Balslev
et al. 2007; Torres et al. 2014). Indeed, early passive behavior has been linked to an underdevelopment
of the visual cortex (e.g., Singer 1985) and poor levels of later motor coordination (Held 1965). Through
this process, and by virtue of neural plasticity, a topographic somatosensory map is achieved—yproviding
the infant foundations for allo- and egocentric transformations to guide spatial awareness across coordi-
nate systems (e.g., Cartesian external coordinates transformed into internal torques and dynamics)—vital
in the development of internal models of motor control (e.g., Uno et al. 1989; Wolpert et al. 1998;
Kawato 1999). Importantly, optimal early exploratory behaviors contain high levels of variability allow-
ing the “sampling” of multiple behavioral permutations (see Chapter 1 for additional information, as well
as Thelen and Smith 1994). This active, variable sampling allows the infant to generate predictions—
associating motor output and sensory feedback—a cornerstone of subsequent internal models of
motor control (e.g., Uno etal. 1989; Wolpert et al. 1998). Therefore, a lack of early exploratory behaviors
may impede subsequent levels of coordination and control (Whyatt and Craig 2013a). In addition, it has
been proposed that this environmental sampling is retained at a microlevel across movements throughout

* For example, Peabody Developmental Motor Scales (Folio and Fewell 2000) and Movement Assessment Battery for
Children (Henderson et al. 2007).



28 Autism

the life span—Ileading to minute variation or “micromovements” in the motor signature, as introduced in
Chapter 1, and detailed further in Chapters 8, 13 and 14 (see also Torres et al. 2013, 2016). The stochastic
probabilistic cumulative signature of these micromovements then provides a blueprint of underlying pre-
dictability of the system—aiding in the identification of levels of neurodevelopment and diversity (Torres
et al. 2016).

From a computational motor perspective, physical behaviors are thus a response to an internal per-
cept selected based on internal state and cortical control (e.g., needs [Haggard 2008]). Internal models
of motor control formulated during early infancy—and continually refined—use error-based contin-
gencies or optimal outcomes to guide coordinated behavioral actions in response (e.g., Wolpert and
Kawato 1998; Wolpert et al. 1998; Uno et al. 1989). This breakdown encapsulates the overarching
simplified process of behavior, from simple motor actions through to complex social responses or
cognitive behaviors. As nervous system refinement and development provide the foundations of sen-
sory and motor progression, both of which guide behavioral outcomes, these components provide
valuable insight into underlying physiological functioning. Given the presence of sensory and
motor associated symptoms, the role of the nervous systems in ASD is questioned, in line with infer-
ences made by the ICD-10 (WHO 1994).

ASD: A BY-PRODUCT OF UNDERDEVELOPED NERVOUS SYSTEMS?
THE DEVELOPMENTAL TRAJECTORY

In spite of the continued classification of ASD as a psychological construct, a myriad of sensory and
motor difficulties implicate underlying physiological difficulties. Building on advances in technol-
ogy, namely, noninvasive motion capture and brain imaging techniques, such as fMRI, EEG, and
PET," associated phenotypic behaviors of ASD are being further clarified—culminating in new evi-
dence of the etiology and neurobiology of ASD.

ASSOCIATED SENSORY SYMPTOMS

Statistics indicate that approximately 90% of children and adults with an ASD experience pronounced
sensory difficulties (Leekam et al. 2007). These include hyper- and hyposensitivity to sensory stimu-
lation, resulting in seeking (e.g. stimming) and aversion behaviors, and difficulty with multisensory
integration (Wallace and Stevenson 2014). In addition to providing support to lower-level symptoms,
these irregularities with sensory processing may result in overt behavioral difficulties—such as those
used to characterize ASD (Wallace and Stevenson 2014). Intuitively, if the sensory system is over- or
underwhelmed by external—or internal—sensory stimuli, how can one focus attention and cognitive
resources to additional tasks? While often attributed to attention or cognitive processing within the
psychological field, pivoting around the weak central coherence theory (Plaisted 2001; Plaisted
et al. 2003; Pellicano et al. 2005; Happé and Frith 2006), these fundamental difficulties can be tied
to an underlying etiology within the central nervous system. Indeed, behavioral paradigms have illu-
strated significant variation in the multisensory binding window of individuals with ASD—Ieading to
perceived difficulty in the coherent coupling of independent sensory input (Foss-Feig et al. 2010;
Kwakye et al. 2011). Specifically, evidence suggests that individuals with ASD have a prolonged
window of multisensory binding, leading to disjointed internal sensory percepts. A reduction in
gamma band neural oscillations has been further implicated as the physiological underpinnings of
this impaired temporal synchronization and organization between primary sensory processing
areas (40 Hz range) (e.g., Tallon-Baudry and Bertrand 1999; Brock et al. 2002). Moreover, despite
inherent variability in brain imaging results, ASD has been considered a by-product of irregular
neural connectivity—with higher levels of local and a reduction in long-range neural connections

“ Functional magnetic resonance imaging, electroencephalogram, and positron emission tomography.
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(Courchesne and Pierce 2005). Such variation in levels of connectivity has been repeatedly proposed
as the foundational etiology behind classical sensory processing outcomes—often attributed to the
cognitive weak central coherence theory (e.g., Minshew et al. 1997). Therefore, ASD has been
and continues to be conceptualized, in part, as an information processing condition. However,
more recent reports are questioning this interpretation, illustrating the potential role of uncontrolled
head movement or “noise” and the resulting overreliance on post hoc “scrubbing” techniques in the
interpretation of these fMRI findings (Power et al. 2012; Tyszka et al. 2014; Torres and Denisova
2016). In particular, this evidence implies that an overreliance on scrubbing techniques may artifi-
cially lead to conclusions of irregular connectivity. Yet in addition to calling into question the theo-
retical framework of connectivity at the heart of ASD, such results infer excessive levels of minute
head movements associated with a diagnosis—even with preventative measures regularly employed
during imaging protocol. Indeed, recent mouse models of ASD imply irregularities in the transduction
of sensory information through the peripheral nervous system, leading to sensory processing difficul-
ties and classical ASD behavioral symptomatology (Orefice et al. 2016). In line with new research,
there are growing questions regarding the route and purpose of this excessive motor or peripheral
noise of the peripheral nervous system (Brincker and Torres 2013)—questions that are discussed
further below.

ASSOCIATED MOTOR SYMPTOMS

In addition to evidence for neurological underpinnings of sensory processing difficulties associated
with ASD, studies have inferred a similar etiology for motor difficulties (see Fournier et al. 2010 for
a partial review of motor evidence). Retrospective analysis of home videos illustrates the prevalence
of motor difficulties during infancy, with infants who are later diagnosed with ASD displaying impaired
acquisition of motor milestones—a potential noninvasive marker (Teitelbaum et al. 1998; Zwaigenbaum
et al. 2005; Sutera et al. 2007). With reference to neuronal maturation, this restriction of motor
development implies disruption at the level of nervous system development. Motor difficulties range
from gross, global behaviors, such as gait and postural control (Vilensky et al. 1981; Minshew et al.
2004; Vernazza-Martin et al. 2005; Rinehart et al. 2006) through to goal-directed voluntary actions,
such as fine motor control/visuomotor integration (Provost et al. 2007; Green et al. 2009; Whyatt and
Craig 2012). In particular, pronounced difficulties in the timing, initiation, planning, and on-line control
of actions have been illustrated (Hughes et al. 1994; Hughes 1996; Mari et al. 2003; Rinehart et al. 2006;
Glazebrook et al. 2006, 2008, 2009; Whyatt and Craig 2013a, 2013b). The universal nature of such
motor symptoms may imply a wide underlying etiology—with potential loci at subcortical levels, includ-
ing the cerebellum and basal ganglia or, as this book points toward, the peripheral nervous system.
Phylogenetically old, both the cerebellum and basal ganglia play critical roles in the subcortical
control of motor coordination and sensory integration. With a number of iterative loops to regions
of the cerebral cortex, including the parietal and primary motor cortices (Bostan et al. 2013), the cer-
ebellum has long been considered a core element of the motor control system. Drawing on internal
models of kinematics and dynamics, the cerebellum facilitates the timing and coordination of actions
through predictive muscle activation for precise control over multisegmented and complex actions—
reducing movement error (e.g., Braitenberg 1967; Ivry et al. 1988; Sasaki and Gemba 1993; Heck
1993, 1995; Braitenberg et al. 1997; Bastian et al. 2000; Doya 2000). The climbing fibers of the
inferior olive provide the cerebellum with key afferent information from the periphery for event
detection—as coded by an error signal. Specifically, the excitatory action of the climbing fibers
from the inferior olive—when concurrently stimulated with parallel fibers—results in a prolonged,
yet selective, suppression of future activity of the associated Purkinje cells, which normally display
high activation during voluntary behaviors (e.g., Albus 1971; Ito et al. 1982). Activated by a per-
ceived error in performance, such as variation in movement gains or sensory feedback (Gilbert
and Thach 1977; Kitazawa et al. 1998), the climbing fibers act as a teaching signal. Thus, subsequent
stimulation of the same parallel fibers results in suppressed spike Purkinje cell activity—a modulated
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response shaped by the error coding of the climbing fibers—facilitating motor learning and modifica-
tion of behaviors (Albus 1971; Ito et al. 1982; 1t 1984). Utilizing this information, corrective adjust-
ments are made to ongoing actions, and importantly, reliable predictive computational internal
models for action are refined (e.g., Wolpert and Kawato 1998; Wolpert et al. 1998; Kawato 1999)—
models subsequently utilized to control further tasks.

There is a prevalence of studies implying specific difficulties in motor planning, motor timing,
and “smooth” multisegmented actions associated with ASD (Asperger 1944; Hughes et al. 1994;
Hughes 1996; Mari et al. 2003; Glazebrook et al. 2006, 2008; Nazarali et al. 2009). Such results
have been viewed as evidence for a specific difficulty with motor program selection, reprogramming,
and degradation—inferring an underlying difficulty with loci within the cerebellum. By understand-
ing the role of the cerebellum within motor control, reduced levels of activation at two levels may be
implied in pronounced motor peculiarities associated with ASD. First, observed behavioral difficul-
ties may be rooted in an inability to control and modulate output activity of the Purkinje cells. Indeed,
refinement of the Purkinje cell activity is vital, with excessive variability in activity linked to ataxia—
a common phenomenon associated with a diagnosis of ASD (Ahsgren et al. 2005)—clinically
characterized by a lack of motor coordination and voluntary control (ICD-10 [WHO 1994]).
Indeed, recent studies illustrate a significant reduction in the number of Purkinje cells in individuals
with ASD (Arin et al. 1991; Bailey et al. 1998; Bauman and Kemper 2005). Second, error coding
modulated by the climbing fibers of the inferior olive (coding afferent feedback), which shape
motor output and may provide the foundations of internal models, may be disrupted. Such difficulties
would lead to a foundational impairment in sensory-motor acquisition and integration due to difficulty
generating stable patterns for motor prediction (see Chapters 8, 11, and 14). Indeed, structural irregu-
larities within the inferior olive have been noted in ASD (see Chapter 9 and Bailey et al. 1998;
Bauman and Kemper 2005).

Coded through the peripheral nervous system, this error signal is dependent on sampling of the
environment to formulate traditional computational internal models and statistical properties from
which to generate error. Specifically, it is proposed that the a priori assumptions at the core of current
internal models of computational motor control (Uno et al. 1989; Wolpert and Kawato 1998; Wolpert
etal. 1998; Kawato 1999) must be derived through such environmental sampling. This sampling and
“calibration” may occur through early active exploratory rhythmical behaviors during infancy that are
known to decrease with the emergence of coordinated goal-directed behaviors (Thelen and Smith
1994). As mentioned, the active nature of these exploratory behaviors facilitates multimodal sensory
convergence and binding to reduce perceptual uncertainty. Importantly, these exploratory behaviors
allow the infant to actively sample the degrees of freedom or permutations available for the comple-
tion of a behavior (Thelen and Smith 1994)—allowing for assimilation into the behavioral under-
standing—building a platform for prediction. This calibration process facilitates the refinement of
sensory afferent information (Fajen 2005), the identification of action affordances (Gibson 1966,
2014; Gibson 1969, 1988), and the generation of stable movement patterns or ‘attractors” (Thelen
and Smith 1994). Further, a new body of work has proposed that the stochastic signature or accumu-
lation of variability at the microlevel within behaviors provides a blueprint of the predictability, and
thus stability, of the internal system at all ages (Torres et al. 2016). Utilizing this framework, and the
associated metrics for analysis, it is argued that one can examine the stability and predictability of the
underlying system (see Chapter 1 and Torres 2011; Torres et al. 2014, 2016). Therefore, subsequent
movement or motor control difficulties, viewed and interpreted from a computational perspective,
may reflect a physiological impairment at the level of neural error coding, or peripheral transduction
and transmission—with an inability to generate a stable motor “schema” for action prediction and
performance. Recent evidence for irregularities in the coding and transduction of peripheral sensory
information (Orefice et al. 2016) may indeed imply a role for the peripheral nervous system in inco-
herent and disjointed patterns of motor control. Further, as mentioned, research indicates that a lack of
such peripheral feedback (i.e., kinesthetic reafference) may lead to a reduction in corporeal self-
awareness and a disruption in the motor signature (Torres et al. 2014). Indeed, research comparing
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the stochastic signature of micromovements further implies reduced levels of kinesthetic reafference
in individuals with ASD, with a profile similar to that of a deafferented participant (i.e., a participant
with neuropathy—with a lack of afferent information from the neck down) (Torres et al. 2016). Such
results of higher levels of noise and lower levels of statistical predictability illustrated in the actions of
individuals with ASD therefore further support the proposal of a reduction in kinesthetic sensing.
Overt repetitive behaviors, or stimming, may be a by-product of this microlevel variability in sen-
sing—an attempt to find order in the chaos (Whyatt and Craig 2013a)—by actively repeatedly sam-
pling the environment. Moreover, an inability to refine the internal model at this level, or to generate a
predictive platform, may result in an overreliance on on-line control. This inability to generate stable
or “automatic” patterns is perhaps alluded to, and neatly summarized, in the below quote from
Asperger on his earliest case studies:

He was never able to swing with the rhythm of the group. His movements never unfolded naturally
and spontaneously ... from the proper co-ordination of the motor system as a whole. Instead, it
seemed as if he could only manage to move those muscular parts to which he directed a conscious effort
of will ... nothing was spontaneous or natural, everything was intellectual. (Asperger, in Frith 1991, p. 57,
emphasis added)

Related difficulties with action initiation and timing, a characteristic feature of ASD, have been
further attributed to, and interpreted within, the computational motor programming framework.
Traditionally, the initiation of internally generated actions has been linked to the basal ganglia
(Doya 2000)—the subcortical reward center. Similar to the cerebellum, the basal ganglia—and
input from the striatum—generate error coding to modulate these behavioral outcomes.
Specifically, through the modulation of dopamine secretion, the basal ganglia encode for both cur-
rent and future rewarding behaviors (Doya 2000), facilitating action selection based on reinforced
learning (e.g., Graybiel 1995; Balleine et al. 2007). Physiological variation in the size of basal
ganglia has been demonstrated in individuals with ASD (Sears et al. 1999; Hollander et al.
2005; Langen et al. 2007). Furthermore, such neurological variation was alluded to in early
pioneering work quantifying gross motor impairments across the autism spectrum (Damasio and
Maurer 1978; Vilensky et al. 1981), drawing explicit parallels with individuals with Parkinson’s
disease (PD) at this stage. Despite this, explicit reference between these psychological and physio-
logical conditions has since been sparse—yet repeatedly inferred in the independent interpretation
of results (Mari et al. 2003; Vernazza-Martin et al. 2005; Rinehart et al. 2006; Hollander et al. 2009;
Whyatt and Craig 2013a).

Given the mounting evidence at both a behavioral and a physiological level for an underlying etiol-
ogy of ASD, questions are raised over the continued use of a psychologically driven framework. As
noted, a social-economic model is prevalent and beneficial within the clinical arena, facilitating diag-
nosis and enabling the timely provision of services. However, this restricted interpretation and con-
ceptualization is arguably limiting. By utilizing diagnostic tools and criteria drawn from a clinical and
psychological perspective, the academic community is restricted in their scope and exploration of
ASD. Moreover, with a reliance on subjective behavioral examination and relatively broad psycho-
logical interpretation, we fail to progress to a patient-oriented and personalized approach to both diag-
nosis and intervention. With recent developments ranging from the amalgamation of a range of
neurodevelopmental disorders into an umbrella term of ASD, through to a new conceptualization
of both the nosology and epidemiology since the seminal works of Kanner (1943) and Asperger
(1944), a modified framework seems apt. In addition, viewed within the context of today’s precision
medicine platform and health agenda, a patient-oriented, physiological perspective to approach and
define ASD seems timely. Yet, barriers remain with disconnect between academic disciplines. The
distinction between the fields of psychology and the new burgeoning area of neuroscience—particularly
computational neuroscience—although closing, is pertinent to this struggle. The move from behavioral
observation using arguably subjective psychologically driven tools and metrics, to the use of robust
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objective empirical estimation for individualized patient-oriented models is a large one’—yet a model
for this transition can be followed.

PARALLELS WITH PHYSIOLOGICALLY GROUNDED DISORDERS:
PARKINSON’S DISEASE—A MODEL FOR ASD?

First described in the 1817 work “An Essay on the Shaking Palsy” by James Parkinson (2002), PD is
a prevalent neurodegenerative disorder characterized by impaired motor control. Although univer-
sally considered a physiological, neurological condition, rooted in a lack of dopaminergic secreting
neurons within the substantial nigra pars compacta of the basal ganglia, PD was once empirically
characterized by subjective behavioral observation. It was with the systematic study of
Parkinson’s tremor by neurologist Charcot (1887, in Goetz 2011) that the systematic nature with
which PD could be diagnosed and quantified was first illustrated. Considered one of the fathers of
neurology, Charcot provided a robust patient-oriented framework to examine neurological features
of PD, moving away from the large umbrella grouping of disorders by particularly evident, subjective
observable behaviors (Goetz 2011). Such systematic empirical quantifications provided the founda-
tions for new diagnostic tools that were designed and refined for the clinical field. Indeed, initial
methods of behavioral observation—similar to those used heavily during the diagnosis of ASD—
are still retained in modern clinical practice of PD, with preliminary quantification using the
Unified Parkinson’s Disease Rating Scale (UPD-RS) (Movement Disorder Society Task Force
2003) and the Hoehn and Yahr stages (Goetz et al. 2004). However, in contrast to the ASD approach,
each of these tools was designed and created to build on scientific, empirical evidence of the trajec-
tory and etiology of PD. Thus, despite utilizing observational methods, such tools for the character-
ization of PD are designed to encompass core components derived from objective, biologically
grounded scientific metrics, such as unilateral versus bilateral symptomatology—a key distinctive
marker of progressive PD.

Now firmly established as a “movement disorder,” PD is associated with a complex symptoma-
tology, including uncontrollable resting tremor, dyskinesias, dystonia, akinesia, and bradykinesia
(Jankovic 2008). Similar to the programming deficit hypothesis proposed for observable motor pecu-
liarities associated with ASD, distinguishing characteristics of PD, such as akinesia and bradykine-
sia, have long been considered the by-product of “an inability to select and/or maintain internal
control over the algorithms” needed to generate actions (Robertson and Flowers 1990, p. 591).
Indeed, given the evidence for diverse, universal sensory-motor difficulties associated with ASD,
similarities between ASD and the field of PD have been detected. These include an early illustration
of postural instability associated with ASD (Damasio and Maurer 1978; Vilensky et al. 1981), with
explicit parallels with PD drawn at this stage. Further motor similarities have since been noted (Mari
et al. 2003; Rinehart et al. 2006; Whyatt and Craig 2013a; Vernazza-Martin et al. 2005; Hollander
et al. 2009; Torres et al. 2016). Research has extended this quantification to also include the micro-
movement perspective, illustrating similarities in peripheral noise between individuals with ASD or
PD and a deafferentated patient (Torres et al. 2016). Building on, and extending from, evidence for
reduced corporeal sensation, and thus reduced proprioception, such results further imply a poor level
of peripheral transduction and impaired levels of kinesthetic sensing associated with PD and ASD,
which may contribute to the breakdown of reference frames for action. Moreover, similar to ASD,
irregularities within the cerebellum have since been proposed in PD (Wu and Hallett 2013), and
quantified in reduced levels of procedural learning (Joel et al. 2005) and specific functional impair-
ments, including ataxia.

* An additional hurdle for the provision of personalized metrics, even with the use of high-end research-grade technology, is
the provision of adequate statistical metrics. Chapters 11 and 13 provide the reader with an overview of these limitations, and
present a novel, robust, statistical landscape to facilitate this endeavor.
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These objective similarities associated with the motor profile of ASD and PD are further supported
by a range of nonmotor symptoms that are associated with progressive PD, symptoms that bear a
striking resemblance to “classical” social-cognitive elements of ASD, including pronounced difficul-
ties with theory of mind, executive functioning tasks, and obsessive-compulsive behaviors (Saltzman
et al. 2000; Mengelberg and Siegert 2003). Thus, despite being characterized by prevalent motor dif-
ficulties, PD is associated with symptomatology traditionally conceptualized as psychological or psy-
chiatric in nature. Indeed, contrasted against the symptomatology of ASD, both can be conceptualized
as inverted, yet similar models—one characterized by overt psychological behavioral outcomes, and
the other characterized by overt physiological behavioral outcomes—yet both encompassing a range
of characteristics spanning this spectrum (Figure 2.1). The dominance of motor symptoms in PD is
in stark contrast to the characterization of ASD, in which cognitive and social symptoms are seen
as core aspects, with sensory-motor difficulties often referred to as secondary by-products—a con-
trast that further illustrates the dichotomy between employing a psychological versus a physiological
construct.

Specifically, viewing and interpreting PD from a physiological, neurological framework has facili-
tated the discovery and understanding of underlying etiology, led to a patient-oriented model for diag-
nosis and intervention, and provided the foundation for clinical screening tools, such as the UPD-RS
and Hoehn and Yahr scale. As such, the field of PD has transformed, moving from the use of subjec-
tive behavioral observation and broad categorization using explicit symptoms (Goetz 2011), to an
empirically driven framework utilizing objective methodologies to inform clinical practice.
Through this framework the objective quantifications of the biomedical and academic arenas continue
to drive the development and refinement of clinical tools and techniques. The transformation within
the field of neurology, specifically PD, has been significant—with a range of cutting-edge therapies
and interventions now available. Comparatively, ASD research is in its infancy—facing the need
to expand in its scope and conceptualization. Will the growing evidence for ASD as a complex,
yet physiologically grounded disorder, allow the field to learn from this evolving patient-oriented
model of PD?
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FIGURE 2.1 Inverted models of ASD and PD illustrating the prevalence of the neurological, physiological
perspective in PD versus the psychological and psychiatric perspective of ASD. The psychological symptoma-
tology characterizing ASD is arguably the tip of the iceberg, while similarly, the quantifiable objective physio-
logical symptoms of PD are accompanied by similar psychological symptoms. Questions are thus raised over the
utility of this model of ASD, with evidence for significant physiological sensory and motor symptomatology
suggesting that a reconceptualization is required. Indeed, moving from this limited view to a patient-oriented
physiological perspective of ASD may facilitate both our academic inquiry and the diversification of diagnostic
and intervention techniques. Can we learn from the PD model?
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ASD AND PD: THE MISSING LINK?

Despite significant parallels in the presence of motor and nonmotor elements of the phenotype between
ASD and PD, there is currently no framework to explicitly tie these two seemingly disconnected
disorders—helping to solidify ASD as a physiological construct. Interestingly, however, recent figures
suggest that rates of PD diagnosis are significantly higher in adults with ASD than the population
average (Starkstein et al. 2015). This implied link might infer a more substantial genotype connection
between these neurodevelopmental and neurodegenerative disorders. Indeed, similar facets of epide-
miology have been documented across both ASD and PD, including potentially higher incidence
rates among males in both populations (Volkmar et al. 1993; Wooten et al. 2004). One area of potential
cross talk currently being investigated by Torres and colleagues is the incidence of fragile X disorders
(FXDs)—a spectrum of neurodevelopmental and neurodegenerative disorders, linked by a mutation or
permutation of the FMR1 gene (Payton et al. 1989; De Boulle et al. 1993; Tsongalis and Silverman 1993).
With a similar epidemiology—specifically a higher rate of incidence within males—FXDs may begin to
provide a model between these neurodevelopmental and neurodegenerative ends of the spectrum.

The FMRI1 gene, located on the X chromosome, is an area characterized by repetitions of the CGG
trinucleotide. Under normal circumstances, the FMR1 gene has approximately 5—44 repeats; how-
ever, an increase in this repeat gives rise to varying levels of FXD expression. Specifically, 45-54
repeats, although associated with no measureable risk, have a probability of expansion in future gen-
erations (Reyniers et al. 1993); full mutation, more than 200 repeats, results in the expression of fra-
gile X syndrome (FXS), and premutation with 55-200 repeats results in a range of fragile X-related
disorders (including fragile X tremor ataxia syndrome [FXTAS] and fragile X premature ovarian
insufficiency syndrome [FXPOI]). Approximately 30% of individuals with FXS receive a secondary
diagnosis of ASD, while additional comorbidity occurs between individuals with ASD and permuta-
tion FMR1 gene carriers (Tassone et al. 2000a, 2000b; Aziz et al. 2003; Farzin et al. 2006; Clifford
etal. 2007). Moreover, FXTAS, a permutation level of FXDs, caused by moderate expansion (55-199
repeats) (Hagerman and Hagerman 2004), is thought to be one of the most common single gene dis-
orders leading to neurodegeneration in males. With core symptomatology including action tremor,
neuropathy, cerebellar gait ataxia, parkinsonism, and executive dysfunction (Berry-Kravis et al.
2007; Bourgeois et al. 2007; Gongalves et al. 2007; Leehey et al. 2007), FXTAS is often misdiag-
nosed as PD (Hall et al. 2014; Lozano et al. 2014; Niu et al. 2014).

With commonality in behavioral expression between FXDs and PD and comorbidity between FXDs
and ASD, it is perhaps unsurprising that foundational similarities have been illustrated in underlying
etiology. Physiological techniques have repeatedly illustrated significant variation in structural con-
structs, with neuronal disorganization implicated as a foundation of developmental conditions, includ-
ing ASD and FXD (Volpe 2008). Further, evidence implies a similar molecular pathway between both
neurodevelopmental disorders (for a review, see Coghlan et al. 2012), while brain imaging techniques
have implied cerebellar irregularities in ASD, PD (as outlined above), and FXDs (Hagerman and
Hagerman 2004; Hagerman et al. 2008; Leehey and Hagerman 2011). With this implied genetic or
molecular comorbidity, and similarities at the phenotypic level, FXDs may provide a framework to
connect both ASD and PD. With FXDs thought to be underdiagnosed, and the late detection of permu-
tation carriers, the incidence and potential role of FMR1 gene repeats is arguably heightened. By exam-
ining genotype and phenotype similarities across these populations, Torres and colleagues intend to
further explore these linkages. Drawing on previous models (Torres et al. 2016), and bespoke analytical
metrics that retain a statistically valid approach, the team will provide a new layer of objective perso-
nalized phenotyping to bridge the gap between genetics and behavioral observation.

ASD: DOES THE EVIDENCE SUGGEST IT IS TIME FOR A NEW MODEL?

Throughout this chapter, evidence has been presented, both behavioral and biological, for a reconcep-
tualization of ASD from a purely psychological construct to a physiologically grounded disorder.
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This reconceptualization seems timely given recent redefinitions and classifications of this umbrella
term—which encompasses a range of neurodevelopmental disorders. Indeed, this spectrum of neuro-
diversity now subsumed under the category ASD, when viewed within the spectrum of the general
population, has led to a new ambiguity over arbitrary diagnostic thresholds, and illustrates the
need to redefine our understanding of an ASD. By moving from the limited social-cognitivist
model entrenched within the clinical domain to consider broad behavioral manifestations of ASD
through objective measurement and in light of sensory and motor difficulties, we may map the foun-
dations for a new model. During an era of precision medicine, and in light of the spectrum of both the
ASD phenotype and genotype, this personalized, patient-oriented approach is apt—and may facilitate
the refinement of both diagnostics and interventions. Drawing on the model of disorders such as
PD, to which there are both implicit and explicit parallels, the avenues of exploration to identify and
examine the etiology of ASD may be diversified while beginning an open dialogue between disciplines.
As illustrated in the historical perspective of PD, our initial empirical behavioral observations, although
critical, can be successfully augmented with additional techniques and approaches. By viewing the
transformation of the field of PD to a patient-oriented, neurological approach that facilitates and informs
the fields of clinical diagnostics and intervention, the model of ASD may look outdated. I suggest it is
now time to begin considering ASD as a physiological construct so we may broaden and diversify the
interventions available to individuals, move away from a psychological ‘deficit model’ that is harming
and painful to the Autistic community, and begin to see the whole, not simply the parts.
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This chapter provides a literature review of various components necessary for adequate motor
control. These range from the biomechanical aspects of motor sequencing to the complex inter-
actions that take place during accurate eye—hand coordination. Both sources of motor acts are
discussed within the context of tasks that require abstraction and have different degrees of cog-
nitive loads. These include the various visuomotor components required for controlled hand-
writing, including important aspects of visuomotor integration that seem to develop
differently in autism spectrum disorder (ASD). We discuss these findings in light of current
cognitive theories of social and communication impairments in ASD to try and reconcile dis-
parate notions on their possible links.

MOTOR FUNCTIONING IN AUTISM SPECTRUM DISORDER

Children with autism spectrum disorder (ASD) commonly experience a range of impairments in
motor functioning, including poor coordination and/or fine motor skills (Fournier et al. 2010). The
prevalence in rates of motor impairment has been reported to be as high as 82% in children with
ASD (Green et al. 2009). Greater motor impairment is associated with greater disruptions in social

43



44 Autism

functioning, including emotional and behavioral disturbance (Freitag et al. 2007; Hilton et al. 2007,
Sipes et al. 2011; Papadopoulos et al. 2012b). For example, the ability to successfully interact with
one’s environment and peers (e.g., playing ball sports or climbing play equipment) may be
significantly impeded by the presence of impaired motor skills (Pan et al. 2009).

The reasons for differences in the way individuals with ASD plan, execute, and regulate their
movements are not yet widely understood, yet historically, empirical studies have interpreted these
differences within the framework of a globally impaired motor system and/or an impaired ability
for neural integration of sensory information (Sacrey et al. 2015). More recently, motor sequencing
studies in ASD have increasingly suggested a strong interplay between the way in which individuals
with ASD plan, execute, and regulate their movement, and their cognitive style (Cattaneo et al. 2007;
Dowd et al. 2012). Indeed, this is akin to Leary and Hill’s (1996) seminal work identifying the ways in
which movement disturbance reported within the ASD literature could be related to the traditional
social-communicative features of the disorder.

This chapter outlines the most prominent cognitive theories of ASD, which will later be explored
in the context of movement organization and sequencing patterns typically reported within ASD
populations. Specific attention is given to the way visuomotor integration relates to an individual’s
ability to plan, control, and execute his or her movements, using specific examples from studies of
ocular motor control in ASD. Finally, these fields are brought together to examine how disruption
of motor planning and visuomotor control gives rise to impairments in daily motor functioning.
Here we use the example of handwriting, a highly automated motor task that is central to children’s
daily and academic lives.

COGNITIVE THEORIES IN ASD

Several cognitive theories have been proposed in an attempt to explain the characteristic symptoms of
ASD (Hoy et al. 2004). The most prominent of these are executive dysfunction, theory of mind, and
weak central coherence (Pellicano et al. 2006; Rajendran and Mitchell 2007). Initially, cognitive
models were evaluated independently, with empirical support for one model negating the importance
of another. It is now widely accepted that each provides important insight into the neuropsychological
profile of ASD; however, there is continued debate regarding the nature of their relationships
(Rinehart et al. 2000; Rajendran and Mitchell 2007; Brunsdon and Happé 2014; Kimhi 2014).

Executive dysfunction theory posits that impaired higher-order cognitive processes, such as mental
flexibility, planning, and inhibitory control, may account for characteristic clinical features of ASD.
For example, reduced inhibitory control and perseveration have been suggested to underlie the core
features of the disorder, including restricted and repetitive motor behaviors. Importantly, executive
dysfunction accounts of ASD are domain general and not inherently specific to ASD (Rajendran
and Mitchell 2007). Indeed, executive dysfunction is common to several clinical populations,
particularly those in which frontal lobe dysfunction is implicated, such as attention deficit hyperac-
tivity disorder (ADHD) and schizophrenia (Bradshaw 2001). As such, executive dysfunction theory
aligns with the notion that neurodevelopmental disorders are primarily, although not exclusively,
disorders of the frontostriatal system (Bradshaw 2001).

Similar to the cognitive theory of executive dysfunction, Minshew and Goldstein (1998) proposed
a neurobehavioral model specific to ASD, which describes it as a disorder of complex information
processing across multiple neuropsychological domains. Empirical studies supporting this model
have found that individuals with ASD perform equivalently to cognitively matched peers on simple
tasks, but exhibit impaired performances on more complex tasks within the same cognitive domain,
including the motor domain (Williams et al. 2006). Indeed, the complexity of motor tasks is suggested
as a critical factor influencing the overall performance in ASD (Green et al. 2009).

Weak central coherence theory proposes that in ASD there is a bias toward local processing over
global processing (Frith 1989). This bias is suggested to underpin difficulties with motor coordina-
tion and differences in motor sequencing styles (Booth et al. 2003; Fabbri-Destro et al. 2009).
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Importantly, weak central coherence is commonly interpreted as a difference or variation in cogni-
tive style, rather than a cognitive deficit, and is not necessarily a universal feature of the disorder
(Jarrold and Russell 1997; Happé 1999; Happé and Frith 2006). This reflects the common heteroge-
neity found in ASD and suggests that central coherence may be best interpreted from a continuum
approach (Happé and Frith 2006). Support for weak central coherence in ASD has been established
in some studies (Rinehart et al. 2000; Noens and van Berckelaer-Onnes 2008) but not in others
(Lépez and Leekam 2003; Hoy et al. 2004; Burnette et al. 2005).

Theory of mind (also referred to as mentalizing theory) refers to an individual’s ability to under-
stand the thoughts and feelings of others, that is, to understand one’s beliefs or mental states (Baron-
Cohen 2000). Theory of mind has typically been explored in relation to the characteristic social
impairments in ASD (Korkmaz 2011); however, it is also an important factor in regard to motor
functioning. Motor acts are typically performed in social settings and initiated in response to
other people’s actions (Schmidt et al. 2011). Furthermore, motor learning is often achieved through
observation and imitation. Understanding the social and emotional context underlying other people’s
behaviors will therefore facilitate an individual’s ability to engage with his or her environment in a
socially appropriate and meaningful way.

MOVEMENT ORGANIZATION AND SEQUENCING

Every purposeful motor act, such as throwing a ball, can be conceptualized as a sequence of discrete
motor units that give rise to an overall movement (Fogassi et al. 2005). The fluidity, accuracy, and
coordination of a movement are determined by an individual’s capacity to appropriately plan, mod-
ulate, and execute each stage of the movement sequence. In the initial stage of movement organiza-
tion, an individual plans his or her movement based on his or her intended action (Fogassi and
Luppino 2005). This requires an individual to accurately interpret and incorporate the underlying
goal and trajectory of the movement (Forti et al. 2011). After a motor program has been selected,
the execution phase ensues. During movement execution, an individual is consistently engaged in
the monitoring of his or her movement based on visual and proprioceptive feedback (on-line con-
trol), as well as past experience (off-line control) (Sosnik et al. 2009; Sacrey et al. 2015). At times,
an individual may need to correct and/or adjust his or her movement while it is being executed, and
this often arises due to errors in an individual’s initial motor plan, neuromuscular noise, spatial
errors, and/or changes in the environment (e.g., changing position of a target) (Forti et al. 2011).
This interplay between planning and control processes aims to optimize overall movement time
(Forti et al. 2011).

HOW DO CHILDREN WITH ASD SEQUENCE THEIR MOVEMENTS?

Upper-limb kinematic studies have consistently identified differences in overall consistency and
organization of movement (Mari et al. 2003; Glazebrook et al. 2008), despite an overall ability
to complete a particular motor act seemingly equivalently to age-matched peers. While atypical
motor sequencing and coordination of motor units is well supported by empirical research, the
nature of these difficulties is not well understood, and mixed findings regarding motor planning,
execution, and control processes are reported (Sacrey et al. 2015). In addition to the common lim-
itations associated with ASD research (heterogeneity and small sample sizes), this variability has
been attributed to differences in tasks, measurement, and participant groups (e.g., broad age range
and range of intellectual functioning) employed across motor sequencing studies (Glazebrook
et al. 2008; Stoit et al. 2013; Sacrey et al. 2015). For example, when considering studies of
motor control, each tends to employ different experimental paradigms that require an individual
to modify and reprogram his or her initial motor plan, such as incorporating visual distractors
(Dowd et al. 2010) or changes in end-point target characteristics (e.g., shape and size)
(Fabbri-Destro et al. 2009).
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Empirical studies have identified both atypical (Rinehart et al. 2006a; Dowd et al. 2012) and
spared (Forti et al. 2011; Stoit et al. 2013) motor planning abilities across both child and adult
ASD populations. Of those studies showing atypical planning profiles, movements in the ASD
groups have typically been characterized by longer and more variable timing in the initial planning
stages than in matched controls (Glazebrook et al. 2006, Rinehart et al. 2006b; 2008; Nazarali et al.
2009; Dowd et al. 2012). Poorer advanced planning has also been identified in precued tasks (Hughes
1996; Rinehart et al. 2001). Similarly, studies examining the execution phases of movement have iden-
tified equivalent motor execution in some instances (Rinehart et al. 2001, 2006a) but significantly slowed
execution time in others (Glazebrook et al. 2006, 2008; Nazarali et al. 2009; Forti et al. 2011; Stoit
et al. 2013). With regard to motor control, studies have consistently proposed impairments in on-line,
feed-forward control in children (Mari et al. 2003; Schmitz et al. 2003; David et al. 2012; Dowd et al.
2012; Papadopoulos et al. 2012a) and young adults (Glazebrook et al. 2006; Nazarali et al. 2009)
with ASD.

CAN MOTOR SEQUENCING PATTERNS IN ASD BE INTERPRETED IN THE
CONTEXT OF COGNITIVE THEORY?

Consistent with the broader ASD literature, there is increasing focus on the interplay between the
social, cognitive, and motor characteristics of ASD (Dowd et al. 2010; Papadopoulos et al. 2012b).
While these associations remain theoretically based, they encourage further research directly explor-
ing these links. Specifically, the approach to movement organization in ASD has been increasingly
interpreted within the framework of existing ASD cognitive theories. While none of these interpreta-
tions are considered to account for the neuromotor profile of ASD in isolation, they encourage an
alternative way of thinking about motor functioning in ASD using an integrative approach. This aligns
with the multiple-deficits model (Pennington 2006) and may ultimately influence a more well-defined
neuromotor profile, as well as more holistic and targeted intervention approaches.

When performing a motor act, an individual will typically incorporate the final goal or intention of
the movement into his or her initial motor plan (Fogassi et al. 2005; Cattaneo et al. 2007; Fabbri-Destro
et al. 2009). In children with ASD, studies have identified a failure to organize their movement in this
way and, rather, to adjust for the intention of the movement later in the movement sequence (Cattaneo
et al. 2007). Importantly, this indicates intact intention understanding (i.e., the ability to identify the
overall goal of the movement). This is further supported by the fact that these children are able to complete
the task accurately, albeit in a less organized and coordinated manner relative to age-matched peers. For
example, studies identifying intact motor execution have identified poor anticipatory action planning,
whereby children with ASD fail to incorporate visual distractors when planning, reprogramming,
and executing their movements (Hughes 1996; Rinehart et al. 2006b; Dowd et al. 2012).

Several interpretations have been identified concerning why individuals with ASD appear to orga-
nize their movement differently to typically developing groups. In line with weak central coherence
theory, children with ASD demonstrate a piecemeal approach to motor sequencing, whereby they
treat each motor unit or chain as an isolated sequence and/or each trial as a discrete entity (Fabbri-
Destro et al. 2009; Dowd et al. 2010; Forti et al. 2011). Specifically, there is a failure to incorporate
the final, global motor action into the initial motor plan (Booth et al. 2003; Fabbri-Destro et al. 2009).
This has been suggested to underpin difficulties with movement scaling (Glazebrook et al. 2006),
consistency across tasks (Glazebrook et al. 2008) and anticipatory or advanced planning (Hughes
1996; Rinehart et al. 2001; Mari et al. 2003; Dowd et al. 2012).

Movement differences have also been proposed to arise from executive dysfunction, possibly due to
impaired frontostriatal circuitry (Hughes 1996; Pennington 2006). Executive control has been proposed
as an essential feature required to perform a proficient, goal-directed movement (Hughes 1996). For
example, motor control is suggested to rely heavily on sensory integration, a process that is mediated
by attention and requires higher-order cognitive processing (Rinehart et al. 2001). Indeed, difficulties
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in planning and control processes have been suggested to reflect impaired use of external feedback
(e.g., visual cues) in ASD (Hughes 1996; Mari et al. 2003). Further to this, executive difficulties,
such as perseveration, poor planning, and an inflexible thinking style, have been proposed to underlie
some of the atypical motor sequencing observed in ASD, specifically difficulties with reprogramming
movements (Glazebrook et al. 2008; Dowd et al. 2012; Papadopoulos et al. 2012a).

Consistent with executive dysfunction and complex information processing theory (Minshew
and Goldstein 1998), an increased requirement for multilevel processing in a given motor task
may impact overall motor proficiency (Sacrey et al. 2015). While there is some support for the notion
that increased task difficulty is associated with greater motor planning difficulties (Hughes 1996;
Glazebrook et al. 2008; Fabbri-Destro et al. 2009; Nazarali et al. 2009), conflicting findings have
been reported. Most notably, a significant distinction between children with ASD and those with
and without a history of language delay was identified in a manual aiming task across three levels
of complexity. Level 1 was the most basic condition and involved no manipulation of the target
and an instruction to move toward the target, and level 2 involved manipulation of the target and a
similar instruction to move toward the target, whereas level 3 involved manipulation of the target
as well as instructions to move to the opposite side of the target. Interestingly, cognitively able chil-
dren with ASD showed equivalent motor planning difficulties across the three different task levels;
however, children with ASD without a history of language delay showed a trend toward more
impaired performance in the most simple task level, possibly reflective of kinesia paradoxa
(Rinehart et al. 2006a). These findings suggested that the severity of ASD symptoms and cognitive
ability may play a significant role in movement organization, particularly for motor planning.
Specifically, the authors noted that while children with ASD both with and without a history of
language delay may present with commonalities in functional motor impairment, the underlying
processes responsible for these difficulties may be distinct between groups. Indeed, discriminant
motor profiles have been reported in ASD groups with different cognitive ability, specifically
between cognitively able children with ASD and children with both ASD and intellectual impairment
(Mari et al. 2003; Green et al. 2009). For example, Mari et al (2003) identified impaired motor execu-
tion in children with full-scale 1Q scores below 80 but not in cognitive able children with ASD.

VISUOMOTOR INTEGRATION

Another significant, but often overlooked aspect of motor control is the contribution of vision and
eye movements to planning, accuracy, and timing of fine and gross motor actions. Motor actions
are heavily reliant eye movements to guide planning of movement trajectory, provide on-line infor-
mation about limb position in addition to proprioceptive evidence, and provide feedback about the
accuracy of the movement end point (Glazebrook et al. 2009). It is often stated that ASD is associated
with significant impairments in eye—hand coordination; however, ocular motor control is an often
overlooked aspect of motor function (Gowen and Miall 2005), and it is rare for the relationship
between eye movements and hand movements to be examined concomitantly in ASD.

Inaccuracies in eye movement may conceivably have detrimental, downstream consequences for
ASD, such as language acquisition, attention, or visuomotor coordination (Brenner et al. 2007). There
are several lines of evidence that support there being significant impairment to visuomotor integration
(Annaz et al. 2010; Takarae et al. 2014) and ocular motor control in ASD (Mosconi et al. 2013;
Johnson et al. 2013¢; Schmitt et al. 2014).

Eye movements serve to maintain objects of interest on the fovea, the region of the retina that pro-
vides the greatest acuity and color detection (Leigh and Zee 2015). Accurate eye movements are
essential for on-line regulation of fine and gross motor accuracy, in addition to proprioceptive signals,
and also for providing visual feedback to refine movement accuracy over the long term. Saccades are
semiballistic eye movements that shift the eye toward an object of interest, while smooth pursuit eye
movements help us to track moving objects, while either an object or ourselves (or both) are in motion
(Leigh and Zee 2015). These two main types of eye movements help us to plan actions and coordinate
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our whole-body movements, and give us visual information about our changing environment to
enable us to adapt our actions on the fly. There are a number of known visual processing and ocular
motor disturbances in ASD that are likely to impact these processes, which include impaired motion
detection (Manning et al. 2013; Takarae et al. 2014), inaccurate eye movements (Takarae et al. 2004a,
2004b; Johnson et al. 2012; Schmitt et al. 2014), and inefficient timing of ocular motor with fine
motor actions (Crippa et al. 2013).

Several studies have found that motion perception thresholds are much higher in ASD (Koldewyn
etal. 2009; Annaz et al. 2010; Takarae et al. 2014). Active, closed-loop pursuit requires updating from
visual area 5 (V5) to vermal lobules VI and VII. Gepner and Mestre (2002) explored postural reac-
tivity in response to visual motion, and similarly reported “visuopostural detuning” in children with
ASD, which is consistent with slower detection and updating of visual motion signals, and their inte-
gration with other motor systems. Bertone et al. (2003) found that motion processing was particularly
impaired when more complex motion stimuli were used, requiring higher-level visual integration.
This indicates inefficient integrative functioning of networks that mediate visuoperceptual processing
in ASD. Indeed, this is supported by recent functional magnetic resonance imaging (fMRI) evidence
from Takarae and colleagues (2014), who found that ASD showed greater activation and faster
hemodynamic decay in V5 (area MT), the region responsible for motion detection, when passively
viewing motion stimuli, yet reduced frontal and V5 activation when performing pursuit eye move-
ments. The results reveal that the mechanisms that give rise to disturbances in motion processing
and visually tracking a moving object are complex, and are likely due to intrinsic abnormalities in
V5 and disruption of frontoparietal ocular motor networks.

In addition to impaired motion perception, there are consistent reports that ASD is associated
with impairments in tracking moving objects. Eye movement tracking tends to be sluggish, as indi-
cated by reduced eye velocity relative to the target, and needing to make additional catch-up saccades
to maintain focus on a moving object. Numerous studies have now consistently demonstrated that
pursuit eye movements are disrupted in ASD (Takarae et al. 2004a, 2007, 2008, 2014). Difficulty
detecting motion, as well as impaired tracking of moving targets, may help to explain the reported
difficulties with aiming and catching skills (Johnson et al. 2012; Papadopoulos et al. 2012b); if
the ability to maintain eye movement trajectory with target trajectory is impaired, then this is likely
to be detrimental to planning appropriate timing and placement of the body and limbs for catching
a ball. Takarae et al. (2014) suggest that it is likely that a combination of bottom-up and top-down
factors mediate this impairment.

Saccadic eye movements, which are associated with attentional shifts and are coupled with planning
and initiating new attentional goals, are dysmetric in ASD. That is, although average saccade accuracy
is no different from that of controls, eye movements of individuals with ASD are significantly more
likely to overshoot or undershoot a target (Takarae et al. 2004b; Nazarali et al. 2009; Johnson et al.
2012; Schmitt et al. 2014). It is likely that saccade dysmetria would have important downstream effects
on the motor planning and refining accuracy of fine motor actions if the ocular motor and visual system
is unable to accurately and rapidly integrate visual cues from the environment, and provide feedback
on motor accuracy. Children with ASD also have difficulty utilizing visual information to correct
errors in motor accuracy over time (Mosconi et al. 2013; Johnson et al. 2013c).

Lastly, the ability of individuals with ASD to utilize visual feedback and integrate this with other
motor actions is also disrupted. As we move our limbs toward a target that we are looking at, visual
information is relayed back for adjustments to be made on line (Starkes et al. 2002; Crippa et al.
2013). However for very rapid movements, such as fine motor actions, it is rare for visual feedback
to directly monitor performance of the effector (the limb or joint), but rather, our visual system is
updating our motor system about global changes in the environment or stimuli we are interacting
with. Instead, however, the role of eye movements in guiding handwriting is to maintain overall
movement trajectory and monitor for errors in the writing. The study by Glazebrook and colleagues
(2009) directly examined eye and hand coordination simultaneously. They found that greater varia-
bility in ocular motor control was associated with greater variability in the end point of their fine
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motor (hand) movements, and longer response times. Crippa and colleagues (2013) also explored the
relationship between eye and hand coupling in ASD. Their findings indicated impaired synchrony of
eye and hand movements during a task requiring them to both look and point.

Although the research in this space has been relatively limited, they indicate that ocular motor
abnormalities in tracking both objects and fixed targets, impairment in utilizing visual feedback in
refining motor error, and successfully integrating eye and hand actions contribute to impaired
motor coordination in ASD. This is particularly relevant when evaluating motor tasks, such as hand-
writing, which are heavily reliant on intact eye—hand coordination and visual feedback.

HANDWRITING IN ASD

The following section offers a review of handwriting, which is well documented as a specific task that
children with ASD encounter difficulty with as a function of their overarching motor impairment.
Importantly, in school-aged children, handwriting represents an everyday, well-practiced skill that
becomes relatively automated by grade 3 (age 8) and has been shown to be important for academic
achievement and the development of social communication skills (Karlsdottir and Stefansson 2002;
Feder and Majnemer 2007). Assessment of handwriting therefore provides an ecologically valid and
clinically useful measure of motor proficiency in school-aged children.

In ASD, handwriting difficulties are commonly reported in school-aged children, and a high pro-
portion of these individuals are referred for occupational therapy intervention (Cartmill et al. 2009;
Rodger and Polatajko 2014). Handwriting is a complex and dynamic process that relies on the inter-
active processing of perceptual-motor and cognitive functions. Importantly, handwriting sequences
can be easily broken down to examine different aspects of movement sequencing, such as motor
planning and control, and can therefore illuminate which motor processes may underlie common
functional motor impairment observed in ASD populations.

Poor handwriting was first identified as a clinical feature of ASD in the original description of the
disorder by Hans Asperger in 1944. Clinically, it is common for children with ASD to be referred for
occupational therapy for fine motor difficulties, specifically relating to handwriting impairment. In
2009, a survey of occupational therapists in two districts in Australia found children with ASD com-
prised 40% of their caseload, with 86% these referrals related to handwriting difficulties and/or fine
motor impairment (Cartmill et al. 2009). Similarly in the United States, Church et al. (2000) estab-
lished that 58% of young boys with ASD in their study received occupational therapy intervention
for fine motor difficulties, including handwriting.

ASSESSMENT OF HANDWRITING PROFICIENCY

Historically, handwriting has been assessed using qualitative measures focused on the legibility of
writing, typically indexed by quality and speed (Volman et al. 2006; Rosenblum and Livneh-
Zirinski 2008; Kushki et al. 2011). While this has provided useful information about the overall
writing product, this approach has been criticized by its failure to identify where in the handwriting
process difficulties arise (Rosenblum and Livneh-Zirinski 2008; Falk et al. 2011). More recently, the
introduction of digitizer-based technology has provided the opportunity for quick, quantitative, and
objective measurement of handwriting processes, which produce precise and objective measures of
spatial and temporal features, as well as force, planning, and control of movement (Rosenblum et al.
2006; Di Brina et al. 2008; Falk et al. 2011).

FEATURES OF POOR HANDWRITING

Studies of handwriting in typically developing children have shown that poor writers produce more
variable movement profiles and a lack of spatial consistency than proficient writers (Smits-
Engelsman and Van Galen 1997). Poor writers have also been found to have larger trajectories, reduced
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smoothness of movement (poor letter formation), and neuromotor noise (Van Galen et al. 1993; Smits-
Engelsman and Van Galen 1997; Kushki et al. 2011). While faster movements are known to be
associated with poor handwriting quality and legibility (Smits-Engelsman and Van Galen 1997), incon-
sistent findings have been reported in regard to speed of writing. Indeed, poor writers have been found
to perform movements more slowly (Volman et al. 2006), more quickly (Karlsdottir and Stefansson
2002; Kushki et al. 2011), and more variably (Wann and Jones 1986) than matched controls.
Despite the high prevalence of handwriting difficulties in children with ASD, there remains a
dearth of studies characterizing these impairments and variable findings are reported. Similarly to
the broader ASD literature, studies are limited by their small sample sizes, heterogeneous clinical
presentations, differing inclusion and diagnostic criteria, and lack of uniformity between both tasks
and measures employed (e.g., task duration and cognitive and motor complexity) (Kushki et al. 2011).

CHARACTERIZING HANDWRITING DirricULTIES IN ASD

Distinct handwriting profiles have been identified in both ADHD and cognitively able ASD popula-
tions, both in comparison with each other and typically developing (TD) populations, suggesting that
the pattern of handwriting deficits evident in ASD may be unique to this population (Johnson et al.
2013a). While studies of handwriting in children with ASD are limited, they have identified difficulties
with poor letter formation and legibility of text (; Myles et al. 2003; Cartmill et al. 2009; Fuentes
et al. 2009; Kushki et al. 2011), more variable movement trajectories, and greater neuromotor noise
(Johnson et al. 2013b). While some studies have identified slow writing speed (Hellinckx et al.
2013; Johnson et al. 2013c), others have found no significant differences in speed compared with
matched controls (Cartmill et al. 2009). Similarly, while some studies have identified an impaired ability
in children with ASD to correctly size, space, and align their letters (Cartmill et al. 2009; Hellinckx et al.
2013; Johnson et al. 2013a, 2013b), others have reported no differences (Fuentes et al. 2009; Johnson
et al. 2015).

PRrReDICTORS OF HANDWRITING IMPAIRMENT IN ASD

Increasingly, attempts are being made to address the possible associations between general motor
skills, age, IQ, and handwriting performance. Indeed, within the broader ASD-motor literature, sig-
nificant differences in movement planning and execution have been identified between low- and
high-functioning groups (Mari et al. 2003; Glazebrook et al. 2006). Despite a lack of consensus,
studies have suggested that motor skills (Fuentes et al. 2009), perceptual reasoning (Fuentes et al.
2010), and age, gender, and visuomotor integration (Hellinckx et al. 2013) may predict handwriting
quality, whereas verbal comprehension (Johnson et al. 2013a), age, reading abilities, and fine motor
coordination (Hellinckx et al. 2013) may predict handwriting speed.

CAN HANDWRITING IMPAIRMENT BE EXPLAINED WITHIN COGNITIVE THEORETICAL FRAMEWORKS?

As explored earlier in this chapter, differences in motor planning and sequencing in ASD may reflect
the underlying cognitive styles thought to present in this population. Indeed, theoretical links have
been drawn between cognitive and handwriting styles in ASD in an attempt to characterize the
possible difficulties in their planning, sequencing, and control of movement. Smaller and irregular
spacing between words in cognitively able children with ASD was suggested to reflect a piecemeal
planning approach to movement sequencing, consistent with weak central coherence theory (Johnson
etal. 2013a). Indeed, this would differ from the global planning approach in typically developing chil-
dren who have been shown to plan their writing sequences in advance using syllables as functional
units (Kandel et al. 2006a, 2006b). Theory of mind has also been positively associated with writing
quality and text length in adults with ASD without a history of language delay (Brown and Klein
2011). While there remains a paucity of empirical data, theoretically, it seems plausible that the
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variable handwriting profiles identified in children with ASD may reflect differing cognitive, percep-
tual, and motor demands inherent within certain tasks. Indeed, Cartmill et al. (2009) highlighted the
significant overlay between cognition, perception, and action in their “sequential handwriting model”
developed specifically for an ASD population. In a recent study by Johnson et al. (2015), children
with ASD showed comparable sizing, movement consistency, and motor control relative to age-
matched peers in a simplistic handwriting task. Consistent with complex information processing the-
ory (Minshew and Goldstein 1998), this suggests that commonly observed handwriting difficulties in
ASD may be moderated by the cognitive (e.g., attention, working memory, and language) and/or
motor sequencing demands of a given task (Williams et al. 2006; Johnson et al. 2015). Further,
with increased demand on an already vulnerable motor system, increasingly complex tasks
(e.g., length and duration) may lead to greater fatigue of the muscular system and result in poorer
legibility and control of movement (Johnson et al. 2013a; Prunty et al. 2014). More empirical studies
focused on predictors of poor handwriting and establishing links between cognitive and handwriting
or motor styles are needed to further progress our knowledge in this field.

CONCLUSION

Motor functioning is a critical component of how an individual experiences and behaves within his
or her environment. In childhood, impaired motor functioning can impede opportunities for social
play and academic achievement, as well as reduce confidence and self-esteem. Over the past several
decades, there has been increased awareness that a significant proportion of children with ASD
experience atypical motor functioning compared with age-matched peers. This often translates to sig-
nificant functional difficulties, such as handwriting impairment, and requirement for therapeutic
intervention, such as occupational therapy.

As the current review highlights, there appears to be a close interplay between motor and cognitive
theory in ASD. There is a need to continue to understand motor functioning alongside the core social
and communicative symptoms to achieve a more integrative approach to both research and clinical
practice. Importantly, greater understanding of cognitive theory may assist in guiding evidence-
based approaches to treating motor difficulties in ASD. Currently, there is an absence of translation
between research and practice. Importantly, there is strong evidence to suggest that motor difficulties
in specific domains, such as handwriting, may be unique and therefore require different intervention
programs for TD individuals with similar functional impairment.

The current review demonstrates the value of assessing motor functioning within the framework
of a meaningful and practical motor task, such as handwriting. While there is consensus regarding
the presence of handwriting impairment in ASD, the nature of these impairments remains unclear
(Kushki et al. 2011). It remains to be determined whether the processes underlying handwriting
impairment in ASD are comparable to those seen in a purely dysgraphic population or if a distinct
profile exists. Indeed, the current literature does provide support for the latter (Johnson et al.
2013a). The introduction of digitizer-based technology provides a practical and objective method
of assessing handwriting in school-aged children and an opportunity to evaluate not only handwriting
styles and ability, but also the efficacy of intervention programs.

Overall, given the large proportion of children who experience motor dysfunction, developing
evidence-based motor interventions targeted at children with ASD appears to be an important goal
of future research. Additionally, as many families already seek intervention for motor impairment,
establishing the efficacy of existing treatments currently being used is critical.
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Concluding Remarks to Section |

Top-Down versus Bottom-Up
Approaches to Connect Cognition
and Somatic Motor Sensations

Elizabeth B. Torres

Chapter 3 highlighted the contributions of cognitive theories to autism research. The cognitivist ideas
reviewed in the chapter provide a fop-down approach to the possible relations between cognition and
movements. Despite its relevance to help us formulate questions regarding motor control differences
in autism spectrum disorder (ASD), the top-down approach tends to obstruct our ability to bridge
cognition and action in neurodevelopment. This is, in part, due to a reliance on descriptions of a
system that, although still young and growing, has already reached a steady-state rate of development.
The system of a 5-year-old child or that of a young adolescent is physically growing at a steadier pace
than that of a newborn baby. Indeed, the steady-state growth of a child stands in stark contrast to the
rapid rate of growth of the nascent nervous systems of a newborn baby. The latter is changing on a
daily basis at highly accelerated rates (Figure 1.1). To better appreciate this difference, consider,
for example, the rate of physical growth of a newborn baby. In 30 days, the body gains weight at
a nonlinear rate of change that varies from 0.02 kg/day to nearly no change to actual weight loss
in the first week (Figure I.1). If we were to apply such rates to the body of a 5-year-old child, the
changes would be, even overnight, so appreciable to the child’s brain that a total “recalibration” of
all bodily and sensory maps would be required for that brain to be able to control that body from
one day to the next. Indeed, Figure I.1c shows that the typical 5-year-old child (1825 days) changes
weight at a rather slower rate per day in relation to the newborn baby.

None of the theoretical cognitive attempts to describe motor coordination, motor sequencing,
or any type of inference about the actions of the child used to guess his or her mental states or the
mental states of others (i.e., as in theory of mind [Baron-Cohen et al. 1985]) would work in this rapidly
changing physical body scenario. Cognitive theories merely describe the observer’s perception of a
physical body in motion (i.e., producing behavior) without considering the evolution of the physical
parameters that intervene in motor control and the sensations that their consequences produce. They
describe an intermediate final end product of a body that reaches some stable configuration before it
goes on to another major physiological change (e.g., puberty). This semisteady state of being is only a
local window into more global developmental phenomena along the human life span. Zooming out of
this local window (as in Figure I.1 examining the changes in weight and their rates of change for the
first 5 years of life) underscores the fact that the cognitivist description needs to reconsider longitu-
dinal change using a nonlinear, stochastic lens, rather than a locally linear, static, deterministic one.

The cognitivist researcher describes the individual performing a socially oriented or purposeful
behavior that has already matured to some extent. The top-down inferences that cognitive theories
make about the functioning of the mind are not based on evolving physical bodies with embedded
evolving nervous systems, developing from the bottom up (Figure 1.2). As such, the cognitivist
could never see the need for understanding the mechanisms necessary to control a body in motion
as basic ingredients required to construct predictive behavior underlying the description of the
(presumed) mental intentions of others and their social consequences.

57



58 Autism

. 0.04
215 E
£ > 0.02
2 S o4 <
2 10 S £
c © =l 0
S 2 o2 §
% 30.11 A Q
5 500 10001500 -0.02
| Days
500 1,000 1,500
5 10 15 20 25
Days Days
a
N @ N (b)
0.04 A 0.04
= =
© ©
g 002 2 002
< x
S 0 S o0
[ [
= =
5| Q
-0.02 -0.02
500 1,000 1,500 100 102
Days log (days)
(o) (d)

FIGURE 1.1  The rate of change in weight is much more accelerated in the early days of the neonate than at
5 years of age. (a) The course of daily weight gain and its variability (inset) during the first 5 years of life show
the marked nonlinear nature of these processes. The body steadily gains weight around 5 years of age, but in the
first year of life the changes are accelerated. (b) Indeed, the baby gains an average of 0.5-1 kg/month for the first
6 months, but this rate slows down after 5 years (¢ and d). (d) Similar plot as (c) in log scale for better visualization.
The stars mark a critical point of change from positive to negative slope in the gain (rate). The triangles mark a
critical point of change in the generalized coefficient of variation (the estimated ratio of mean weight to variance)
separating males (cyan) reaching the point at 252 days from females (magenta) reaching the point at 224 days (almost
amonth earlier). (Data obtained from 26,985 breast-fed babies per summary point [13,623 females and 13,362 males]
available from public records accompanying the methods to produce the World Health Organization and Centers for
Disease Control growth charts (Reproduced with permission from Torres et al., Front Pediatr 4(121):1-15, 2016.)

The rather disembodied approach of the cognitivists’ theories fails to consider that the rapid
physical changes that a newborn baby experiences while gaining autonomy over the body are also
characterized by changes in the rates of growth of the peripheral nerves innervating the face,
trunk, and limbs (Figure 1.2). Such nerves ought to establish proper synapses to build networks
that effectively communicate activity from the end effectors back to the also fast-growing brain.
This brain will eventually have to develop deliberate autonomy over the body. Without this closed
loop properly in placed between the peripheral nervous systems (PNSs) and the central nervous
systems (CNSs), it will be very hard for the baby’s nascent nervous systems to self-discover control-
lable change, i.e., to self-discover a self-corrective code that enables the prediction of sensory
consequences from self-directed actions, i.e., beyond simpler stimulus—response associations.

Indeed, the error in the current conceptualization of cognitivist approaches is the disembodied notion
of cognition understood as an information processing digital machine (more recently attempting to pre-
dict or anticipate the future using, e.g., Bayesian inference and other machine learning methods [e.g.,
Yufick and Friston 2016] to try to define intelligence). The fact that self-produced movements continu-
ously affect our ongoing sensations is used by other contemporary approaches that have partly emerged
in response to the impossibility of the cognitivist theories to connect body and mind. The new approaches
(e.g., enacted cognition or embodied cognition [Varela et al. 2016]) try to bridge abstract thoughts to
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FIGURE 1.2  Sensory-motor maps, nerves, and ganglia across the body and face project to cortical maps. The
development of these underlying systems scaffold bottom-up and top-down interactions that enable subsequent
cognitive decisions and sociomotor behaviors.

physical action. Yet these views tend to operate in the “here and now,” whereby the sensory-motor loops
are conceived as directly dependent on each other’s currently experienced or enacted activity: the organ-
ism senses its self-produced motions and the self-produced motions affect the organism’s sensations. The
overall idea is in tune with the original principle of reafference by Von Holst (Von Holst and Mittelstaedt
1950), which we mentioned in Chapter 1: “Voluntary movements show themselves to be dependent on
the returning stream of afference which they themselves cause.” Without a doubt, the concept is a
powerful one, but to direct the sensory organs to optimally sample the external world for successful
purposeful and social behaviors, and to integrate that information in a timely manner with the contin-
uous internal flow of somatic motor information, the organism will necessarily have to be a step
ahead of the self-produced and self-sensed movements. Internal sensory-motor transduction and trans-
mission delays vary with the stimuli. These variations forcedly require anticipating the sensory-motor
consequences of impending actions, decisions, and thoughts. Compensating for such delays are among
the tenets of contemporary internal models for action (IMAs) (e.g., Kawato and Wolpert 1998; Wolpert
et al. 1998). However, such models have yet to provide appropriate statistical frameworks to track the
unfolding of these processes in real time, and to account for their neurodevelopmental evolution (as
discussed in Torres 2016). As in the above-mentioned cognitive approaches, the proposition of the
IMA refers to the by-product of a maturation process, a process already taking place within a steady-
state system. This formulation of the problem leaves out an avenue for the discovery of self-emergent
phenomena in the nascent nervous systems of the newborn infant, developing adaptable interfaces to
connect the fast-changing brain and body.

Throughout this book, we will introduce the notion of measuring, through the multilayered histori-
city of self-produced biophysical rhythms, the very sensory consequences that impending activity
may have on the organism’s experience of the world. It is our proposition that the evolving balance
between this uncertainty of predicted consequences and the self-confirmation the developing organ-
ism attains over time is what forms the self-discovered notion of cause and effect. This important
notion in turn leads to body ownership and agency, required ingredients to bridge physical volition
to the type of mental intent that the above-mentioned cognitivist, enacted cognition, and neuromotor
control approaches already take for granted.
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The emergence of motor intent and its mental formulation require a maturation process that we
can witness surfacing in the neurodevelopmental arena of a newborn infant (Torres et al. 2016).
Part of this process includes attaining a proper balance between the actual consequences of the actions
and those that the organism learns to predict from both spontaneous activity and active trial-and-error
statistical sampling. When successful, these processes are then conducive of neurodevelopment
oriented to embed the social medium in the organism’s nervous systems and to project the organism’s
nervous systems’ signatures onto the social medium. Such a mapping, when attained, leads to social
life, whereby the organism becomes an integral part of the collective and the collective embraces the
organism as one of its kind. When these evolving processes fail to occur, or when they derail, we
come to witness impairments in social interactions between the organism’s nervous systems and
the social environment, but such impairments (as in the case of ASD) develop as well between the
social environment and the organism’s nervous systems, which the social medium fails to embrace.

We close this section of the book with the proposition that a bottom-up approach to neurodevelop-
ment at the early stages may be more appropriate to capture the dynamic and variable nature of the
nervous systems in transition to deliberate autonomy of the brain over the body (Figure 1.2). Indeed,
the emergence of an intentional brain that finds a way to deliberately control the body at will, a body
that it gradually learns to own, may be better captured with methods that first track this emergent
property from the periphery (Torres et al. 2013, 2016; Brincker and Torres 2013). The question
then is how the autonomic nervous systems contribute in the early stages of life to the eventual
maturation of the cognitive systems that these fop-down cognitivist theories make reference to?
How are affect, emotion, and logical reasoning gradually acquired, maintained, and modified through
sensory, somatic motor loops?

To begin this line of inquiry, we need tools, and new data types, to quantify change, its rate, and
the relationship between physical growth and the emergence of the balance between autonomous
and voluntary neuromotor control (e.g., Torres et al. 2016). The quantification of such change in
the organism as part of a group, and of the group as a whole operating organismic entity, is a new
challenge for the social sciences to explore. In the next sections, we invite some thoughts along
these lines in view of the critical need for early detection of stunting of neurodevelopment at large
and of the consequences this may have for social exchange.
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Chapter 2 closed with the question, is it time for a new model of autism spectrum disorder
(ASD)? The psychological and psychiatric constructs defining ASD today describe issues
with social interactions in very narrow ways. The methods of inquiry about social and cognitive
issues are more an art than a science. They have turned into a stumbling block in scientific
advancement, preventing progress toward the discovery of possible causes linking early sen-
sory-motor issues in neurodevelopment with differences in social exchange that emerge later
in life. This chapter uses a seemingly simple social encounter to illustrate how, by adopting dif-
ferent perspectives, one can better appreciate and objectively quantify the complexity of the
social dyad. Using the hypothetical accounts of a behaviorist, a physiologist, and a computa-
tional neuroscientist as they each describe the same encounter, we show that indeed there is
more than meets the eye.

INTRODUCTION

Our physical bodies are in constant motion from conception. Even when we are seemingly at rest, our
heart is beating, our lungs breathing, and our physiological systems are processing all sorts of elec-
trochemical reactions involving, among other measurable biophysical processes, the transduction and
transmission of information across many layers of our nervous systems. And yet, at rest all these
motions occur largely without our awareness. We do not see them, and as such, we do not describe
them as part of our movements; we do not associate them with what we more generally call behavior.
The continuous stream of minute fluctuations in our subtle inner motions, together with our overt
actions, may have a profound impact on how we behave, socially or otherwise. Certainly, if you
have a stomachache caused by a bad chemical reaction from some spoiled food you ate, you
would not be talking about poetry or concocting some clever joke to amuse a crowd of friends.
Most likely, you just rather be left alone until it passes.
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FIGURE 4.1  Extraction of micromovements is possible across different biophysical signals from physiologi-
cal states registered in different body parts using wearable sensors. (a) Taxonomy of control levels involving
different layers of micromovements mapping to different stochastic signatures. (b) Division of labor from early
infancy during neurodevelopment impact different somatic motor networks in the face- and body-relevant dimen-
sions of the social axes. (Reproduced with permission from Torres, E. B. et al., Front. Pediatr. 4:121, 2016.)

It must be terrible to not have that option, for example, as when having the physiology of your
nervous systems in some continuous state of disarray that confines you to a lonesome existence in
such a way you do not even realize, while others around you—perhaps unintentionally—interpret
it as your being “antisocial” or having “low empathy.” Conceivably, if they knew of your actual phy-
siological state of disarray, they would try to assist you. But how would they know that your physio-
logical systems are out of whack? They cannot see that in any way, unless they wore some kind of
“special glasses” allowing them to see beyond what their naked eyes can naturally capture.

The minute fluctuations that occur in the motions that are sensed throughout the nervous systems
can be measured with contemporary instrumentation and provide new lenses into subtle nervous sys-
tems’ phenomena. We have coined the waveform representing these fluctuations in biophysical
thythms micromovements (Figure 4.1 and refer back to Chapter 1), as we extract them from bodily
and mental rhythms and turn them into quantifiable data output by the nervous systems of the person.
Paired with proper analytics, the micromovements can provide a new kind of special glasses to see
beyond the obvious and inform us of central nervous system (CNS) and peripheral nervous system
(PNS) interactions. To illustrate their use, let us first walk through a simple social situation as
described by different (hypothetical) researchers, and then examine some social dyadic interactions
using the micromovement perspective.

DISSECTING A SOCIAL ENCOUNTER THROUGH THE EYES OF DIFFERENT
RESEARCH AREAS

Let us attempt to deconstruct the social encounter depicted in Figure 4.2. The encounter in question
takes place between two people who may have seen each other once before. Through the length of
time they sustain eye contact as they approach each other, they may admit to each other recalling
their first fortuitous encounter sometime in the past, or they may right there and then decide to
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FIGURE 4.2 Genesis of a brief social encounter. Two fellows walking toward each other recognize their
acquaintance from the distance and try to discern whether the other person is willing to admit to this mutual mem-
ory and engage in a brief social exchange, like a salutation and small talk. Body language involving sustained eye
contact and facial microexpressions, including a smile, may give away the mutual willingness to stop, shake
hands, and say hello. Alternatively, even a brief gesture like turning the body away from the interlocutor’s
body midline and avoiding eye contact, perhaps accompanied by spontaneous (flat) facial microexpressions
denoting an unwillingness to engage, will determine the fate of this brief encounter.

make the eye contact so brief that there is no ambiguity in their unwillingness to proceed with a social
exchange. Notice here that this is a deliberate decision, rather than a spontaneously occurring event.

If their eye contact was sustained long enough to go on with the social exchange, they may further
provide mutual evidence for their willingness to proceed by orienting their body toward each other
and extending their hands to prompt a handshake—we will safely assume here that this is an accep-
table social form of salutation in the culture where these two individuals developed. And finally, they
will execute the handshake and say hello to each other, perhaps going on to initiate some social chat.

This is a very hypothetical situation. We shall dissect that social encounter using the lens of a
researcher whose area of expertise has to do with social behaviors, another researcher whose area
of expertise focuses on the physiology of the nervous systems underlying that social behavior, and
yet another view through the lens of a researcher whose area of expertise is modeling the types of
sensory-motor integration processes and sensory-motor transformations that may underlie that social
behavior through the use of mathematical and computational tools.

Finally, let us examine examples of dyadic social interactions using a research program that inte-
grates all three accounts through an interdisciplinary collaborative approach.

BEHAVIORIST ACCOUNT FROM A PSYCHOLOGICAL PERSPECTIVE

To study this seemingly simple social exchange, the behavioral psychologist will most likely draw a
discrete set of events and assign a discrete (ordinal) scale to each event unambiguously detected by the
naked eye. The account may go as follows (for example): (1) eye contact, (2) smile, (3) handshake,
(4) word exchange (“Hello!”), and (5) initiate chat. Each one of these five events may have a subscale,
say from 1 to 10, with 1 signifying poor and 10 excellent, and some other considerations in between.
The researcher will go on and collect data on each of these events (1-5) according to each of the
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numbers coded by hand to “quantify” the overall behavior. The behaviorist may then use traditional
statistical tools and analyze the cross-sectional data by averaging scores across large numbers of sub-
jects. This will build a normative data set with the potential to help identify atypical patterns in the
future based on what is “normally” expected in such a social encounter (as defined by the inventory).
Examples of such approaches abound in the fields of clinical psychology and psychiatry. In fact,
these types of structured inventories are commonly used to gather criteria to diagnose disorders
that involve social deficits as mental illnesses, as well as to treat them through behavior-reshaping
methods or prescribed psychotropic medications (Lord et al. 1989, 2001; Lord et al.; American
Psychiatric Association 2013). Notably, none of these clinical inventories ever characterized norma-
tive data, so they feature absolute ordinal values of some arbitrary scale. As such, they are not prop-
erly standardized.

PHYsIOLOGIST ACCOUNT

The physiologist will set up high-grade instrumentation using a variety of sensors to register signals
throughout the nervous systems. Today’s technological advances allow for noninvasive methods
of data registration. Using contemporary (e.g., wireless) instrumentation, the physiologist will
attempt to continuously register every detail of this exchange. She may track the eye motions to assess
the length of time on a millisecond timescale that person-to-person foveation was sustained, quantify
the saccades and the smooth pursuit eye motions throughout the exchange, and record (for example)
heat activity from the facial muscles using thermal cameras strategically positioned to capture various
facial configurations and detect universal signatures describing microexpressions of the face (Ekman
and Rosenberg 1997). Then these data will be used to automatically infer possible emotional states.
The physiologist may also record neck motions (perhaps with wearable inertial measurement units
and wearable electromyographic sensors). Neck position and orientation will reveal trajectories of
the head in the body, and eye tracking technology will reveal the position and orientation of the
eyes in the head. This information will enable assessment of the system’s use of different frames
of references during sensory-motor transformations required in simple goal-directed saccades and
hand motions. Simultaneously, bodily rhythms from all movable joints will also provide important
information from each individual in the dyad and from their interactions as the multiple degrees of
freedom in both participants coarticulate and the synergies dynamically fall in and out of synchrony.
As the bodily rhythms fluctuate, so do the speech rhythms that the physiologist can record with a
microphone.

The speech, generated by the sensory-motor apparatus from orofacial structures, will provide a
rich body of data to—in concert with the face data—further help assess emotional components of
the encounter. Likewise, sensors coregistering electrocardiograms and electrodermal activity
(EDA) will provide several layers of data to assess inter-beat-interval time variability and to help esti-
mate sympathetic and parasympathetic states of the autonomic nervous systems, along with skin sur-
face temperature, respiration patterns, and other physiological signals.

This formidable amount of data will then be analyzed under a variety of statistical frameworks,
machine learning and pattern recognition algorithms that will permit the physiologist to unveil
easy-to-interpret self-emerging patterns. Such patterns will have statistical power because very likely
the sensors have high sampling resolution and collect a large number of measurements for each
motion parameter of the eyes, face, speech, neck, head, body, and limbs. To help the interpretation
of the results, it is very likely that the physiologist will aim at mapping functional outcomes to ana-
tomical structures along the nervous systems. This will help her situate the results in relation to known
neuroscientific principles and add new information to that body of knowledge. As the behaviorist, the
physiologist will try and collect all the data in neurotypical individuals in order to create a normative
set to reference atypical patterns to. This concert of multi-sensory-motor data will provide the under-
pinnings of the behaviorist’s account and further reveal information that escapes the naked eye. At a
glance, the account of the social encounter by the physiologist seeks different layers of understanding
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from that of the behaviorist. Yet they are not at odds. They just study phenomena using different
lenses and as such can provide different levels of description and interpretation. Without a doubt,
both accounts are important, but to understand the underlying neurophysiology of the social encoun-
ter, the behavioral psychologist account falls rather short.

CoMPUTATIONAL NEUROSCIENTIST ACCOUNT

The behaviorist’s approach affords many possible interpretations and open-ended questions about
this social encounter. It serves as a brainstorming phase of a research project, perhaps to begin for-
mulating high-level questions about possible principles ultimately governing the encounter, with
the caveat of never considering some of the phenomena that take place beneath awareness. The phy-
siologist’s approach, however, can provide the type of data conducive of objective criteria to comple-
ment, help verify, or expand the hypotheses that the behaviorist may formulate solely based on the
obvious phenomena one can consciously perceive. Arguably, the above-described behaviorist’s
approach is often handcrafted to accommodate a priori defined criteria conforming to socioeconomic
constraints. In the context of autism, these may include the availability of treatments (e.g., early inter-
vention programs in the United States) or criteria for insurance coverage of prescribed psychotropic
medications (also in the United States). The physiologist’s approach can instead be centered on the
patient to help provide outcome measures of physiological performance, so as to track the effective-
ness or risk of treatments on the nervous systems of the patient, but also to help science develop new
ways to uncover principles of the nervous systems’ functions.

There is a third set of criteria to help dissect the social encounter in Figure 4.2. This involves that of
a computational researcher. Here the goal is to go beyond hypothetical guesses or massive data gath-
ering so as to analytically simulate aspects of the behavior potentially present in the encounter. The
modeler will be able to obtain, via computer simulations, theoretical bounds on the data parameters
empirically generated by the behaviors taking place during the social encounter. Once the simulations
and boundary conditions are determined, the computational researcher can empirically verify para-
meter values from sensors directly measuring nervous systems’ outputs that fall within typical or aty-
pical ranges.

These analytical simulations will make predictions that the computational researcher will try to
empirically challenge so as to be able to modify the model and make it as biologically plausible as
possible. For example, visual processing by individual A of the approaching individual B is very com-
plex to model, but current computational models of motion perception and motion recognition can be
used to predict whether the motion is biological (Lange and Lappe 2006), as well as to predict the time
to contact between the two approaching individuals (Lee 1980). Further, the modeler will have to
address differences between biological motions of humans and nonhumans in order to flag that the
encounter about to occur is likely to be with another person.

To assess the identity of the approaching individual B, the modeler will have to design the study of
the processes following the above-mentioned highly complex visual recognition task. This will also
include facial recognition and recognition of emotional states (Zhong et al. 2015). As individual B
approaches observer A, a series of distance-based estimation will have to take place to assess the
unfolding dynamics of motion and the time to close the gap of the encounter (Lee et al. 1999,
2001). These estimations will be required to transform the external retinotopic-based signals into
internal kinesthetically based representations (Zipser and Andersen 1988; Torres and Zipser 2002).
Such transformations from sensory to motor sensing coordinates will enable individual A to discern
(1) the speed of the approaching person B, (2) an estimation of the awareness of the approaching per-
son B about observer A, and (3) an estimation of the willingness of the approaching person B to facil-
itate or halt the encounter.

Models of facial recognition and recognition of emotional content in facial expressions (Ekman
2007) will necessarily have to be combined with models of foveation (Itti et al. 2005) and saccadic
(Robinson 1973; Sparks and Mays 1990; Ron et al. 1994; Sparks 2002) and eye pursuit (Lisberger
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etal. 1987) motions so as to assess the likelihood that individual B will want to engage in a brief saluta-
tion. Assessment of that willingness entails probabilistic models to make predictions and gain confir-
mation of those predictions with variable degrees of certainty (Friston 2012a, 2012b). Most likely, they
will entail Bayesian estimation models and neuroeconomic models of decision making (Glimcher and
Fehr 2014). These models will enable balancing possible outcomes of anticipatory codes upon iden-
tification of “human individual whom I may have seen before is moving toward me.” These may
include “Should I sustain eye contact and say hello? Or should I turn my body and my face away
from the incoming direction to give the signal that the brief encounter is not desirable at my end?
What if I am OK with the encounter but the approaching party is not?”” among other possibilities.

GUESSING MENTAL STATES OF THE OTHER PARTY IS HARD
AND HIGHLY SUBJECTIVE

The computational researcher would need additional simulations to represent person A modeling pos-
sible mental states of the incoming person B. But unlike the portion of the decision-making process
directly based on the person’s internal sensory integrations and forward-and-inverse transformations
to arrive at the conclusion of “I will willingly facilitate this encounter,” the other set of integrations
and transformation processes to estimate whether the other party B is interested in the encounter will
be totally subjective and based on theorizing constructs about the other person’s mind. That is, self-
based assessments have the objective element of directly sensing, predicting, and inferring future
actions and their sensory consequences based on one’s own physical body and mental experiences.
In marked contrast, when such assessments are based on the guesses of what the external stimuli (per-
son B) may want to do, they carry large uncertainty. That externally based estimation process is far
more difficult than the previously mentioned internally based process. And that level of uncertainty
must be terrifying to a nervous system that cannot resolve such ambiguities internally in the first
place, so as to anchor the world to a proper self-frame of reference. Without a frame of reference,
all relative computations necessary to estimate distances and error correction codes will be impeded.
Importantly, if supporting peripheral information necessary to help distinguish signal from noise is
also compromised, the person will not be able to make timely decisions either. We will return to
these aspects of the problem shortly for the cases of neurodevelopmental disorders on a spectrum,
as they give rise to atypical social exchange. In this sense, conclusions about social deficits are
currently reached without objective assessment, much less computational analytics of the types men-
tioned above. They are based on theoretical guesses about the other person’s mental states, employing
data-gathering techniques that are plagued with confirmation bias, severely incomplete due to the nat-
ural limited processing and information transmission capacities of sensory systems, and built on a
foundation rather characterized by the accumulation of “scientific” evidence using a paradigm that
does not admit to any of these caveats in the first place.

In the context of actual human social exchange, it is truly remarkable that despite the high uncer-
tainties of mental theories people have about others, these types of social encounters take place. If one
were to be conservative about possible outcomes and try to minimize uncertainty, most such social
exchanges would not happen. And yet, they do happen. Implicitly, the nervous system takes such
risk, an intriguing feature that may be possible to model using the neuroeconomics framework to bal-
ance error-driven versus reward-driven decision-making processes.

On this note, an entire subfield of psychology devoted to “theory of mind” (ToM) emerged some
time ago (Baron-Cohen et al. 1985; Perner et al. 1989). In due time, this psychological construct also
found a brain network seemingly devoted to ToM using the functional magnetic resonance imaging
(fMRI) framework (Saxe and Kanwisher 2003), a framework that (sadly) shapes almost entirely the
field of cognitive neuroscience. The fundamental flaws of the analytical techniques employed in this
field and the interpretations of the handcrafted stories that emerge from their use and abuse have been
eloquently described in various publications (Deen and Pelphrey 2012; Eklund et al. 2016). Yet, just



Dissecting a Social Encounter from Three Different Perspectives 69

as people in social encounters take the risk of guessing the mental states of others, so does the scien-
tific community of cognitive neuroscience. They risk being wrong while making inferences on
incomplete data and guessing their interpretations of how the brain may work out such complex social
dynamics. Unfortunately, there seems to be more reward in the immediate outcome of publishing
many papers under some black-box approach to data analyses, or gaining peer recognition and sub-
sequent fame, than in unveiling basic principles with explanatory power. Perhaps being more conser-
vative in the interpretations of those a priori handcrafted results will help open new questions, given
that current questions are based on theoretical assumptions that for the most part, have not been
empirically verified.

One of the problems here is that such bad science has had a direct impact in the lives of those
affected by neurodevelopmental disorders that eventually affect social interactions. The claimed
“hallmark™ of cognitivists that the autistic person lacks a ToM is rather unfair. Likewise, the claims
of their lacking empathy, being antisocial, and more generally purposefully lacking any type of inter-
est in social exchange are rather troubling given that they are based on ordinal data from rather biased,
made-up inventories that follow a self-fulfilling prophesy paradigm (Baron-Cohen et al. 1985;
Leekam and Perner 1991; Sicotte and Stemberger 1999). Upon examination of the biophysical
rhythms output by the nervous systems of the person with an observational diagnosis of autism spec-
trum disorder (ASD), we have learned that the statistical approaches and methods used in the above-
mentioned body of work are severely incomplete and fundamentally flawed. And yet, in the absence
of a neutral observer to reexamine such methods in light of new empirical evidence, such theories
continue to be based more on art than science. They continue to have a negative impact in the
lives of those families and contribute to the alienation and social rejection of the person affected
by these heterogeneous sets of conditions.

Unlike the observational behaviorist and the guessing cognitivist, the computational modeler will
have several additional layers of complexity to simulate once the encounter in Figure 4.2 takes place.
Such simulations may involve, among other aspects, the neuromotor control of the face and body.

The face-body complex has well over 700 degrees of freedom (Evans 2015), including muscles,
joints, and end effectors to carry out the necessary actions in this seemingly simple social encounter.
How is the audiovisual information capturing the motions of the other person to be mapped onto the
body of the viewer such as to create proper targets to spontaneously recruit and coordinate bodily
joints and muscle groups? How can the potential affordances of the upcoming theoretical situation
be anticipated to effectively steer the other person’s attention (rather willingly) to our own desired
outcomes? Seemingly trivial nuances could prematurely dissolve the potential social encounter.
Among these are the tones of voice, speed and rhythms of the speech, inevitable facial expressions
or bodily motions that fall largely beneath the person’s awareness to be able to control them, and
poor estimation of interlocutor distances.

A computational researcher trying to model the situation in Figure 4.2 would have to necessarily
design various architectures considering hierarchical structures to cover multiple possible scenarios
involving many layers of explicit and implicit information. Among these are cultural nuances (e.g.,
while Italians gesture abundantly during social exchange, and may speak simultaneously and loudly
among a group, these practices would all be considered socially rude in British culture; likewise,
many Asian cultures would consider it rude to look into the eyes of the interlocutor, whereas this
is expected in U.S. culture, to the extent that not doing so is considered pathological).

Upon deploying computer simulations based on mathematical models of these multiple layers of
interrelated motions from the eyes, the face, and the mouth (generating speech), accompanied by bod-
ily rhythms, and so forth, the computational scientist would have to come up with proper models for
entrainment and spontaneous versus controlled desynchronization of these elements. These would
have to be designed in order to capture self-emerging nonstationary fluctuations during the exchange
interleaved with steady-state segments. Such simulated behavior will have to give rise to multiple
layers of temporal dynamics, as these are a hallmark of realistic social exchange. Indeed, concomitant
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processes will have different temporal scales demanding different strata of physical and mental
dynamics with dynamically shifting priorities during the potential brief exchange to take place.

Designing models of motor control to simulate the motions of one single person has been an extre-
mely difficult problem in computational motor neuroscience. Designing models of dyadic social
exchange will surely be much more difficult. And yet, some aspects of sensory-motor transformations
and the continuous internal dynamics of bodily actions may necessarily transfer to the dance of the
social dyad. In particular, an attempt has been made to translate the notions of internal models for
action (IMAs) from an individual system to a dyadic interaction setting (Wolpert et al. 2003), but
the oversimplifications and assumptions of that proposed model are much too stringent to allow
for a realistic outcome in typical scenarios, much less to capture critical aspects of atypical social
exchanges.

INTEGRATING ALL THREE ACCOUNTS TO ExPLORE DEEPER LAYERS OF DETAIL

In an ideal world, the behaviorist, the physiologist, and the computational neuroscientist would join
forces and try to integrate all three accounts under some unifying framework. Interdisciplinary col-
laboration is not always easy, though. More often than not, each body of knowledge is built indepen-
dently. Integration of knowledge may be a challenge when an atypical nervous system is under study.
It may take some time before multiple disciplines can unanimously agree on how to gather data to
form a normative model. Then it may be even more challenging to gather data conducive of automa-
tically unveiling systematic differences from normative data and to propose logical explanations
based on first principles.

This section of the book provides different accounts from a behavioral-psychological perspec-
tive, a physiological characterization of behavior, and a computational approach to simple problems
embedded in social exchange. These accounts are by no means exhaustive. They serve as mere illus-
tration of the formidable complexity we scientists face when studying social phenomena.
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The previous chapters have begun to outline the power of utilizing kinematic analysis as a route
to noninvasively profile levels of neurophysiological control, while illustrating the potential
role of the “movement perspective” in autism. Specifically, these chapters intimate the cascad-
ing effects of this level of control on higher-level functions, such as cognition and social skills.
This chapter aims to further discuss and elucidate what underpins our conceptualization of social
skills—a key area of inquiry in autism spectrum disorder (ASD) research—and the potential role
of sensory-motor control.

WHAT ARE SOCIAL SKILLS?

As a fundamental element of autism spectrum disorder (ASD) symptomatology (American
Psychiatric Association 2013), social skills have long been a focus of ASD research and intervention
programs (White et al. 2007). Yet our definition and understanding of social skills is complex and
diverse, reflecting the subtle nuances of the social world in which we live. Social skills refer to the
ability to navigate the social environment through interactions with others. We are primed for such
interactions from birth, with a preference for the human voice and face (Fantz 1961; DeCasper
etal. 1994). However, as altricial organisms we are also born unable to formulate and engage in verbal
communication—initially interacting with our surroundings and others using physical motor
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behavior. Indeed, motor behavior, as a form of social communication or skill, continues past the
acquisition of verbal language—accounting for a disproportionately large amount of human commu-
nication (Mehrabian and Ferris 1967; Mehrabian and Wiener 1967). As such, social skills consist of
both verbal and nonverbal (motor behavior) forms of social interaction.

Through verbal and nonverbal social interactions, members of a dyad influence each other at two
distinct levels—content and temporal interdependence (Figure 5.1). While content interdependence
involves each member influencing the substance and outcome of an interaction, temporal interdepen-
dence refers to the timing and response of interactions—the “social dance.”

These forms of interdependence can be deconstructed further to encompass macro- and microlevel
analyses (Figure 5.2). Macrolevel behaviors are readily identifiable using observational data via stan-
dardized tools. Indeed, the use of communicative gestures and the concept of “turn taking” provide
macrolevel measures of content and temporal interdependence, respectively—measures used within
the fields of clinical psychology and psychiatry to profile social dyadic exchange. While these macro-
level behavioral outcomes are underpinned by microlevel fluctuations in content and temporal inter-
dependence, a reliance on behavioral observational data lacks the precision to quantify this
scaffolding layer. An inability to deconstruct performance to consider microlevel variability thus arti-
ficially limits our computational understanding—and the etiological model—of dyadic exchange.
Indeed, this “dark matter” of neuroscience remains largely illusive, a difficulty that is particularly
evident in the examination and consideration of ASD.

Interaction
- —— -
Level 1 Level 2
Social dialogue: Social dance:
Content interdependence Temporal interdependence
for understanding for cohesiveness

FIGURE 5.1 Schematic of an interaction illustrating the two levels of interdependence characterizing exchange.

Level 1 Level 2
. Social dialogue: Social dance:
Information Content interdependence Temporal interdependence
exchange for understanding for cohesiveness
Levels of exchange | Macro-level Micro-level Macro-level Micro-level
and analysis

FIGURE 5.2 Schematic illustrating further deconstruction of content and temporal interdependence to macro-
and microlevels of exchange.
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SOCIAL SKILLS IN AUTISM SPECTRUM DISORDERS

ASD is an umbrella term for a spectrum of disorders often characterized by impaired social and cog-
nitive ability. This spectrum is further compounded by the heterogeneous nature of ASDs, with no
individual displaying a similar makeup of symptoms. Reflecting this complexity, ASD has no
known etiology, resulting in an interpretation and classification within the fields of psychiatry and
psychology. As a field of study, psychiatry serves a clinical purpose, facilitating the timely provision
of diagnosis and treatment. As such, this area often relies on the use of easily administered inventories
that utilize subjective interpretation of reported symptomology and observed behaviors. These beha-
viors are typically classified using standardized tools of social interaction—at the macrolevel of
exchange. However, the scientific endeavor endorses the use of a detailed, thorough methodology
that can provide replicable results and insight into underlying etiology. Unfortunately, such standar-
dized tools lack the precision to objectively profile macro- and microlevels of social interaction to
enrich our understanding of social exchange, or lack thereof, from a computational perspective.
Many individuals with ASD are often considered unfazed or disconnected from others within their
social environment. Conversely, others may appear distressed and unsettled. This dichotomy may
be a by-product of the individual’s response to social sensory information. Through the examination
of microlevel fluctuations and interactions across a social dyad, levels of unconscious coupling at the
content and temporal levels may be revealed—and viewed in light of sensory context. Indeed, recent
evidence suggests that individuals prepare to “mirror” the actions of another’s contagious social
response before they are consciously aware of this (Lundqvist 1995)—a microlevel beyond the
scope of subjective reporting or behavioral observation. Thus, it is proposed that an examination
of social interaction at both the macro- and microlevels may facilitate a richer computational under-
standing of social dynamics in individuals with ASD. This insight may further facilitate an under-
standing of how best to design and develop therapeutic intervention for a range of disorders—within
the remit of “precision psychiatry.”

This chapter thus conceptualizes social skills as a form of interaction, mediated by both content
and temporal interdependence across a dyad. Focusing on nonverbal communication (i.e., motor
behavior), these concepts are discussed in light of developmental theories and underlying etiol-
ogy, facilitating the design of a computational model of social skills. In addition, the chapter high-
lights the neglected role of microlevel temporal interdependence in the understanding of social
dynamics. Specifically, the limited ability of current theories and discrete methodologies to exam-
ine and profile temporal interdependence during naturalistic social exchange—due to difficulties
in objectively profiling this level of interaction—is illustrated. A new model that considers motor
behavior as a form of continuous sensory feedback is proposed—and expanded upon in Chapter 7—
broadening our understanding of social development and interaction. Discussing new methods to
examine macro- and microlevels of content and temporal interdependence, through the use
of empirically derived continuous data, the routes to profile social interaction are diversified
and objectified.

THE ORIGINS OF SOCIAL SKILLS
SociAL DiALoGUE: CONTENT INTERDEPENDENCE

The development of social skills begins in early infancy. As discussed in Chapter 6, one of the earliest
forms of interpersonal interactive ability is infant imitation—the ability to mimic or repeat an action
of another. This form of content-interdependent social behavior is complex and can take many forms,
including manual and facial imitation. Basic imitation can be elicited from newborn infants as young
as 32 hours old and provides the foundations for social knowledge, learning, and communication
(Hanna and Meltzoff 1993; Sebanz et al. 2006; Bekkering et al. 2009). This early imitative ability
has been further considered central to the development of a theory of mind (ToM) (Baron-Cohen
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et al. 1985; Rogers and Pennington 1991)—an influential cognitive perspective first coined by
Premack and Woodruff (1978).

ToM, the ability to infer separate mental states in others, is considered a cornerstone of ASD
developmental difficulty (Baron-Cohen et al. 1985). Coupled with the fact that social difficult
form core elements of ASD symptomatology, it is perhaps social difficulties forming core elements
of ASD symptomatology, it is perhaps unsurprising that imitation has been extensively examined
in ASD research. Evidence repeatedly points to difficulties with imitation in individuals with ASD
(Smith and Bryson 1994; Williams et al. 2001; Vivanti and Hamilton 2014), which is thought to
then contribute to the underdevelopment of ToM (Baron-Cohen et al. 1985; Rogers and Pennington
1991; Meltzoff and Gopnik 1993). However, despite having a strong foothold in ASD research to
date, a growing body of evidence is questioning the validity of the ToM perspective. Questions
have been raised regarding the neurological location of the ToM module (Gallese 2006), the meth-
ods used to test ToM (Bloom and German 2000; Peterson et al. 2005), and its ability to reliably
differentiate between a range of developmental difficulties (Russell et al. 1998; Yirmiya et al.
1998). Yet the presence of early imitative difficulty remains core to a growing area of inquiry
in ASD research—in the form of the “broken mirror neuron” theory (Williams et al. 2001;
Gallese 2001, 2006).

Given the presence of imitation in newborn infants, it has been considered an inherent nativist
skill (Meltzoff and Moore 1977, 1983, 1992, 1997). However, this infers an impressive level of
knowledge during infancy, including an inbuilt schema or map of the face or body, an understand-
ing of basic action capabilities, and good visual or proprioception to guide and control motor output
(Jones 2009). The mirror neuron system (MNS) removes the need for this nativist cognitive ability
(Rizzolatti and Craighero 2004). First identified in the F5 area of the macaque monkey premotor
cortex, the MNS refers to a subset of neurons that respond to both action production and observation
(Rizzolatti et al. 1988, 1996; Di Pellegrino et al. 1992;). Facilitating action recognition, including
“gestures made by other individuals,” the MNS provides a physiological explanation for the pre-
sence and understanding of imitation (Di Pellegrino et al. 1992). Indeed, the ability to engage in
successful social communication relies heavily on the interpretation and integration of social
cues from a partner. From a nonverbal motor perspective, social cues can range in complexity,
but rely on a fundamental ability to extrapolate meaning from a partner’s motor actions (e.g., ges-
tures). Thus, the MNS provides a simple and intuitive physiological basis for action understanding
during interpersonal interaction. The broken mirror neuron theory of ASD thus proposes that diffi-
culties with imitation and socialization are due to a physiological abnormality in the region of the
MNS—yproviding a framework of ASD development from a perspective of content interdependence
(Figure 5.3).

____________

Social dialogue: Social dance:
Mirror neuron ?
system

FIGURE 5.3 Difficulties with social dialogue, i.e., content interdependence—the ability to extract meaning
from one another’s actions, have been repeatedly tied to the underlying MNS. This hypothesis has been hailed
as a potential explanation for ASD symptomatology, including difficulties with early imitation, empathy, and
general social exchange. However, questions are raised over the view of the MNS, in particular its ability to
account for difficulties with the social dance, i.e., temporal interdependence.
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Despite a prevalent application in academia, the broken mirror neuron theory faces a number of
difficulties. Most notably, evidence illustrates that some individuals with ASD have preserved levels
of action understanding mediated by action type—meaningful or meaningless (Hamilton et al. 2007;
Hobson and Hobson 2008; Rogers et al. 2010). With such evidence that impaired action understand-
ing is not a ubiquitous feature of ASD, one may question whether mirror neurons can truly explain the
myriad social symptoms associated with a diagnosis.

DEerINITION AND CONCEPTUALIZATION OF THE MIRROR NEURON SYSTEM

The consideration of action type and end-goal outcome on acquiring action understanding has been a
characteristic feature of MNS activation from its first discovery (Rizzolatti et al. 1988; Rizzolatti and
Sinigaglia 2010). Resonating with the coding of action in terms of perceptual outcome (Descartes
1984) and the ideomotor perspective (James 2013), this arguably abstract view limits the versatility
and applicability of the MNS hypothesis. Specifically, an interpretation whereby the MNS codes
for, and is activated by, a discrete end goal removes the ability of the system to fully program the
motor response to stimuli by negating the impact of the unfolding kinematics. Thus, the MNS codes
for a motor “vocabulary” (Rizzolatti et al. 1988; Rizzolatti and Arbib 1998) or general motor schema,
rather than specifying feed-forward levels of kinematic control. While informative from a cognitivist per-
spective of action understanding—facilitating content interdependence during social interaction—this
interpretation restricts the perspective of the MNS to the visual domain. This results in a view of the
motor and perceptual systems as interwoven, yet functionally independent (Brincker 2010). Within a
context of social learning, development, and communication, this interpretation of the MNS from a per-
ceptual, visual perspective may be intuitive. With no physical connection to facilitate social communica-
tion and interaction, one is reliant upon the interpretation of visual signals or cues from others. As noted
by Schmidt, coordination and interaction at a social level can only occur ““via the visual systems” (Schmidt
et al. 2011). However, more recent evidence illustrates the potential role of movement in both action
understanding and imitation—implying significant levels of system cross talk.

The role of movement in action understanding is twofold. First, the movement or action
capabilities of the individual appear central to their ability to identify and understand action through
observation—one must be able to perform an action to reliably understand it (Calvo-Merino et al.
2005). Second, in a departure from a focus on the discrete end goal to facilitate action understanding,
the unfolding or continuous movement kinematics of the observed action also facilitate prediction
(Shim and Carlton 1997; Hayes et al. 2007, 2008; Ambrosini et al. 2011; Stapel et al. 2012). In
line with evidence that individuals with ASD are less likely to imitate actions without a clear goal
(Hobson and Hobson 2008; Rogers et al. 2010), evidence also suggests difficulty in using action kine-
matics to extrapolate information regarding action intention (Boria et al. 2009; Cossu et al. 2012;
Gowen 2012). Combined, these difficulties spanning the use of both content (discrete end-goal)
and temporal (continuous kinematics) levels of social information question the role of the MNS in
ASD etiology and development. Specifically, the current understanding and conceptualization of
the MNS fails to account for the apparent role of temporal, kinematic information in action under-
standing and replication. Despite evidence for neural population coding for actions that are orienta-
tion specific (Georgopoulos et al. 1986) and task or object specific (i.e., canonical neurons [Rizzolatti
et al. 1988]), questions remain over the coding of external temporal characteristics. These include the
ability to translate allocentric observations into egocentric levels of temporal control (the frame of
reference used to prescribe and translate spatial and temporal dynamics between and across indivi-
duals). A range of neurons within the posterior parietal cortex are known to code for retinotopic to
body transformations (Buneo et al. 2002), facilitating translation of spatial dynamics anchored to
the individual or allocentrically to sensory information (Andersen and Zipser 1988; Zipser and
Andersen 1988; Snyder 2000). Yet, little is known about temporal sensory-spatial transformations
into egocentric levels of scaled kinematic control, and the preservation of temporal dynamics
(Torres et al. 2010). Indeed, the MNS to date does not account for our innate ability to both
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extrapolate accurate temporal information from external events and create a level of synergistic tem-
poral coordination or interdependence across a social dyad (Riley et al. 2011).

THE SociaL DANCE: TEMPORAL INTERDEPENDENCE

Successful social interactions rely on an ability to extrapolate meaning from a partner’s actions
(i.e., content interdependence—perhaps driven by the MNS), but also on an ability to synchronize
with a partner (i.e., temporal interdependence). Effective interpersonal synchronization is defined
as “the dynamic and reciprocal adaptation of the temporal structure of behaviors between interactive
partners” (Delaherche et al. 2012). For instance, during an interaction, social cues and prompts must
be “read,” but these cues must also be responded to in an adequate time frame, when such cues remain
“valid.” This temporal coupling is a characteristic feature of social interaction—the social dance.

Temporal organization and perception is core to everyday behavior. Actions, whether relatively
simple or skilled, appear to require the coupling of spatial demands to temporal control. The empirical
examination of natural, coordinated reaching movements implies that spatial trajectories follow a
nearly straight path—minimizing redundancy, thus ensuring the retention of spatially accurate
goal-directed behaviors. Moreover, this level of spatial consistency is mirrored in levels of temporal
consistency, namely, the use of a bell-shaped temporal profile. This coupling has been modeled, for
instance, in the minimum torque change model (Uno et al. 1989; Nakano et al. 1999), and the mini-
mum jerk model (Flash and Hogan 1985). Such computational theories of motor control assume that
knowledge of the temporal profile is acquired and programmed a priori. However, upon closer exam-
ination such studies often harness paradigms whereby participants are required to repeatedly respond
to prespecified stimuli. Under such conditions, the acquisition of a coupled stable spatial and temporal
profile of motor control is perhaps unsurprising. Indeed, studies have illustrated that the geometrical
principles of motor output are potentially acquired prior to (Torres and Zipser 2002), and display
independence from (Atkeson and Hollerbach 1985; Boessenkool et al. 1998; Nishikawa et al.
1999), temporal characteristics, implying that these levels of planning are decoupled. Furthermore,
levels of spatial and temporal variation accompany learning processes underpinning the acquisition
of motor coordination (von Hofsten 1991, 2007; Torres and Andersen 2006; Whyatt and Craig
2013b). Taken in conjunction, such findings question the assumption that a temporal profile of a
given movement is known a priori.

Within the domain of social interactions, knowledge of the temporal dynamics, specifically those
of a new partner, are highly unlikely to be preprogrammed a priori; rather, the dyadic synergy must
evolve. However, despite the prevalence of the MNS theory of socialization (and ASD), this perspec-
tive fails to adequately explain the acquisition and evolution of such temporal synchronization.
Therefore, how can the temporal characteristics of others’ actions be understood within the frame-
work of MNS? And how can members of a dyad create a unified framework for temporal synchro-
nization? It is proposed that this can be achieved through a reconceptualization of the MNS to
integrate the role of active movement in the understanding of others’ actions, the properties of the
environment, and the dynamics between these.

RoLe oF AcTIVE MOVEMENT IN DEVELOPMENT

Active explorations of the environment through the use of early intrapersonal (infant—environment)
interactions are vital for the development of the visual system (Singer 1985) and subsequent levels of
motor coordination (Held 1965). From both a dynamic systems approach (Thelen 1979) and an eco-
logical perspective (Gibson 1969), early active explorative behavior shapes development through the
refinement of the perceptual system (Fajen 2005), and the creation of action or behavioral understand-
ing (DeCasper and Carstens 1981; Thelen and Smith 1994, 1996; Libertus and Needham 2010).
Within this framework, infant behavioral development is considered an emergent and self-organizing
consequence of recursive interactions with the environment. Specifically, behavior is viewed as a
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consequence of multimodal correspondences, with afferent feedback from closely occurring events
(i.e., multimodal experiences) producing or strengthening associations within the neural pathways
(Edelman 1987). Through repeated exposure and the strengthening of neural connections in response
to afferent feedback, the infant gradually acquires stable, generalizable patterns of behavior (synergy)—
in what Thelen and colleagues term an “attractor state” (Thelen et al. 1991; Thelen and Smith 1996).
This attractor state is achieved through actively sampling the degrees of freedom available
(permutations) for the completion of the behavior, allowing for these variations to be assimilated
into the behavioral understanding for future predictive judgments. Importantly, Thelen and
colleagues note that this afferent information can take many forms including visual and auditory;
yet it can also be “kinesthetic sensation” (Thelen and Smith 1996), or rather, from another stance,
this may be considered “kinesthetic reafference” (Holst and Mittelstaedt 1950; Holst et al. 1971).
Within this framework, active exploratory behavior results in behavioral modification through
the strengthening of neural pathways in response to both external feedback and concomitant
kinesthetic reafference.

By conceptualizing movement as a form of direct sensory feedback (kinesthetic reafference), it is
proposed that this form of active behavior provides a spatial and temporal framework to understand
the dynamics of the environment. Specifically, introduced by E. Torres and colleagues (Torres 2011;
Torres et al. 2015, 2016)—and harmonizing with theoretical models of ecological psychology of
movement guiding action (e.g., Lee et al. 1999; Lee 2009; Gibson 2014)—this role of movement
as a form of sensory feedback can be expanded to consider how active movement facilitates identi-
fication of one’s own action capabilities, the development of prospective control, and the identifica-
tion of active feedback. In particular, the underlying stochastic signature of exploratory behaviors
provides a framework in which to build a predictive model to facilitate prospective control, allowing
an infant or individual to consider the consequences of sensory information prior to action. This
would suggest that individuals use their own bodily movements to generate a frame of reference
to extrapolate a representation of external temporal dynamics—assimilated into the “attractor” or pre-
dictive state. Thus, visual information and kinesthetic reafference provide a grounding of afferent
information in which to translate action outcome and understanding, resulting in a broader interpreta-
tion of the MNS. This suggests that both the perceptual and motor systems are interwoven and func-
tionally dependent, as opposed to functionally independent. This functional dependence builds on
foundational concepts of motor development, whereby active exploratory motor behavior provides
a basis for perceptual refinement (i.e., identification of invariant properties) and action understanding.
Moreover, viewed within the context of phylogenetic development, a taxonomy of motor control has
been proposed (Torres 2011), spanning from macrolevel goal-directed and spontaneous actions
through to microlevel fluctuations. These auxiliary movements will be “fed” into the system, provid-
ing further scaffolding information for ongoing control and insight into the functioning of the nervous
systems. By viewing motor progression and skill acquisition within the context of development—
spontaneity giving way to goal-directed actions—and the ongoing role of microfluctuations, the
role of the MNS in motor development and acquisition may be refined. Furthermore, under this per-
spective, an individual’s movement or action capabilities will directly impact his or her perceptual
awareness and understanding of observed actions—in line with previous evidence for the role of
kinematics in action understanding.

Functional dependence and cross talk between the perceptual and motor systems thus suggests that
each member of the dyad will draw upon their own action capabilities and frame of spatial and tem-
poral reference to engage in coordinated actions and interaction. This reconceptualization enables the
examination of social interaction through motor coordination, as opposed to the visual quantification
of behavioral states. Moreover, drawing on this perspective, the role of each individual’s impact on
the interaction outcome can be profiled. In light of sensory-motor difficulties associated with a diag-
nosis of ASD (e.g., Whyatt and Craig 2012, 2013a), how does this lower-level difficulty impact
higher-level social interaction? Individuals with perceivable sensory-motor irregularities, such as bra-
dykinesia (a perceivable slowing of voluntary motor control) or tremor (uncontrollable rhythmical
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back-and-forth movements), may experience difficulty using their own motor profile as a framework
to translate the actions of others. In this instance, the “corrupted” sensory-motor output is fed back
into the system as kinesthetic reafference, which may impede an individual’s ability to reach a pre-
dictive state (Torres et al. 2013). This closed system may reinforce motor difficulties and prevent an
individual from reliably interpreting temporal signals from the environment or, in this instance,
another individual, thus impeding his or her ability to engage successfully within a social dyad. As
such, profiling social interaction at both the individual and dyadic levels may provide additional
insight into both the stability and quality of the dyad, in addition to the relative impact of each indi-
vidual on social outcomes. However, this requires an ability to precisely profile or measure microlevel
temporal synchronicity and exchange across a social dyad.

HOW DO WE MEASURE SOCIAL INTERACTION?

Despite the complex dynamics characterizing social interactions, methods to examine and assess
these myriad skills are limited. Current standardized psychological and psychiatric methods designed
to profile social interaction include assessment tools such as the Coding Interactive Behavior
(Feldman 1998, 2003) and the Infant and Maternal Regulatory Scoring Systems (IRSS and
MRSS) (Tronick and Weinberg 1990). Each is reliant on subjective visual quantification of macro-
level observed behaviors, such as turn taking (temporal interdependence) and social affect (content
interdependence), by trained coders or examiners (Figure 5.4). While effective for providing surface-
level measurement, these tools have inherent levels of examiner bias, and lack the precision to quantify
microlevel fluctuations in interdependence that characterizes social interaction.

Both verbal and nonverbal social skills are restricted in quantity and quality in individuals with
ASD—forming a central theme to diagnosis and intervention—as outlined in the Diagnostic and
Statistical Manual of Mental Disorders (American Psychiatric Association 2013). The Autism
Diagnostic Observation Schedule (ADOS & ADOS-2) (Lord et al. 2000, 2012) reflects this sympto-
matology by measuring levels of social affect, and repetitive and stereotyped behaviors. This standar-
dized assessment tool is considered the gold standard in diagnostic measures and provides a unique
opportunity to assess features of ASD within the context of controlled social interactions. Through
engagement in play, the examiner uses a number of social “presses” to elicit a naturalistic response
from the individual. The quality of response, or lack thereof, provides an insight into aspects of ASD,
which is used to assess the presence and severity of symptoms. Comprising modules that vary in com-
plexity, the ADOS-2 examines both verbal (where appropriate) and nonverbal social interaction at

Psychological/ Computational Psychological/ Computational
psychiatry perspective perspective psychiatry perspective perspective
Macro-level Micro-level Macro-level Micro-level
(a) (b)

FIGURE 5.4 (a) Schematic illustrating the areas of examination of standardized psychological and psychiatric
tools of social exchange. As noted, these remain focused at the level of observational behavioral analysis, and
thus are restricted to macrolevel outcome measures. Conversely, as discussed below, computational methods
designed to overcome inherent limitations using such subjective, behavioral data focus on microlevel outcome
metrics; however, they often fail to consider higher-level macrolevel outcomes—despite often being calibrated
by subjective measures. (b) Schematic illustrating the proposed framework, encompassing both macro- and
microlevel examination.
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levels of content and temporal interdependence. For instance, components such as “anticipation of a
social routine,” “joint attention,” and “‘communication” provide measures of temporal interdepen-
dence, while “quality of response to the examiner” and “communicative gestures” provide content-
level assessment. However, despite examining social affect through response to an examiner’s
social presses or prompts, the ADOS-2 fails to consider interactions at a dyadic level. Instead, the
ADOS-2 limits assessment to the examinee, neglecting the impact of the examiner in this complex
exchange. Moreover, in line with traditional measures of socialization, this diagnostic tool relies on
static “snapshots” at a macrolevel of observational quantification. This quantification of continuous
dynamic social behavior using a discrete scale is artificially limiting, while assessment metrics that
depend on the expertise of the examiner or coder result in a tool that is prone to subjective bias and
error, lacking the precision to quantify microlevel behaviors.

SPECIALIZED TECHNIQUES TO EXAMINE MICROLEVEL EVOLVING SociAL DyAapic
INTERACTIONS (I.E., SYNCHRONICITY)

Turn taking and temporal synchronicity provide a foundation for socialization and communication.
Synchronicity has been examined from a range of perspectives across psychological, physiological,
and computer sciences. A recent review by Delaherche and colleagues (2012) provides a comprehen-
sive overview of the attempts to measure and objectively profile interpersonal synchrony using both
noncomputational and computational methods. In particular, this review illustrates the dominance of
recurrent analysis and correlational models across a total of 34 studies. Despite promising methods,
the 34 studies are limited in scope with a mode number of social dyads of six—a relatively small num-
ber to provide robust metrics of socialization, irrespective of methodology applied. A summative
overview of these current methodologies is provided below, followed by the introduction of a new
platform for future implementation and the design of social metrics—illustrated further in Chapter 7.

Recurrent analytical techniques are prominent in the field of coordination dynamics (Kugler et al.
1982; Turvey et al. 1982; Kelso 1984), with a focus on the synchronization of oscillatory movements
(such as interlimb rhythmical coordination). Building on the Haken—Kelso—Bunz model, the “relative
phase” of these movements has been examined in light of controlling variables (Haken et al. 1985)—
mapping transitions from anti- to in-phase action. Such studies illustrate the potency of joint action
coordination, with members of a dyad gradually shifting toward rhythmical in-phase (i.e., synchro-
nized) attractor states (Schmidt et al. 2011). These provide compelling mathematical modeled evi-
dence for the transition and emergence of stable, in-phase rhythmical coordination across a social
dyad. However, these studies often rely on laboratory-stereotyped actions (Schmidt et al. 1994,
2011; Amazeen et al. 1995, 1998; Richardson et al. 2005, 2007), with explicit timing constructs,
as opposed to naturalistic interactive behaviors. Indeed, preliminary work characterizing interaction
synergies under naturalistic conditions, using a knock-knock paradigm, illustrates the difficulty in
systematically deconstructing this level of behavior (Schmidt et al. 2011), resulting in a reliance
on “observed entrainment” as measured using traditional, subjective coder ratings.

In addition, correlational methods, such as cross-correlational models and regression models, are
regularly employed to examine levels of interpersonal temporal synchronicity. These models exam-
ine linear or nonlinear relations between two variables coding for social behavior. However, such
models are often founded on an assumption of “stationarity” for temporal relations over time
(Boker et al. 2002). This core concept infers that similar patterns of temporal dynamics will be wit-
nessed between variables X and Y over time, with the assumed mean and variance of the signal proper-
ties holding across the entire duration of the analysis (Shao and Chen 1987; Hendry and Juselius
2000; Boker et al. 2002). This assumption is limiting in a number of domains, specifically, in relation
to temporal synchronicity within naturalistic behaviors across a social dyad—wherein the exchange
and interdependence are assumed to be dynamic, and thus nonstationary. As such, a sliding window
for a “windowed cross-correlational analysis,” profiling the relations between intervals of the data,



82 Autism

may be preferred (Boker et al. 2002; Ashenfelter et al. 2009). Unfortunately, despite promising
techniques, these methods have been restricted in their implementation, including the profiling of
temporal synchronicity by a single body part, for example, head rotation (Boker et al. 2002;
Ashenfelter et al. 2009), and through use in an unstructured environment, minimizing inferences at
a macrolevel (Boker et al. 2002; Campbell 2008; Ashenfelter et al. 2009). Moreover, such studies
often fail to provide a unified method of data for representation of parameters of synchronicity
(Delaherche et al. 2012), restricting implementation and interpretation.

In the area of artificial intelligence, there is growing interest in the dynamics of naturalistic social
interactions within the field of computer science. “Social signal processing” aims to circumvent dif-
ficulties associated with the aforementioned noncomputational models for naturalistic interpersonal
synchrony. Through the use of computational, automatic analogues, these studies aim to profile and
systematically “capture” the complexities of naturalistic interactions (Delaherche et al. 2012;
Vinciarelli et al. 2009). As outlined by Delaherche and colleagues, this area of research is reexamin-
ing the quality and quantity of interactions using sequential learning models, such as hidden Markov
models (HMMs) and conditional random fields (CRFs). Applying a maximum likelihood approach,
these models produce probability distributions to predict the outcome metrics of social signals across
a dyad. However, these comprehensive mathematical models and learning techniques are often
underpinned by subjective coding measures of social interaction. For instance, a recent analysis of
social signals across a parent—infant exchange in children diagnosed with ASD or an intellectual dis-
ability, and typically developing children, utilized an integrative methodology (Saint-Georges et al.
2011). This methodology focused on the application of a Markovian model to characterize predictive
relations between each member of the dyad. However, upon closer inspection, these results are based
on the coding of home videos using the Infant Caregiver Behavior Scale, as rated by four human
coders (Saint-Georges et al. 2011). This use of “traditional” observation-based coding metrics to cali-
brate computational algorithms is repeatedly demonstrated (Messinger et al. 2010; Sravish et al.
2013; Avril et al. 2014; Provenzi et al. 2015).

Therefore, throughout this field there is a continuing trend for the application of sophisticated
methodologies and mathematical models that are underpinned by subjectively derived data.
Difficulty in extrapolating and objectifying naturalistic social behaviors may reflect this overreliance
on subjectively profiling naturalistic social interactions. Despite complex models, the use of metrics
produced by standardized tools, such as the Coding Interactive Behavior (Feldman 1998, 2003), the
ADOS (Lord et al. 2000, 2012), and the IRSS and MRSS (Tronick and Cohn 1987; Tronick and
Weinberg 1990), arguably undermines the strength of this area. Computational models derived
from subjective macrolevel behavioral outcomes, such as those utilized in psychology and psychiatry,
raise questions over the objectivity and utility of such sophisticated metrics. Moreover, the use of such
observational tools for initial “calibration” results in a reliance on discrete measures of social inter-
actions, such as turn taking and joint attention. By using epoched data, the evolution of this complex
dynamic process is thus neglected. Indeed, social interactions are considered nonlinear, with the
dynamics of the dyad occurring on a nonlinear scale. Enforcing measurements using a discrete
model artificially limits the understanding of this fluid construct, and hinders the resulting computa-
tional models. A continuous metric, which can be sequentially deconstructed into time intervals,
may better reflect the interaction and provide additional insight into this complex construct. As
such, a new model is proposed to examine levels of social exchange in ASD using continuous, empiri-
cally driven data.

THE MOTOR PERSPECTIVE: A NEW MODEL TO EXAMINE LEVELS
OF SOCIAL EXCHANGE IN ASD

As introduced at the opening of this section, there are three potential methods to approach the question
“What are social skills?” Perspective, and research background, will inevitably guide our approach in
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attempting to quantify, and empirically examine, these underlying skills. As presented, there is a gra-
dual shift toward computational methodologies and approaches, yet the complex nature of social
interactions requires a systematic, thorough method to precisely quantify social skills. Viewed
from a motor perspective, with social interactions composed of macro- and microlevel exchange
between individuals, a multilayered framework may be achievable. Building on the developmental
models of sensory-motor control and cognition, it is suggested that future methods draw on lower-
level processes of motor control. Harnessing modern motion capture technology, such an approach
enables the objective quantification of synchronicity with high levels of temporal precision, facilitat-
ing a macro- and microanalysis. In addition, this objective methodology can provide results for a mul-
tilayered analysis from metrics in line with the psychological and physiological perspectives, through
to those in line with computational modeling techniques. However, the first task is to identify a
method to objectively profile levels of motor control: specifically, what variables should be extracted
to facilitate the design of a computational model? The following chapters provide insight into the var-
ious approaches for the examination and deconstruction of social dynamics—including those specific
to the classification of ASD symptomatology. These are drawn together toward a multilayered
approach that is briefly introduced and discussed in Chapter 7.

CONCLUSION

This chapter has discussed social interaction and the development of social skills within the frame-
work of sensory-motor control. Initially, the predominant perspective of social interaction was dis-
cussed: content interdependence. This initial level of exchange, easily profiled using standardized
tools, reflects behavioral outcomes within social interactions, and forms a key—and vital—area of
focus within ASD research. Specifically, the role of early imitative behaviors has been extensively
examined and established as a foundational component of content interdependence—thus social
skills. This traditional level of examination was discussed in light of the discovery of the MNS, lead-
ing to speculation over its potential role in ASD development. However, this underlying physiologi-
cal mechanism faces scrutiny—in particular, the retention of a solely top-down perspective, that fails
to adequately consider the role and impact of movement, and self-emerging temporal dynamics in
synergistic social exchange. Indeed, microlevels of temporal interdependence (i.e., the social
dance) are notoriously difficult to profile, particularly within naturalistic social interactions. New
mathematical methodologies to profile this subtle level of interaction—both computational and noncom-
putational—face a number of challenges, leading to an overreliance on the use of subjective scoring
metrics—such as those achieved through the use of standardized tools. Building on developmental the-
ories of motor control, this chapter illustrates the potential of movement, as a form of bottom-up feedback
(kinesthetic reafference), to provide a framework to extract temporal information from our environment,
and thus enable social coupling. Utilizing principles of the micromovement perspective, this approach
endorses the systematic and objective profiling of social interactions using kinematic data—a model
that is further introduced in Chapter 7. As will be demonstrated throughout this section, under this
new interpretation of ASD, and considering the impact of movement, our understanding of social
dynamics may be enriched, but more specifically, we may provide new computational routes to better
define and model fundamental symptomatology of ASD.

REFERENCES

Amazeen, P. G, E. L. Amazeen, and M. T. Turvey. 1998. Dynamics of human intersegmental coordination:
Theory and research. In Timing of Behavior: Neural, Psychological, and Computational Perspectives,
ed. D. A. Rosenbaum and C. E. Collyer, 237-59. Cambridge, MA: MIT Press.

Amazeen, P. G.,R. C. Schmidt, and M. T. Turvey. 1995. Frequency detuning of the phase entrainment dynamics
of visually coupled rhythmic movements. Biol Cybern 72 (6):511-8.

Ambrosini, E., M. Costantini, and C. Sinigaglia. 2011. Grasping with the eyes. J Neurophysiol 106 (3):1437—42.



84 Autism

American Psychiatric Association. 2013. Diagnostic and Statistical Manual of Mental Disorders. 5th ed.
Washington, DC: American Psychiatric Association.

Andersen, R. A., and D. Zipser. 1988. The role of the posterior parietal cortex in coordinate transformations for
visual-motor integration. Can J Physiol Pharmacol 66 (4):488-501.

Ashenfelter, K. T., S. M. Boker, J. R. Waddell, and N. Vitanov. 2009. Spatiotemporal symmetry and multi-
fractal structure of head movements during dyadic conversation. J Exp Psychol Hum Percept Perform
35 (4):1072.

Atkeson, C. G., and J. M. Hollerbach. 1985. Kinematic features of unrestrained vertical arm movements.
J Neurosci 5 (9):2318-30.

Avril, M., C. Leclere, S. Viaux, S. Michelet, C. Achard, S. Missonnier, M. Keren, D. Cohen, and M. Chetouani.
2014. Social signal processing for studying parent—infant interaction. Front Psychol 5:1437.

Baron-Cohen, S., A. M. Leslie, and U. Frith. 1985. Does the autistic child have a “theory of mind”? Cognition
21 (1):37-46.

Bekkering, H., E. R. A. De Bruijn, R. H. Cuijpers, R. Newman-Norlund, H. T. Van Schie, and R. Meulenbroek.
2009. Joint action: Neurocognitive mechanisms supporting human interaction. Top Cogn Sci 1 (2):
340-52.

Bloom, P., and T. P. German. 2000. Two reasons to abandon the false belief task as a test of theory of mind.
Cognition 77 (1):B25-31.

Boessenkool, J. J., E.-J. Nijhof, and C. J. Erkelens. 1998. A comparison of curvatures of left and right hand
movements in a simple pointing task. Exp Brain Res 120 (3):369-76.

Boker, S. M., J. L. Rotondo, M. Xu, and K. King. 2002. Windowed cross-correlation and peak picking for the
analysis of variability in the association between behavioral time series. Psychol Methods 7 (3):338.

Boria, S., M. Fabbri-Destro, L. Cattaneo, L. Sparaci, C. Sinigaglia, E. Santelli, G. Cossu, and G. Rizzolatti. 2009.
Intention understanding in autism. PloS One 4 (5):¢5596.

Brincker, M. 2010. Moving Beyond Mirroring—A Social Affordance Model of Sensorimotor Integration during
Action Perception. New York: City University of New York.

Buneo, C. A., M. R. Jarvis, A. P. Batista, and R. A. Andersen. 2002. Direct visuomotor transformations for
reaching. Nature 416 (6881):632-6.

Calvo-Merino, B., D. E. Glaser, J. Grezes, R. E. Passingham, and P. Haggard. 2005. Action observation and
acquired motor skills: An FMRI study with expert dancers. Cereb Cortex 15 (8):1243-9.

Campbell, N. 2008. Multimodal processing of discourse information; the effect of synchrony. Presented at 2008
Second International Symposium on Universal Communication, Osaka, Japan, December 15-16.
Cossu, G., S. Boria, C. Copioli, R. Bracceschi, V. Giuberti, E. Santelli, and V. Gallese. 2012. Motor representa-

tion of actions in children with autism. PLoS One 7 (9):e44779.

DeCasper, A. J., and A. A. Carstens. 1981. Contingencies of stimulation: Effects on learning and emotion in
neonates. Infant Behav Dev 4:19-35.

DeCasper, A. J., J.-P. Lecanuet, M.-C. Busnel, C. Granier-Deferre, and R. Maugeais. 1994. Fetal reactions to
recurrent maternal speech. Infant Behav Dev 17 (2):159-64.

Delaherche, E., M. Chetouani, A. Mahdhaoui, C. Saint-Georges, S. Viaux, and D. Cohen. 2012. Interpersonal
synchrony: A survey of evaluation methods across disciplines. IEEE Trans Affect Comput 3 (3):349-65.

Descartes, R. 1984. The Philosophical Writings of Descartes, trans. J. Cottingham, R. Stoothoff, and
D. Murdoch. Vol. I. Cambridge: Cambridge University Press.

Di Pellegrino, G., L. Fadiga, L. Fogassi, V. Gallese, and G. Rizzolatti. 1992. Understanding motor events:
A neurophysiological study. Exp Brain Res 91 (1):176-80.

Edelman, G. M. 1987. Neural Darwinism: The Theory of Neuronal Group Selection. New York: Basic Books.

Fajen, B. R. 2005. Perceiving possibilities for action: On the necessity of calibration and perceptual learning for
the visual guidance of action. Perception 34 (6):717-40.

Fantz, R. L. 1961. The origin of form perception. Sci Am 20466-72.

Feldman, R. 1998. Coding interactive behavior manual. Unpublished. Bar-Ilan University, Israel.

Feldman, R. 2003. Infant-mother and infant—father synchrony: The coregulation of positive arousal. Infant Ment
Health J 24 (1):1-23.

Flash, T., and N. Hogan. 1985. The coordination of arm movements: An experimentally confirmed mathematical
model. J Neurosci 5 (7):1688-703.

Gallese, V. 2001. The ‘shared manifold’ hypothesis. From mirror neurons to empathy. J Conscious Stud 8 (5-6):
33-50.



More Than Meets the Eye 85

Gallese, V. 2006. Intentional attunement: A neurophysiological perspective on social cognition and its disruption
in autism. Brain Res 1079 (1):15-24.

Georgopoulos, A. P., A. B. Schwartz, and R. E. Kettner. 1986. Neuronal population coding of movement direc-
tion. Science 233 (4771):1416-9.

Gibson, E. J. 1969. Principles of Perceptual Learning and Development. New York: Appleton-Century-Crofts.

Gibson, J. J. 2014. The Ecological Approach to Visual Perception: Classic Edition. New York: Psychology
Press.

Gowen, E. 2012. Imitation in autism: Why action kinematics matter. Front Integr Neurosci 6:117.

Haken, H., J. A. S. Kelso, and H. Bunz. 1985. A theoretical model of phase transitions in human hand move-
ments. Biol Cybern 51 (5):347-56.

Hamilton, A. F. de C., R. M. Brindley, and U. Frith. 2007. Imitation and action understanding in autistic spec-
trum disorders: How valid is the hypothesis of a deficit in the mirror neuron system? Neuropsychologia
45 (8):1859-68.

Hanna, E., and A. N. Meltzoff. 1993. Peer imitation by toddlers in laboratory, home, and day-care contexts:
Implications for social learning and memory. Dev Psychol 29 (4):701.

Hayes, S. J., D. Ashford, and S. J. Bennett. 2008. Goal-directed imitation: The means to an end. Acta Psychol
127 (2):407-15.

Hayes, S.J.,N. J. Hodges, R. Huys, and A. M. Williams. 2007. End-point focus manipulations to determine what
information is used during observational learning. Acta Psychol 126 (2):120-37.

Held, R. 1965. Plasticity in sensory-motor systems. Sci Am 213 (5):84-94.

Hendry, D. F., and K. Juselius. 2000. Explaining cointegration analysis: Part 1. Energy J 1-42.

Hobson, R. P., and J. A. Hobson. 2008. Dissociable aspects of imitation: A study in autism. J Exp Child Psychol
101 (3):170-85.

Holst, E., and H. Mittelstaedt. 1950. Das reafterenzprinzip. Naturwissenschaften 37 (20):464-76.

Holst, E. V., H. Mittelstaedt, and P. C. Dodwell. 1971. The principle of reafference: Interactions between the
central nervous system and the peripheral organs. In Perceptual Processing: Stimulus Equivalence and
Pattern Recognition, ed. P. C. Dodwell, 41-71. New York: Appleton-Century-Crofts.

James, W. 2013. The Principles of Psychology. Worcestershire: Read Books Ltd.

Jones, S. S. 2009. The development of imitation in infancy. Philos Trans R Soc Lond B Biol Sci 364 (1528):
2325-35.

Kelso, J. A. 1984. Phase transitions and critical behavior in human bimanual coordination. Am J Physiol Regul
Integr Comp Physiol 246 (6):R1000—4.

Kugler, P. N., J. A. S. Kelso, and M. T. Turvey. 1982. On the control and coordination of naturally developing
systems. In The Development of Movement Control and Coordination, ed. J. A. S. Kelso and J. E. Clark,
5-78. New York: Wiley.

Lee, D. N. 2009. General tau theory: Evolution to date. Perception 38 (6):837.

Lee, D. N., C. M. Craig, and M. A. Grealy. 1999. Sensory and intrinsic coordination of movement. Proc R Soc
Lond B Biol Sci 266 (1432):2029-35.

Libertus, K., and A. Needham. 2010. Teach to reach: The effects of active vs. passive reaching experiences on
action and perception. Vision Res 50 (24):2750-7.

Lord, C., P. C. DiLavore, and K. Gotham. 2012. Autism Diagnostic Observation Schedule. Torrance, CA:
Western Psychological Services.

Lord, C., S. Risi, L. Lambrecht, E. H. Cook Jr., B. L. Leventhal, P. C. DiLavore, A. Pickles, and M. Rutter. 2000.
The Autism Diagnostic Observation Schedule—Generic: A standard measure of social and communica-
tion deficits associated with the spectrum of autism. J Autism Dev Disord 30 (3):205-23.

Lundqvist, L.-O. 1995. Facial EMG reactions to facial expressions: A case of facial emotional contagion? Scand
J Psychol 36 (2):130-41.

Mehrabian, A., and M. Wiener. 1967. Decoding of inconsistent communications. J Pers Soc Psychol 6 (1):109.

Mehrabian, A., and S. R. Ferris. 1967. Inference of attitudes from nonverbal communication in two channels.
J Consult Psychol 31 (3):248.

Meltzoff, A. N., and A. Gopnik. 1993. The role of imitation in understanding persons and developing a theory of
mind. In Understanding Other Minds: Perspectives from Autism, ed. S. Baren-Cohen, H. Tager-Flusberg,
and D. J. Cohen, 335-66. New York: Oxford University Press.

Meltzoff, A. N., and M. K. Moore. 1977. Imitation of facial and manual gestures by human neonates. Science
198 (4312):75-8.



86 Autism

Meltzoff, A. N., and M. K. Moore. 1983. Newborn infants imitate adult facial gestures. Child Dev 54 (3):
702-9.

Meltzoff, A. N., and M. K. Moore. 1992. Early imitation within a functional framework: The importance of
person identity, movement, and development. Infant Behav Dev 15 (4):479-505.

Meltzoff, A. N., and M. K. Moore. 1997. Explaining facial imitation: A theoretical model. Early Dev Parent
6 (3-4):179.

Messinger, D. M., P. Ruvolo, N. V. Ekas, and A. Fogel. 2010. Applying machine learning to infant interaction:
The development is in the details. Neural Netw 23 (8):1004-16.

Nakano, E., H. Imamizu, R. Osu, Y. Uno, H. Gomi, T. Yoshioka, and M. Kawato. 1999. Quantitative examina-
tions of internal representations for arm trajectory planning: Minimum commanded torque change model.
J Neurophysiol 81 (5):2140-55.

Nishikawa, K. C., S. T. Murray, and M. Flanders. 1999. Do arm postures vary with the speed of reaching?
J Neurophysiol 81 (5):2582-6.

Peterson, C. C., H. M. Wellman, and D. Liu. 2005. Steps in theory-of-mind development for children with deaf-
ness or autism. Child Dev 76 (2):502-7.

Premack, D., and G. Woodruff. 1978. Does the chimpanzee have a theory of mind? Behav Brain Sci 1 (04):
515-26.

Provenzi, L., R. Borgatti, G. Menozzi, and R. Montirosso. 2015. A dynamic system analysis of dyadic flexibility
and stability across the face-to-face still-face procedure: Application of the state space grid. Infant Behav
Dev 38:1-10.

Richardson, M. J., K. L. Marsh, and R. C. Schmidt. 2005. Effects of visual and verbal interaction on uninten-
tional interpersonal coordination. J Exp Psychol Hum Percept Perform 31 (1):62.

Richardson, M. J., K. L. Marsh, R. W. Isenhower, J. R. L. Goodman, and R. C. Schmidt. 2007. Rocking together:
Dynamics of intentional and unintentional interpersonal coordination. Hum Mov Sci 26 (6):867-91.

Riley, M. A., M. Richardson, K. Shockley, and V. C. Ramenzoni. 2011. Interpersonal synergies. Front Psychol
2:38.

Rizzolatti, G., and C. Sinigaglia. 2010. The functional role of the parieto-frontal mirror circuit: Interpretations
and misinterpretations. Nat Rev Neurosci 11 (4):264-74.

Rizzolatti, G., and L. Craighero. 2004. The mirror-neuron system. Annu Rev Neurosci 27:169-92. doi: 10.1146/
annurev.neuro.27.070203.144230.

Rizzolatti, G., and M. A. Arbib. 1998. Language within our grasp. Trends Neurosci 21 (5):188-94.

Rizzolatti, G., L. Fadiga, V. Gallese, and L. Fogassi. 1996. Premotor cortex and the recognition of motor actions.
Cogn Brain Res 3 (2):131-41.

Rizzolatti, G., R. Camarda, L. Fogassi, M. Gentilucci, G. Luppino, and M. Matelli. 1988. Functional organiza-
tion of inferior area 6 in the macaque monkey. Exp Brain Res 71 (3):491-507.

Rogers, S. J., and B. F. Pennington. 1991. A theoretical approach to the deficits in infantile autism. Dev
Psychopathol 3 (2):137-62.

Rogers, S.J., G.S. Young, I. Cook, A. Giolzetti, and S. Ozonoff. 2010. Imitating actions on objects in early-onset
and regressive autism: Effects and implications of task characteristics on performance. Dev Psychopathol
22 (01):71-85.

Russell, P. A., J. A. Hosie, C. D. Gray, C. Scott, N. Hunter, J. S. Banks, and M. C. Macaulay. 1998. The devel-
opment of theory of mind in deaf children. J Child Psychol Psychiatry 39 (6):903-10.

Saint-Georges, C., A. Mahdhaoui, M. Chetouani, R. S. Cassel, M.-C. Laznik, F. Apicella, P. Muratori,
S. Maestro, F. Muratori, and D. Cohen. 2011. Do parents recognize autistic deviant behavior long before
diagnosis? Taking into account interaction using computational methods. PloS One 6 (7):e22393.

Schmidt, R. C., N. Christianson, C. Carello, and R. Baron. 1994. Effects of social and physical variables on
between-person visual coordination. Ecol Psychol 6 (3):159-83.

Schmidt, R. C., P. Fitzpatrick, R. Caron, and J. Mergeche. 2011. Understanding social motor coordination. Hum
Mov Sci 30 (5):834-45.

Sebanz, N., H. Bekkering, and G. Knoblich. 2006. Joint action: Bodies and minds moving together. Trends Cogn
Sci 10 (2):70-6.

Shao, X., and P. Chen. 1987. Normalized auto- and cross-covariance functions for neuronal spike train analysis.
Int J Neurosci 34 (1-2):85-95.

Shim, J., and L. G. Carlton. 1997. Perception of kinematic characteristics in the motion of lifted weight. J Motor
Behav 29 (2):131-46.



More Than Meets the Eye 87

Singer, W. 1985. Activity-dependent self-organization of the mammalian visual cortex.

Smith, I. M., and S. E. Bryson. 1994. Imitation and action in autism: A critical review. Psychol Bull
116 (2):259.

Snyder, L. H. 2000. Coordinate transformations for eye and arm movements in the brain. Curr Opin Neurobiol
10 (6):747-54.

Sravish, A. V., E. Tronick, T. Hollenstein, and M. Beeghly. 2013. Dyadic flexibility during the face-to-face still-
face paradigm: A dynamic systems analysis of its temporal organization. Infant Behav Dev 36 (3):432-17.

Stapel, J. C., S. Hunnius, and H. Bekkering. 2012. Online prediction of others’ actions: The contribution of the
target object, action context and movement kinematics. Psychol Res 76 (4):434-45.

Thelen, E. 1979. Rhythmical stereotypies in normal human infants. Anim Behav 27:699-715.

Thelen, E., and L. B. Smith. 1994. A dynamic systems approach to the development of cognition and action. MIT
Press/Bradford books series in cognitive psychology. Cambridge, MA: MIT Press, pp. xxiii, 376.
Thelen, E., and L. B. Smith. 1996. A Dynamic Systems Approach to the Development of Cognition and Action.

Cambridge, MA: MIT Press.

Thelen, E., B. D. Ulrich, and P. H. Wolff. 1991. Hidden skills: A dynamic systems analysis of treadmill stepping
during the first year. Monogr Soc Res Child Dev i—103.

Torres, E. B. 2011. Two classes of movements in motor control. Ex Brain Res 215 (3—4):269-83.

Torres, E. B., A. Raymer, L. J. Gonzalez Rothi, K. M. Heilman, and H. Poizner. 2010. Sensory-spatial trans-
formations in the left posterior parietal cortex may contribute to reach timing. J Neurophysiol 104 (5):
2375-88.

Torres, E. B., and D. Zipser. 2002. Reaching to grasp with a multi-jointed arm. I. Computational model.
J Neurophysiol 88 (5):2355-67.

Torres, E. B., M. Brincker, R. W. Isenhower, P. Yanovich, K. A. Stigler, J. I. Nurnberger, D. N. Metaxas, and
J. V. José. 2013. Autism: The micro-movement perspective. Front Integr Neurosci 7:32.

Torres, E. B., P. Yanovich, and D. N. Metaxas. 2015. Give spontaneity and self-discovery a chance in ASD:
Spontaneous peripheral limb variability as a proxy to evoke centrally driven intentional acts. Front
Integr Neurosci 7:46

Torres, E. B., R. W. Isenhower, J. Nguyen, C. Whyatt, J. I. Nurnberger, J. V. Jose, S. M. Silverstein,
T. V. Papathomas, J. Sage, and J. Cole. 2016. Toward precision psychiatry: Statistical platform for the
personalized characterization of natural behaviors. Front Neurol 7:8.

Torres, E., and R. Andersen. 2006. Space—time separation during obstacle-avoidance learning in monkeys.
J Neurophysiol 96 (5):2613-32.

Tronick, E. Z., and Cohn, J. E. 1987. Revised Monadic Phases Manual. Unpublished manuscript.

Tronick, E. Z., and M. K. Weinberg. 1990. The infant regulatory scoring system (IRSS). Unpublished. Boston,
MA: Children’s Hospital/Harvard Medical School.

Turvey, M. T., H. L. Fitch, and B. Tuller. 1982. The Bernstein perspective. I. The problems of degrees of freedom
and context-conditioned variability. In Human Motor Behavior: An Introduction, ed. J. A. S. Kelso,
239-52. Hillsdale, NJ: Erlbaum.

Uno, Y., M. Kawato, and R. Suzuki. 1989. Formation and control of optimal trajectory in human multijoint arm
movement. Biol Cybern 61 (2):89-101.

Vinciarelli, A., M. Pantic, and H. Bourlard. 2009. Social signal processing: Survey of an emerging domain.
Image Vision Comput 27 (12):1743-59.

Vivanti, G., and A. Hamilton. 2014. Imitation in autism spectrum disorders. In Handbook of Autism and
Pervasive Developmental Disorders, ed. F. R. Volkmar, R. Paul, S. J. Rogers, and K. A. Pelphrey,
278-301. 4th ed. Hoboken, NJ: Wiley.

von Hofsten, C. 1991. Structuring of early reaching movements: A longitudinal study. J Motor Behav 23 (4):
280-92.

von Hofsten, C. 2007. Action in development. Dev Sci 10 (1):54-60.

White, S. W., K. Keonig, and L. Scahill. 2007. Social skills development in children with autism spectrum dis-
orders: A review of the intervention research. J Autism Dev Disord 37 (10):1858-68.

Whyatt, C., and C. M. Craig. 2013a. Sensory-motor problems in autism. Front Integr Neurosci 7:51.

Whyatt, C., and C. M. Craig. 2013b. Interceptive skills in children aged 9-11 years, diagnosed with autism spec-
trum disorder. Res Autism Spectr Disord 7 (5):613-23.

Whyatt, C. P., and C. M. Craig. 2012. Motor skills in children aged 7-10 years, diagnosed with autism spectrum
disorder. J Autism Dev Disord 42 (9):1799-809.



88 Autism

Williams, J. H. G., A. Whiten, T. Suddendorf, and D. I. Perrett. 2001. Imitation, mirror neurons and autism.
Neurosci Biobehav Rev 25 (4):287-95.

Yirmiya, N., O. Erel, M. Shaked, and D. Solomonica-Levi. 1998. Meta-analyses comparing theory of mind abil-
ities of individuals with autism, individuals with mental retardation, and normally developing individuals.
Psychol Bull 124 (3):283.

Zipser, D., and R. A. Andersen. 1988. A back-propagation programmed network that simulates response proper-
ties of a subset of posterior parietal neurons. Nature 331 (6158):679-84.



Action Evaluation and
Discrimination as Indexes of
Imitation Fidelity in Autism

Justin H. G. Williams

CONTENTS

INEFOAUCTION ...ttt sttt e 89
Investigating the Relationship between Imitation and AUtiSIM ........c..cceevevierierieiieiienieiininieeeene 91
Measuring IMILALION ...c..eoueetiriietieiiet ettt sttt et ettt eb et ebe e it et e naeeaees 92
USING KINEIMALICS ...e.teeutetieiietieiieet ettt ettt ettt bte bt eet et e es e beestesbe et e sbeenees 92
Object Movement REENACHMENL...........coueeuiriiriiieieieieiet ettt 93
An INVestigation 1N AULISIIL..c...eoueiuiiriiriiieeieieete ettt ettt ettt ettt ettt sae e e saeenees 93
OULCOME VATTADIES........cueiuiiiiiiiiiitieiiie ettt sttt e 93
Facial IMIEALION .....oouiiiiiiiiiiniiitietcec ettt ettt ettt 95
Investigating the Relationship between Imitation and Autism: Copying Values........c.ccocceveeneenne. 98
CONCIUSIONS ...ttt sttt sttt et e et ebe b 99
RELEICIICES ...ttt ettt ettt sttt 100

This chapter introduces kinematics-based assessment tools to quantify imitation in general. The
work is presented as part of a research program that aims at unveiling possible links between
motor dysfunction and impairments in social interactions. Several examples of the use of these
kinematic metrics and accompanying paradigms are presented that involve important compo-
nents of the social exchange. These examples and methods are discussed in light of diagnostics
tools, such as the Autism Diagnostic Observation Schedule and Autism Diagnostic Interview—
Revised, that openly disregard sensory-motor issues in autism spectrum disorder.
Paradoxically, these observational tools provide ordinal scores of social tasks that inherently
require proper sensory-motor integration and both overt and covert forms of imitation for
their successful completion. As such, the tools provided in this chapter may pave the way
toward combining such observational tests with objective methods to eventually link subsets
of imitation tasks inherently present in sociomotor behavior with the types of communication
exchange such tasks inevitably require.

INTRODUCTION

Much of this book concerns itself with the existence of impaired motor function in autism spectrum
disorder (ASD). The implication is that sensorimotor development is critical for the development of
social behavior. However, while there is much overlap between impaired motor function and
impaired social development, the mapping is far from straightforward. Many children with develop-
mental coordination disorder are socially quite able, and many children with ASD have quite typical
or advanced motor skills. Therefore, there are many unanswered questions about the relationship
between motoric development and social cognition.
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If we consider what makes for the motoric differences between typical development and autism,
then an obvious place to start is to examine those features of behavior that are diagnostic using the
standard research tools: the Autism Diagnostic Interview (ADI) and Autism Diagnostic
Observation Schedule (ADOS) (Lord et al. 2000; Rutter et al. 2003). While many aspects of
motor skills, such as poor balance or handwriting, may be impaired in autism, they may also be
impaired in other developmental disorders. Those identified by the algorithms of the diagnostic
tools are those motor skills that are linked specifically to the other diagnostic features of autism,
and which are therefore directly related to impaired social cognition. If you look through the algo-
rithmic items in the Autism Diagnostic Interview—Revised (ADI-R) and ADOS, you see that significant
proportions of the items reflect motor behavior. Within the ADI-R, items asking about gaze control,
facial expression, actions used for social overture, gesture, and imitation make up 10 of 29 items in
the first two domains, while those asking about repetitive actions make up 3 out of 8 items in
the third domain. For the ADOS, the number of action-based items becomes less as verbal devel-
opment progresses across the modules and language becomes the dominant mediator of social
interaction, but it remains the case that the use of actions in communication is central to the diag-
nosis across all modules. Again, this concerns the use of gesture, gaze, and facial expression to
communicate.

At this point, a valid question might be to ask if gesture, facial expression, and gaze control are
really motor skills. I would strongly argue that they are motor skills, being acquired through learning
from others, and which improve through practice. Yet, I also suggest that this is a question well worth
exploring because the difference between these forms of motor skills and traditional motor skills, such
as handwriting, bicycle riding, and knot tying, can inform us about developmental relationships
between motoric and social cognitive development.

The next step is to ask just how these discriminative patterns of behavior differ between those chil-
dren with autism and those who are typically developing. While there is considerable value in exam-
ining the quantity of socially communicative action observed when diagnosing autism, much
information also comes from examining the quality. For example, a person with autism may show
an absence of descriptive gesture during interpersonal interaction, but more likely it will be poorly
formed and vague. Therefore, during the demonstration task in the Autism Diagnostic Observation
Schedule-Generic (ADOS-G), when participants are asked to mime tooth brushing, the gestures
are quite likely to be vague and quite general, such as just bringing a loosely formed grip action to
the side of the mouth and moving it up and down. Some children with autism may show an absence
of declarative pointing (pointing out something to show it) but many will point but fail to coordinate
the pointing action with an appropriate gaze shift. Few people with autism will show a complete lack
of facial expression, but most will show a diminished range. Parents will report that simple expres-
sions like a smile and anger are expressed, but there is a lack of the subtle modulation of facial expres-
sion typically seen in both children and adults during social communication. In some cases,
expressions and gestures are exaggerated and poorly modulated, perhaps being used inappropriately
in some situations. So typically, social actions in autism are not just diminished in frequency, but they
are also different in quality. They lack the detail, breadth, and complexity of typical socially commu-
nicative actions, and tend to be poorly integrated with one another or their context.

These differences imply a failure to acquire an action-based knowledge of social communication.
Social communication is a culturally acquired skill, which means that we acquire it by watching how
others do it—in other words, through imitation. Facial expressions are a very good example of
socially communicative actions. Earlier perspectives on facial expressions considered them to be
“universals.” Darwin (2009), in writing about facial expression, described them as being constant
across cultures and even across species. While this may be true for basic facial expressions, recent
research has thrown light on the cross-cultural variability of expression (Jack et al. 2012).
Furthermore, even if basic emotional expressions are quite constant across cultures, there are well-
recognized variations and culturally specific facial gestures, which demonstrate that they are acquired
by learning from others, that is, through imitation.
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INVESTIGATING THE RELATIONSHIP BETWEEN IMITATION AND AUTISM

This brings us to the core of the matter: the hypothesis that imitation is core to the psychopathology of
autism, and that while general motor skills are a nonspecific feature of impaired neurodevelopment,
imitation is specifically impaired in autism. Almost every study examining imitation in autism that
has not been marred by floor or ceiling effects has found group differences (for reviews, see
Rogers and Williams 2006; Smith and Bryson 1994; Williams et al. 2004). Highly significant
group differences can be found with only 10-20 individuals per group and in all populations, includ-
ing adolescents and adults with IQs in the normal range (Rogers et al. 1996; Avikainen et al. 2003),
and across a wide variety of tasks. Most recently, a meta-analysis of 53 studies (Edwards 2014) found
that those with ASD performed an average of 0.81 standard deviations (SDs) below individuals with-
out ASD on imitation tasks, that the impairment was specific to ASD, and that ADOS scores (but not
IQ scores) correlated negatively, significantly, and strongly with imitation abilities. Furthermore,
group differences were not affected by factors such as study setting, novelty of actions, format of imi-
tation tasks (live vs. not), number of actions to imitate, or verbal prompts. In addition, when imitation
performance was defined by both form and end point, it showed deficits, but not when it was defined
only by an end point.

The evidence for a specific deficit therefore appears to be somewhat conclusive. A problem with
imitation in autism has been clearly and unequivocally documented, and so we have identified a social
learning deficit that lies at the base of the cascade of social cognitive development and can result in
autism. However, three big questions remain to be answered:

1. If imitation impairment caused autism, then impaired imitation would be a discriminative
and diagnostic feature. However, there remains less than 1 SD of difference between groups
in performance of imitation tasks, and many children with autism do not have imitation
impairment. Furthermore, enhanced mimicry is a feature of ASD, indicating that some chil-
dren are excellent at copying, and the imitation items in the ADOS (module 1) and ADI-R
are not discriminatory. How can autism occur with intact imitation if imitation impairment
underlies autism?

2. Imitation may underpin impairments in the development of gesture and facial expression,
but how does it relate to repetitive behaviors and low social motivation? Is there a causative
relationship between imitation impairment and consequent development of those ASD
symptoms that reflect poor social motivation or repetitive behavior?

3. Is imitation part of a causal pathway in the manifestation of autism, or is it just a correlate of
other cognitive impairment? In other words, are the cognitive mechanisms specific to imita-
tion necessary for the development of those abilities that are impaired in autism? Imitation is
acomplex ability that relies on motor skills, memory, and attention. There is widespread evi-
dence for deficits in all these capacities in autism (Kanner 1943; Wing 1981; Mundy and
Neal 2000; Dawson et al. 2002; Dziuk et al. 2007). Indeed, Asperger described general
impairment of motor skills in his original clinical descriptions, and motoric problems are
recognized as an associated feature in the 10th revision of the International Classification
of Diseases (ICD-10). Green et al. (2002) found developmental coordination disorder to
be an almost ubiquitous feature of autism. Deficits in episodic memory and working mem-
ory are similarly well documented, as are abnormalities in attention. The imitation problem
may simply reflect a failure of children with autism to attend to relevant social stimuli and
practice the appropriate motor skills. The question may be framed in more biological terms.
Autism is widely considered to be a neurodevelopmental disorder that is heavily dependent
on genetic variation. Therefore, it is quite likely that the genes that are associated with the
autism phenotype have pleiotropic effects, which have effects on motor skills, memory, and
attention, and also consequences for imitation skills. It can therefore be easily argued that an
association between autism and imitation ability is no more than a nonspecific association
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because of genetic pleiotropy, resulting in commonly comorbid deficits in memory, motor
skills, and attention.

We need to do a lot more to understand the relationship between imitation and ASD, and the hypoth-
esis needs to be more specific. “Imitation” may cover a broad range of action types and forms of learn-
ing, and may require a much tighter specification of parameters. In this chapter, I argue that two
studies that we have conducted provide two lines of argument in support of a narrower hypothesis.
The first argues that there is a specific impairment of imitation in autism, while the other shows
that between-individual variance in capacity to imitate affective values through the imitation of facial
expression is linked to empathy, a social cognitive ability. I then outline a methodological approach
for the measurement of imitation ability, by defining it in terms of a capacity to discriminate between
actions of similar form, before discussing how this may provide a fruitful research direction for under-
standing the neurocognitive basis of autism, and its assessment and treatment.

MEASURING IMITATION

To my knowledge, all the studies in the meta-analysis by Edwards commonly rely on a qualitative
scoring approach. This means that actions are modeled and a participant is asked to copy them. In
the do-as-I-do approach (Hayes and Hayes 1952), which is the most commonly used, models
show participants a series of actions and participants are asked to repeat them. The do-as-I-do indexes
the degree of similarity between observed and enacted actions. If done properly, two raters establish
interrater reliability and observe an imitated action blind to the participant’s group status.
Nevertheless, scoring remains necessarily crude, as the coding remains subjective, and rates an act
of imitation on a limited scale (e.g., 0, 1, 2, or 3). It also provides a single summary rating that com-
bines accuracy across all the elements, including the speed and coordination. The method imposes no
presumptions on the ways in which the copied action may differ from the modeled action and does not
credit the imitator’s ability to take into account the relative importance of different aspects. In this
way, the do-as-I-do method supports “blind copying” as the preferred method of imitation, rather
than action understanding. In addition, the scoring is also blind to the way in which a copied action
may differ from the modeled action. In theory, the susceptibility of imitation in autism to certain spe-
cific aspects of cognition, for example, dexterity or memory, might be examined by altering the spe-
cific cognitive demands of the tasks. However, the degree to which it is possible to show that some
types of task are more affected than others, for example, gestural versus action on object, or sequential
versus single, is limited. This is because introduction of changes to one set of cognitive demands of
the task, for example, the memory demands, is difficult to do without altering others, such as the atten-
tional or motoric demands. Consequently, Edwards (2014) was not able to find that the characteristic
of the task in terms of action content or experimental design had any consistent effect on effect size.
However, as mentioned, research points to impaired imitation of force and speed (or style) (Hobson
and Lee 1999; Perra et al. 2008; Wild et al. 2012), whereas clinical observation of impaired gesture in
the ADOS (assuming gesture is learned through imitation) implies impaired copying of form. One
way to further our understanding of the imitation impairment would be to show that some aspects
of imitation are affected differently than others, which means that different parameters of imitation
need to be varied and then measured separately from one another.

USING KINEMATICS

An alternative approach may be to use kinematic measures, which can accurately measure properties
of actions and describe them using a range of parameters. Although this approach limits the measure-
ments to a few specific parameters, these can be measured with a high level of accuracy and reliabil-
ity, and so may facilitate a systematic approach to testing specific hypotheses about the imitation
deficit in autism. The first studies to explore the use of kinematics to study imitation in autism
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(Wild et al. 2010, 2012) report that participants with autism were poorer at imitating the speed of
actions than controls, which they suggest may stem from different patterns of visual attention.
While this constitutes a step forward in (1) providing quantitative evidence for an imitation deficit
and (2) showing a specific deficit for copying speed, the link to visual attention remains correlative,
and so the possibility remains that the deficit could stem from impaired motor function, visual atten-
tion, or working memory.

OBJECT MOVEMENT REENACTMENT

Certain types of observational learning are superficially similar, yet theoretically distinct from imita-
tion. Whiten (2006) describes an experiment (Custance et al. 1999) with capuchin monkeys that
observe other monkeys opening containers of prize food items. The monkeys might learn to operate
the opening mechanism (e.g., removal of a bolt) by observing another monkey, but they would not use
the same technique to achieve it (e.g., they would push the bolt out instead of pulling it). This is a form
of emulation that is concerned with copying the object movements but not the actions. They termed
this “object movement reenactment” (OMR), which requires the recreation of object movements
caused by an action without necessarily requiring the action to be copied (Custance et al. 1999)
This distinction was introduced by Heyes et al. (1994), who compared an imitation condition
where the subject observed an action with an object (a rat pressing a lever to obtain a reward) with
one where the object underwent identical movements with no actor (lever depression only—also lead-
ing to reward), as if controlled by a ghost.

This method makes it possible to create two tasks with exactly the same demands in terms of mea-
sured motor output, but where one requires imitation and the other only requires reenactment of the
action end point. If the imitation problem in autism is specific to imitation, we would expect to see
worse performance in the imitation task in autism, relative to possible additional impairment on
the OMR task, which is nonspecifically related to motor impairment.

AN INVESTIGATION IN AUTISM

This was the study described by Stewart et al. (2013). It required the creation of two types of stimuli in
the form of video recordings. First, an actor was videoed while drawing shapes on the screen of a
tablet (three shapes, three sizes, and three speeds). We used some software developed in our labora-
tory for recording the movements made by the stylus on the surface of a tablet computer (Kinematic
Assessment Tool [Culmer et al. 2009]—described below). After these videos were recorded, we then
created a further set, using the recorded trajectories to drive the movement path of a red dot. Then the
actor sat in front of the tablet but did not move, while a red dot could be seen to move on the tablet
tracing out the same shapes at different speeds and sizes. Another critical difference between the two
sets of stimuli was the camera angle. In the imitation stimuli, the camera was angled so that the action
could be seen but not the end point of the action or the object being drawn on the screen. In the OMR
stimuli, the object end point was visible. For this study, the parameters that could be readily extracted
were the path length of a movement and the duration of an action. We were therefore able to design an
imitation task where we specifically set the performance parameters in terms of the variables that we
could quantitatively measure (action speed and size), and could therefore scaffold it by asking parti-
cipants to pay particular attention to these parameters. We hypothesized that imitation would be worse
among adolescents with ASD than among their Typically Developing (TD) peers.

OUTCOME VARIABLES

Williams et al. (2014) developed two approaches to analysis of the data, which may be considered
comparable to the two-way method or the do-as-I-do method. The two-way method is essentially a
measure of the correlation between the model and participant’s behavior. If imitation occurs, then
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the copied behavior is more likely to occur following a seen behavior than an unseen behavior, and
therefore imitation can be operationally defined as the statistical dependence of the acted behavior
on the seen behavior, that is, as a correlation between observed and enacted behaviors. We therefore
conducted correlative analyses between the model and participant data, which ask about the strength
of the statistical dependency of the parameters of the participants’ action on those of the model.
Figure 6.1 shows that the slopes were greater than 1 for both groups, but more so for the ASD
group. This was because as the model values got larger (i.e., the shapes drawn got bigger), partici-
pants failed to increase the size of object drawn at the same rate. This is an example of contraction
bias—a well-recognized phenomenon whereby we all have a tendency to be biased toward the mean
when asked to estimate a variable that is continuously distributed. The bias demonstrates a feature
of the correlative method for examining imitation in that error can be distinguished from bias, and it
would be possible to have a perfect correlation, that is, complete statistical dependency of one
action upon another, but without the action kinematics matching, due to a bias. Another feature
of the correlative method is that it can be applied to determine whether an individual is copying,
rather than just looking at group differences. Stewart et al. (2013) reported that more children
with autism than controls failed to reach a statistically significant level of correlation between
model and participant, specifically for imitation of action duration, indicating that those children
had not imitated.

The second approach to analysis corresponds to the do-as-I-do method and simply measures the
degree of error between participant and model. Error measures then lend themselves to parametric
analysis and a repeat measures analysis of variance (ANOVA) experimental design. Stewart et al.
(2013) were able to show a marked group effect and a further group X task interaction, while control-
ling for IQ and age. This showed that there was a general motoric problem in the ASD group, but on
top of this, there was also a specific imitation impairment.
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FIGURE 6.1 For each of the 27 trials, the mean value of the path length for the whole group is plotted against
that of the model. In both groups, the slope is greater than 1, but more so for the ASD group, indicative of greater
contraction bias in the ASD group.
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FACIAL IMITATION

These manual imitation studies established the feasibility, a methodology, and an analytic approach
for the measurement of imitation fidelity in typical development and autism. However, this relies on
the measurement of one parameter at a time, and as mentioned earlier, the clinical impairments in aut-
ism suggest a problem in collating the distinctive features of actions in relation to their context during
imitation. For example, while it is the case that a lack of descriptive gesture and declarative pointing
are important diagnostic features of autism, it is not usually single parameters that are not learned, but
the correct form or context in which they are applied. Furthermore, it is possible that the learning of
those aspects of actions that are particularly relevant to social communication might be more speci-
fically impaired in autism. In particular, imitation of actions such as those used in the facial expression
of emotion may be particularly impaired. Facial expressions offer a particularly good model because
they involve collating multiple actions (e.g., mouth, forehead, and jaw muscles) to achieve configura-
tions that are distinctly linked to specific mental states.

Perhaps curiously, facial imitation has been relatively little researched. Indeed, studies of facial imi-
tation in autism have been characterized by significant methodological limitations, as well as being low
in number. Much interest has been shown in neonatal imitation (Meltzoff and Moore 1977), but many
argue that this is simply mimicry (Jones 2009). Studies of facial imitation in older populations utilizing
basic emotions (Carr et al. 2003; Dapretto et al. 2006; Tardif et al. 2007) would seem to be crude tests of
empathy given that recognition of basic emotion is achieved by 1-year-olds (McClure 2000). For pre-
viously learned expressions, these tasks require only recognition and then execution of a stereotyped
behavior. Other tasks involving novel sequences or novel facial actions may seem to be stronger
tests of imitative ability (Rogers et al. 1996; Bernier et al. 2007; Tardif et al. 2007) but do not seem
relevant for the purpose of facial expression, which is usually to communicate emotion, and are not
good tests of the capacity to generate complex or subtly different expressions.

In order to test the ability to imitate an emotional expression, we sought to determine whether a
methodology similar to that used with manual imitation could be applied to facial emotion. That
would require us to take a single parameter as an outcome measure, vary it systematically across a
series of trials, and see how closely the participant’s copy correlates with it. For the purposes of facial
emotion, it is possible to parametrically control the amount of a specific emotion expressed in a face.
Standardized facial expressions have been generated by a few labs (e.g., the Eckman faces and the
Karolinska faces) that can be considered to represent basic expressions at the 100% level. By identi-
fying the landmark features of a face, it is possible to move these landmarks to alter the expression that
is projected. For example, if the positions of landmark features are determined for a face that is neutral
and one that is completely sad (“100% sad”), then when the landmark features are halfway between
the two, the expression will be 50% sad. It is also possible to blend facial images in predetermined
amounts. It would therefore be possible to blend two emotions by systematically varying amounts
to create a linear arrangement whereby as one moves along the line, the emotion changes from
one to another. Similarly, one could blend three emotions to increase the novelty of the expression
and increase task demands further.

We elected to divide the six basic emotions into two sets of three emotions: (1) fear, happy, and
disgust and (2) surprise, anger, and sad. These are the two sets where the emotions in each set are
thought to be most dissimilar to each other. For each set, we constructed a triangular array of 15
expressions. To calculate the amount of each emotion in each expression, we first considered each
emotion to be on an axis perpendicular to the other two. The extreme emotions at the apexes were
slightly caricatured at 110% the basic emotion. The proportion of each emotion in the triangular
array would then be calculated according to its Euclidean distance from the apex. Those along the
edge were only a blend of two emotions, while those in the center were blends of all three emotions.
The array of expressions is shown in Figure 6.2.

The principle of the two-way method is that imitation will be evidenced by a behavior that corre-
sponds to the one being shown. If we apply that principle here, then perfect imitation will be
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FIGURE 6.2 Stimuli used for the facial expression experiment. Each facial stimulus is displayed individually,
but they are shown here as an array to illustrate the structure of variation across the repertoire. Original stimuli
were obtained from the Karolinska Facial Expression Database and used with their permission.

evidenced by facial expressions, which can be seen to correspond to the model expressions more than
those that are similar. The more similar the expressions, the harder it will be to evidence discrimina-
tion in imitation. To test that, we asked a group of young people to imitate the two arrays of facial
expressions. Each expression was shown individually, and the participant was given 5 seconds
and a countdown (“3, 2, 1”) before a shutter sound was heard and the image was captured. For
each expression, photographs were then printed. We then asked two raters to try to match an indivi-
dual’s set of photographs to the model set of photographs. After matching, we unblinded them and
looked at the accuracy of the matching. Error was measured for each photograph as the number of
steps it was away from the model photograph to which it corresponded.

Some points are worth noting about this “sorting” method. Earlier ideas that we considered in
thinking about measuring facial imitation were along “do-as-I-do” lines, meaning that we would mea-
sure changes in landmark position for expressions and see how well they corresponded to those of the
model. This approach would present several challenges. In the first place, the positioning of land-
marks and consequent measurement for each stimulus would be impractically time-consuming and
laborious. Second, because landmark positions change according to facial identity, it is hard to
know how we would go about comparing them. As humans, we are experts in looking at human
faces. We are generally sensitive to a change of about 20% in facial expression (e.g., Law-Smith
etal. 2010). In sorting the expressions, using our novel approach, we are not asking about the degree
of correspondence between each individual’s expression and each modeled expression and then tak-
ing an average. Rather, we are looking at a single individual’s pattern of variance of facial expression
and looking at how the structure of that variance corresponds to that of a synthetic standardized
model’s repertoire. Furthermore, because the blends are of emotional expressions, the synthesized
expressions are a repertoire of emotional expressions. The task is therefore one of motoric control
over emotional expression within a context of imitation, which means identifying and being able
to enact those characteristics of emotional expressions that make them distinctive from one another.
The error score generated for each individual is a measure of this ability.

In our initial study (Williams et al. 2013), we aimed to test the methodology by testing three
hypotheses—whether there was a practice effect, whether visual feedback improved performance,
and whether individual differences correlated with social cognitive function (measured by self-
reported “empathic quotient” [EQ]). We found a trend toward an effect of practice: no effect of visual
feedback, but a significant effect of EQ, with higher-scoring, more empathic individuals showing
more accurate imitation. There was no sex effect.

The relationship between EQ and facial imitation was exciting, not least because of its potential
strength, being evident within a sample of just 24 individuals. One criticism was that it might just
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reflect differences in capacity to recognize emotions, but the literature on emotion recognition and
empathy shows a far weaker relationship than we were showing in this study. It seemed much
more likely that the method was revealing evidence for a direct relationship between imitation and
empathic development. Nevertheless, this initial study clearly required replication and, furthermore,
begged the important question as to what neurocognitive mechanism might be implicated in linking
facial imitation to empathy.

In the second study (Braadbaart et al. 2014), we sought to conduct the imitation task during
functional magnetic resonance imaging (fMRI). In order to specifically examine the correlates of
imitation, we introduced a control, “instruction” task, whereby exactly the same images were viewed,
but participants were told to execute a preinstructed nonimitation response to a letter cue. Therefore,
participants saw the same facial images for each trial, but above each image was an I, an O, ora T,
instructing them to imitate, make an O with their mouth, or protrude their tongue, respectively. The
study differed from the previous one in using new images constructed from the Karolinska database
rather than the Eckman faces. Participants performed the task outside of the scanner first to provide
behavioral measures. Inside the scanner, a camera mounted on a head coil allowed compliance to be
monitored, but we could not obtain images to measure fidelity.

We were interested in three types of outcomes measure—the effects of imitation compared with
instruction, neural correlates of individual differences in EQ, and neural correlates of accuracy.
Finally, the areas where accuracy and EQ correlates overlapped would illustrate the neural mechan-
ism that mediates the relationship between accuracy and EQ.

First, the behavioral study replicated the finding of the previous study, showing that EQ correlated
with imitation accuracy. An interesting point to note here is that once again, we found no sex differ-
ences in imitation ability, despite the correlation with EQ, which does show a sex difference. This
could well be because the studies are both underpowered to detect it. For the purposes of this chapter,
I combined the results from these two studies. On a combined sample of 19 males and 24 females, a
significant difference in EQ is found (male = 35.4, SD =9.5; female =42.4,SD =11.6;r=2.14,p =
0.038), but no suggestion of any difference in imitation error (male = 12.5, SD = 4.0; female = 11.4,
SD =3.9; 1 =0.90, p = 0.373). Similarly, a logistic regression showed marked effects of study (the
second scored higher errors than the first) and EQ, but clearly no effects of sex (empathy: beta
95% CI = -0.209-0.050, p = 0.002; study: beta 95% CI = 3.65-7.08, p < 0.001; sex: beta 95% CI =
—2.30-1.30).

With respect to the fMRI results, the overall effects of imitate over mismatch revealed few effects,
but most interestingly, these were located in the occipital face area (OFA). The OFA has been impli-
cated in facial emotion recognition (Winston et al. 2003), and application of transcranial magnetic sti-
mulation to OFA has been shown to impair emotion recognition (Pitcher et al. 2008). Furthermore, the
occipital cortex has been shown to be sensitive to motor activity (Astafiev et al. 2004) and have mirror
neuron properties using multivoxel pattern analysis (Oosterhof et al. 2013). These latter studies have
identified a slightly more lateral and rostral region with these properties but have focused on manual
actions. It is predicted that OFA will be sensitive to motor input, but studies have not yet been directed
specifically to that question (Pitcher et al. 2011). Conversely, it also seems quite possible that the OFA
could be sensitive to input from other areas concerned with emotional processing, including the orbi-
tofrontal cortex and inferior frontal gyrus. The study by Braadbart et al. also suggests that many of the
effects of imitation over mismatch are relatively small and only become detectable when sample sizes
are sufficiently large.

Much larger effects of condition were seen for the instruction > imitate contrast. These were cen-
tered on the insula, middle temporal gyrus, and precuneus. The insula is well-recognized to become
active during conflict, and the data suggest that imitate is a default condition, while to act in a non-
imitative way to a facial stimulus, to inhibit a tendency to imitate and enact a prelearned response to a
secondary stimulus, is more cognitively demanding.

However, the main purpose of the study was to identify the neural mechanisms that mediated the
relationship between EQ and accuracy. Correlations with facial imitation accuracy occurred in both
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dorsal premotor and parietal regions, while correlations with EQ occurred in the somatosensory cor-
tex, hippocampus, and dorsal premotor cortex. A conjunction analysis using strict criteria identified a
region of dorsal premotor cortex, as correlating with both EQ and facial imitation accuracy. A review
of the literature found that this area did not correspond to premotor area for facial activity as one might
have predicted, but to locations identified as being active during visual imagery of motor actions.
Therefore, the critical link between empathic traits and imitation accuracy appears to be mediated
by the capacity for motor imagery—to imagine what face is being made during facial imitation.
Also, those with more empathic traits show more activity in areas of somatosensory and aspects of
parietal cortex during imitation, associated with action encoding and attention to the experience of
emotion (Straube and Miltner 2011). These two observations raise the possibility that facial imitation
ability and empathy may both be associated with levels of emotional awareness. Emotional awareness
would seem to be quite an amorphous concept and one that is difficult to measure. The Levels of
Emotional Awareness Scale (Lane et al. 1990) scores the degree of complexity and differentiation
that participants ascribe to emotional experiences. It is based on the theory of Lane and Schwartz
(1987) that emotional awareness develops from experience of the body in action and bodily sensa-
tions, which lead to increasingly complex representations of emotions in the form of blends of differ-
ent feelings. Lindquist and Feldman-Barrett refer to this as “emotional granularity.” By measuring the
ability of participants to differentiate between increasingly similar emotions, the measure of facial
imitation may therefore provide a measure of emotional granularity, which, according to the theory
of Lane and Schwartz, will correspond to emotional awareness.

INVESTIGATING THE RELATIONSHIP BETWEEN IMITATION AND AUTISM:
COPYING VALUES

Our studies of facial imitation in autism are as yet unpublished, and further data on manual imitation
are also still to be published. Unsurprisingly, we find the capacity for facial imitation and manual imi-
tation to be diminished in ASD. Data therefore point to a diminished capacity in autism to specifically
differentiate actions from one another, whether they are emotional expressions or measured as single
action parameters. I finish the chapter by hypothesizing two mechanisms by which the capacity to
differentiate between actions in imitation might be impaired in autism, and how this might result
in alternative patterns of clinical symptoms.

The affective-sharing or motivational and representational theories provide two alternative
mechanisms that explain the link between imitation and the social cognitive impairment in autism.
The representational model considers the theory of mind deficit to result from a failure to attribute
mental states to an observed behavior. A developmental model argues for a hierarchical structure
of goal attribution to observed actions, which leads to the generation of “metarepresentations,”
whereby thoughts are inferred to lie behind other thoughts. At the level of secondary representation
(Perner 1991; Suddendorf and Whiten 2001), an action may be observed and the purpose of that
action (which can be described as the “goal,” “intention,” or “motor plan”) can be inferred or simu-
lated. Imitation involves the attribution of intention to associate the form of the action with its purpose
(or goal). The representational (or mentalizing) theory of autism argues that a failure to develop sec-
ondary representations would explain the imitation problem in autism (as well as things like pretend
play), but evidence has been problematic. No problems have been found in tests of intentional attri-
bution in autism, and the theory of mind deficit is only seen to be delayed in development. I suggest
that the failure does not occur at any level of representation, or even rest on certain levels being
achieved at specific ages. Rather, I suggest that the complexity (or granularity) of an action’s repre-
sentation increases with age and development of motor skills, and it is the granularity of that repre-
sentation that is impaired in autism, resulting is impaired quality of gesture and facial expression.

The affect-sharing or motivational hypothesis (Bachevalier and Loveland 2006; Chevallier et al.
2012) argues that autism is characterized by a deficit of socially motivated behavior. According to this
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idea, social behaviors are not experienced as rewarding and so are not positively reinforced, resulting
in an imitation deficit. The orbitofrontal-amygdala circuit lies at the heart of the social motivational
theory. Much emphasis has been placed in recent years on the ventromedial prefrontal cortex
(vmPFC) as a location where actions or, more accurately, the outcomes of actions become reinforced
(Amodio and Frith 2006). More recently, the vmPFC has been shown to play a role in encoding
action-specific values and is necessary for the differentiation of action values from one another
(FitzGerald et al. 2012). If these findings are applied to the social motivational theory of autism, it
may not therefore be so much that there is a specific failure to reinforce social behaviors in autism,
as a problem differentiating between behaviors at the level of their action-specific values, and there-
fore between social actions in terms of their reinforcement values or associations with outcomes. To
learn the contextual role of an action through imitation (including the role of an action within a
sequence of other actions) requires specific outcome values to be attached to specific actions.
Interestingly, one study has suggested that value encoding in the vimPFC is based on the GABA-glu-
tamate excitation—inhibition balance (Jocham et al. 2012). This is of interest because it is a popular
theory that a GABA-glutamate imbalance results in autism (Rojas et al. 2015).

The motivational and representational theories therefore both share a common property. In both
theories, there is a failure in autism to differentiate between actions at the representational level. In
representational theory, the complexity of action representation within the somatosensory, parietal,
and motor cortex is diminished in autism, and impacting on granularity of actions that communicate
emotion. The dependence of emotional representation on sensorimotor representation means that
coarse granularity of communicative action affects emotional representation, resulting in reduced dis-
crimination between emotions at a level of emotional awareness. Taking the perspective of a motiva-
tional framework, the capacity to differentiate between actions of different reinforcement values will
be problematic in a different way, affecting a capacity to learn the role of an action in context. Once
again, coarse granularity of action representation will result in failure to attribute different reinforce-
ment values to different actions, with the result that different actions will have similar socioemotional
reinforcement values, and one action will not be learned in preference to another as being appropriate
for social communication. However, the same problem may arise if neural mechanisms in vmPFC for
flexible attribution of values to actions are developmentally impaired.

Quantitative measures of imitation using the paradigms we have developed provide an approach to
investigating both of these models by measuring the capacity of sensorimotor learning systems to dif-
ferentiate between similar actions, whether in terms of their kinematic parameters or their socioemo-
tional reinforcement values. A value-based model of imitation also provides a unifying hypothesis for
both representational and motivational theories, since the capacity for the orbitofrontal-amygdala cir-
cuit to differentiate between actions will depend on both how well those actions are differentiated at
the level of encoding and the resolution of the system to differentiate them. Furthermore, we have
shown that the values of actions to be copied can be parametrically varied to reflect either the meaning
of the actions or their kinematic values.

A further hypothesis is that while poor quality of action representation might be broadly associated
with autism, different sources of impaired action representation will affect the clinical picture in dif-
ferent ways. If the problem is primarily within action reinforcement systems, autism might be char-
acterized by largely intact motor skills but more emotional difficulties and rigid behavior, as well as
abnormal or even exaggerated gesture (as is sometimes seen in autism). In contrast, if the problem lies
in action-encoding systems primarily affecting the granularity of action representation, it will be more
likely to be associated with motor clumsiness and poor emotional representation.

CONCLUSIONS

In conclusion, impaired imitation has been repeatedly demonstrated to be associated with autism, and
action expression in social behavior has a diminished range and complexity (or granularity) in aut-
ism. A study using quantitative methodology and a closely matched motor control has shown that
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imitation is a specific impairment that cannot be accounted for by general motor impairment or atten-
tional problems. A novel method examining the imitation of emotional expressions suggests that the
capacity to differentiate between subtly different emotional expressions predicts empathic ability.
This is in keeping with theory that suggests that emotional awareness depends on the granularity
of emotional representation in motor and sensory systems. I also suggest that the capacity to differ-
entiate actions at the level of reinforcement learning is integral to discriminating between actions in
terms of their associated outcomes, and therefore the representation of complex action. Quantitative
measures of action imitation fidelity measure a capacity to discriminate between actions, in terms of
their associated reinforcement values or representational meanings. Importantly, this relies on mea-
suring the actions executed rather than the capacity for perceptual distinction. Our current research
suggests that these measures may provide valuable markers for both identification and assessment,
as well as possible targets for the remediation of social cognitive impairment in development.
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This section of the book has provided an outline of research aimed at exploring the development
and refinement of social skills, social cognition, and communication—a core area of inquiry of
autism research. Yet, as noted, an individual’s background and training will guide research—in
terms of both the questions posed and the approaches adopted for analyses, the inferences
made, and the interpretation of data. This chapter aims to provide a concrete working example
of social dynamics in autism spectrum disorder as decomposed and considered from the per-
spective of a physiologist and computational neuroscientist. In particular, this chapter illustrates
the role of dyadic exchange within the framework of closed feedback loops, which consider
reentrant information from sensations of self-generated motion—an element currently missing
from the working conceptualization of social exchange. Further, the exchange of volitional and
spontaneously co-occurring social motions across a dyad will be objectively quantified, and
examined as evolving levels of entrainment. Through this new multidisciplinary movement
sensing perspective, we demonstrate the potential utility of such metrics to inform and reshape
a diagnostic tool—the Autism Diagnostic Observation Schedule (Lord et al. 2000, 2012), from
a monologue to a social dyad.

INTRODUCTION

Clinically defined and characterized by ‘“classical” behavioral symptomatology, autism spectrum
disorder (ASD) (APA 2013) continues to be largely classified as a psychological or psychiatric
disorder (see Chapter 2). This classification, prominent across academic, clinical, and public are-
nas, is reflected in definitions—that draw on broad symptomatology, including impaired social and
communicative ability, and restricted and repetitive behaviors—and methods of diagnosis. Within this
framework—and as part of the coarse symptomatology of ASD—social skills play a critical role.
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Specifically, easily identified through observational techniques, and a core feature of ASD, social
skills provide an intuitive step toward diagnosis, and offer insight into underlying psychological
processes and neurological underpinnings (e.g., see Chapter 5). However, our approach to the use
of, and understanding of, such higher-level skills is dependent on the perspective that we adopt
(see Chapter 4). One’s research background and training will inevitably shape our conceptualiza-
tion and understanding of what social skills are, and thus how these may be harnessed, quantified,
and remedied. This chapter aims to illustrate the benefit of each perspective while highlighting
the potential of a multidisciplinary lens to reshape our often modular, one-sided, or isolated
conceptualization.

DEFINITION AND WORKING CONCEPTUALIZATION OF SOCIAL SKILLS

Encompassing concepts such as social reciprocity or interaction, and language or communication
skills, the underlying construct of social skills is largely conceptualized as the ability of an individual
to engage in a meaningful interpersonal interaction within a dyad (or larger) setting. Traditionally
conceived of as verbal in nature, social skills and communication exist on a continuum of both verbal
and nonverbal interactions. Further, as outlined in Chapter 5, through these verbal and nonverbal
interactions, members of a dyad influence each other at two levels—content and temporal interdepen-
dence at both micro- and macrolevels. This multilayered deconstruction of social skills and commu-
nication provides initial insight into the complexity of these higher-level dynamics. However, the
level of examination—and thus how these are harnessed—varies.

From the psychological perspective, social skills are core to infant development, and remain pro-
minent in adult existence, facilitating the building of cultural beliefs and shared understanding, and
the development of stable relationships. Seminal work empirically deconstructing this early dyadic
exchange demonstrates subtle levels of content and temporal entrainment across the infant—caregiver
dyad in the macrolevel feeding patterns of new mothers and microlevel suck-burst patterns of infants
(Kaye 1977, Schaffer 1996), cycled infant—caregiver gaze on—off patterns (Beebe, Jaffe et al. 2010),
and early “vocal” exchanges (Wolff 1969, Schaffer and Liddell 1984). Illustrative of the first levels of
sociocommunication skills, this work demonstrates macrolevel behavioral organization of dyadic
exchange by profiling the microlevel temporal entrainment, that is, the underlying periodicity of
exchange (Schaffer 1977, Kaye and Fogel 1980, Lester, Hoffman et al. 1985, Cohn and Tronick
1987). Yet, despite the pivotal role of social dynamics—particularly during development—quantify-
ing social skills and interpersonal relationships within the psychological or psychiatric remit is argu-
ably limited. Indeed, current standardized psychological and psychiatric methods designed to profile
social interaction rely heavily on observational assessment tools, such as the Coding Interactive
Behavior (Feldman 1998, Feldman 2003) and the Infant and Maternal Regulatory Scoring
Systems (IRSS and MRSS) (Tronick and Weinberg 1990). Although designed to consider the bidir-
ectional relationship—that is, both members of the dyad—on behavioral outcomes, such tools are
reliant on descriptive methods, via the use of visual quantification of macrolevel observed behaviors
by trained coders or examiners. Indeed, despite employing analytical methods to examine the bidir-
ectionality of early dyadic interactions through time and frequency metrics, and the isolation of sto-
chastic versus periodic cycles of exchange e.g. Cohn and Tronick (1987), such seminal work relies on
the primary quantification of exchange through subjective measures—yvia the monadic phases manual
(Tronick 1987). This reliance on visual metrics restricts our interpretation of microdynamics to those
that are at a substantial level so as to be observed.

The physiologist may aim to provide a more concrete, objective method to record and profile levels
of social skills, social cognition, and communication, by making precise recordings of physiological
(bodily) control. A growing area of inquiry, perhaps in part due to advances in technology, this is akin
to the initial level of a motor or movement perspective. Indeed, studies have employed eye-tracking
technology in an attempt to further quantify traditionally psychological metrics of social dynamics,
such as early infant—caregiver joint attention, through an examination of synchronized and sustained
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fixation on joint regions of interest (ROIs) (e.g. Yu and Smith 2013). Furthermore, by recording phy-
siological landmarks of members of a dyad (or larger), attempts to deconstruct the internal dynamics
for social synchronization and coordination—that is, temporal interdependence—have been made.
As discussed in Chapter 5, this field of “coordination dynamics” utilizes high-speed motion capture
technology, and draws prominently from recurrent analytical techniques, to objectively profile the
potency of joint action coordination and entrainment (Kugler, Kelso et al. 1982, Turvey, Fitch
et al. 1982, Kelso 1984; Schmidt, Fitzpatrick et al. 2011). However, despite providing evidence of
coordination dynamics at an underlying temporal level that can impact macrolevel behaviors, such
work is limited to artificial paradigms (Schmidt, Christianson et al. 1994; Amazeen, Schmidt et al.
1995; Amazeen, Amazeen et al. 1998; Richardson, Marsh et al. 2005; Richardson, Marsh et al.
2007; Schmidt, Fitzpatrick et al. 2011) (also see Chapter 5). Indeed, in more naturalistic contexts
such physiologist perspectives revert back to a reliance on underlying psychological coding techni-
ques of entrainment to guide the analytical methods (Schmidt et al. 2011). Thus, despite attempts to
provide impartial, objective metrics to quantify macro- and microlevels of social dyadic exchange, the
physiological perspective faces a number of inherent limitations, including an inability to extrapolate
findings generalizable to a broader naturalistic contextual setting.

Building from the physiologist methodology, the neuroscience perspective aims to isolate areas
of the brain that are responsible for social cognition and thus social skills. Neurological areas vital in
the identification of socially relevant facial stimuli and characteristics (e.g. Morris, Frith et al. 1996,
Phillips, Young et al. 1997, Winston, O’Doherty et al. 2007), the detection and utilization of bio-
logically relevant motion information (e.g. Allison, Puce et al. 2000), and action understanding (e.g.
Rizzolatti 2005) have been isolated. Yet, despite advances in brain imaging techniques, such metrics
are restricted to an artificial examination during an experimental—or medically—restricted scan.
Such an approach constrains our understanding to considering the impact of socially relevant infor-
mation on an individual—that is, a unidirectional approach—rather than a neurological conceptua-
lization of bidirectional interaction. Further, movement—an inherent part of dyadic exchange,
particularly at the nonverbal level—is a well-documented limiting factor in the use of modern
brain imaging and scanning technology, including functional magnetic resonance imaging
(fMRI) and electroencephalogram (EEG), and even ocular (Friston, Williams et al. 1996, Croft
and Barry 2000, Gwin, Gramann et al. 2010). Thus, current computational neuroscience models
of social cognition, skills, and communication focus heavily on the level of the central nervous sys-
tem (CNS), as characterized by underlying neural activity. However, as discussed throughout this
book, this arguably restricted interpretation—artificially removing contributions of movement as a
form of sensing and the role of the peripheral nervous system (PNS)—from computational models,
limits our understanding of the global social environment, including the impact of motor control and
sensory processing. Attempts to integrate motor control and social interaction have been made in
recent years (Frith and Wolpert 2003), yet difficulties extrapolating such information to a broader
context remain. Indeed, despite drawing heavily on forward planning models of action control, such
theoretical constructs place an assumption of a priori information in one’s ability to “decode” such
socially and biologically relevant information. Potential limitations of such an approach have been
discussed in Chapter 5, demonstrating the complexity of this “dark matter” of neuroscience
(Schilbach, Timmermans et al. 2013).

Combined, the psychological, physiological, and computational neuroscience perspectives,
although informative, are arguably restricted in their approach. Indeed, the challenge posed by a “sec-
ond person of neuroscience”—the dark matter of neuroscience today (Schilbach, Timmermans et al.
2013)—has been repeatedly raised in an attempt to open dialogue regarding methodology and
assumptions. Despite this, inherent limitations and preconceived conceptualizations based on
one’s background and field of study pose a tangible barrier. Indeed, reflecting the complexity of nat-
ural human behaviors, particularly those such as social exchange, we argue that this modular
approach is outdated. Rather, we propose a multilayered, multidisciplinary approach to quantify,
examine, and thus understand social exchange in complex systems (Figure 7.1). In our inquiry, we
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FIGURE?7.1 Multilayered system of inquiry from macro- to microlevels—inevitably, information is neglected
at each level, information that falls largely beneath our awareness. For example, observational metrics that rely
on the description of behavior focus on overt aspects, while the study of movements that make up such behaviors
omit incidental segments that supplement goal-directed actions (Torres, 2011). Further, traditional kinematics-
parameter averaging removes minute fluctuations within the amplitude and timing of movements as “noise”—
information that may contain important signals (Brincker and Torres, 2013; Torres et al. 2013). Finally, recent
discoveries regarding the underlying role of glial cells and RNA are also examples of data that were previously
omitted.

will incorporate new elements of behavior at the macro- and microlevels across different spatial and
temporal scales. As noted, these components of the social exchange have been traditionally over-
looked due to both limitations in observational (psychological and physiological) metrics, and the
a priori assumptions placed on such complex phenomena in an attempt to simplify, or reduce, the
research condition. The remainder of this chapter thus presents an overview of a multilayered
approach to examining social dynamics. This model integrates new elements—previously over-
looked due to a priori assumptions—in an attempt to objectively quantify the “social dance” for a
population with known social difficulties: ASD.

MULTILAYERED, BIDIRECTIONAL APPROACH TO SOCIAL DYNAMICS IN
AUTISM SPECTRUM DISORDER

Current psychological and psychiatric tools for the diagnosis and characterization of ASD draw heav-
ily on the role of social skills as a fundamental axis of symptomatology (APA, 2013). The Autism
Diagnostic Observation Schedule (ADOS") (Lord et al. 2012) is considered the “gold standard”
assessment tool currently available to assist in diagnosis’ (Ozonoff, Goodlin-Jones et al. 2005, Kanne,
Randolph et al. 2008). The ADOS is thus equipped with a range of measures to assess the quality of
spontaneous socialization in ASD, including the use of communicative gestures, joint attention, and
quality of response to the examiner. Drawing on these traditionally psychological metrics that tap into

* ADOS will be used to refer to all versions of the ADOS, including the generic and second edition.
T The ADOS is typically used in conjunction with additional tools for contextual information, such as the Autism Diagnostic
Interview—Revised (ADI-R) (Lord, C., et al. 1994).
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the diagnostic conceptualization of ASD, the ADOS provides a unique opportunity to measure social
cognition and skills from the broader macrolevel from the standpoint of an observer. Specifically, the
ADOS provides a structured, controlled social environment, and attempts to simultaneously harness
naturalistic—spontaneous—bidirectional dyadic exchange. However, upon closer examination, the
metrics extracted from this observational psychological model rely on a unidirectional approach.
Indeed, through the use of a semistructured controlled social environment, the ADOS targets a
range of symptomatic features of ASD, with an examiner using a number of social “presses” to illicit
a response from the individual through age-appropriate play-like behaviors. The quality of social
response, or lack thereof, provides an insight into aspects of autism, which is used to assess the pre-
sence and severity of symptoms. Yet, no information is recorded as to the potential impact of the clin-
ician on the outcomes of this social exchange—a cornerstone of a dyad—artificially restricting
outcome metrics to the “performance” of the participant or examinee. Further, such observational
scoring metrics face inherent limitations with subjective coder bias and error, and exist on ordinal
scales that neglect subtle aspects of behavior occurring at timescales beyond conscious awareness
(Figure 7.1). In particular, the observer or clinician is explicitly looking for spontaneous overtures
—in response to the social presses that they present. Combined, such a platform results in potential
levels of confirmation bias, and an artificial restriction to the inclusion of discrete behaviors that exist
at an observational level so as to be “coded.” As such, we need to (1) adopt an approach that examines
the social dyad rather than the child in isolation (a dyadic ADOS rather than an ADOS monologue);
(2) integrate an “objective neutral observer” provided by data-driven methods and statistical frame-
works that can span across, and integrate between, the multiple macro- and microlevels of inquiry to
include “hidden” movement classes; and (3) provide metrics that can encapsulate the continuous flow
of evolving social dyadic exchange between both members of the dyad to examine entrainment and
synchronicity. By coupling this standardized psychological tool with in-depth objective methods to
quantify microlevel coordination, higher-level psychological metrics of social interaction may be
sequentially deconstructed, proving a model and method to address these limitations. Further, draw-
ing on core principles founded in mathematics, this objective exploration may facilitate a computa-
tional modeling approach—uvital in the autism endeavor.

COMBINING THE PsYCHOLOGICAL AND PHYSIOLOGICAL PERSPECTIVES: AN OBJECTIVE EXPLORATION
INTO THE SociAL DyAD

The following provides an overview of an ongoing research study currently being completed at the
Sensory-Motor Integration Laboratory of Rutgers University—funded by the New Jersey Governors
Council for Medical Research and Treatment of Autism.

This project initially draws on the concrete and controlled environment of the ADOS platform, to
examine constructs defining social skills, cognition, and communication from a macropsychological
level. As such, the ADOS is administered and scored according to a standardized protocol by a trained
clinical team member. Outcome metrics using ordinal data are scored for subsequent consideration,
yet of most importance, the order and controlled administration of social presses is tracked, for sub-
sequent targeted analysis and decomposition. Through this sequential deconstruction, the project
aims to examine the relationship between higher-macro-level observed psychological constructs of
social dynamics and underlying microlevel forms of temporal and content interdependence as mea-
sured using objective metrics. Indeed, through this method, the project aims to isolate and identify
tasks presented within the global psychological tool that are particularly informative of underlying
dyadic exchange and social skills. To incorporate this nuanced understanding of social dynamics,
and at the level of dyadic interaction, high-end wireless motion capture technology is integrated.
Specifically, lightweight inertial measurement units (IMUs) (APDM) are positioned on key anatomical
landmarks of both the clinician and the examinee or participant—six positioned on each member, as
demonstrated in Figure 7.2.
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FIGURE 7.2 Experimental setup with sensors and example data. (a) Image of a typical paradigm for the
administration of the ADOS, whereby a clinician creates a standardized social environment to elicit a sponta-
neous response. As indicated, 12 IMUs are strategically positioned across the dyad—6 on each member—at
key anatomical landmarks, as demonstrated in (b). (c) Synchronously sampling at 128 Hz, these IMUs provide
temperature (c.1), angular velocity (c.2), and acceleration (c.3) metrics, on which underlying kinematic analysis
can be performed.

Sampling at 128 Hz, these sensors provide synchronized measurements of temperature, angular
velocity, and acceleration from across both members of the dyad. These synchronized signals, har-
nessed from the output of the nervous systems, are subsequently examined at the microlevel of somatic
sociomotor coordination. Specifically, recorded motor output is also considered within the framework
of reentrant kinesthetic sensory input—*kinesthetic reafference” (Holst and Mittelstaedt 1950). As
discussed below, the lead—lag information of each body part of each member of the dyad is considered
to understand how the motoric biorhythm of one system guides the other—that is, levels of entrain-
ment and temporal interdependence—during the ADOS exchange. Mirroring the multilayered
approach of Figure 7.1 to the study of social interactions, kinematic research in the specific area of
autism also exists on a layered continuum of analysis (e.g., Torres et al. 2013; Torres 2011)—as
such, the first question to consider is what form of kinematic analysis is most informative?

In the case of individuals with ASD, higher macrolevel observations of kinematic control imply a
general level of motor difficulty (Green, Charman et al. 2009, Whyatt and Craig 2012), which has
been objectively profiled using standard microlevel kinematic methods to confirm levels of motoric
irregularity that can be directly linked to macrolevel behavioral outcomes (Whyatt and Craig 2013).
However, both of these “traditional” levels of kinematic, physiological analysis rely on the examina-
tion of goal-directed behaviors across discrete timescales (an epoch) to examine specific overt
behaviors at the expense of larger timescales—that is, those of continuous, evolving motor output.
Indeed, similar to the difficulties encountered by the examination of unfolding coordination dynamics
(e.g. Schmidt, Christianson et al. 1994, Amazeen, Schmidt et al. 1995), the longitudinal profiling of
evolving nonlinear motor control, a characteristic of continuous social interaction, negates the use of
handpicked epochs in discrete methods of analysis.

Consider, for example, the complex sports routines of boxing (jab, cross, hook, and uppercut)
(Figure 7.3). The hand trajectories and speed profiles derived from these complex motions reveal hid-
den segments that the athlete is unaware of. For each alternating hand punch, the athlete focuses on
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FIGURE 7.3 Hidden movement segments of boxing behavior. The jab—cross—hook—uppercut routine is
decomposed here for the right and left hand (end points of the upper-body kinematic linkage). The center picture
shows the athlete from start to end performing the routine at variable speeds on command (fast or slow called at
random by a computer program). The traces correspond to a slow-motion case. (a) Trajectories with the segments
delineating the start and end of each subroutine in the order in which they occurred, marked by arrows.
(b) Temporal speed profiles of the positional trajectories shown in (a). The J2, H2, C2 and U2 marks the hidden
movement segments of this complex boxing behavior. While the athlete attends to the forward punches with
one hand (J1, H1, C1 and Ul), the other hand is simultaneously retracting. These supplementary (incidental)
motions co-occurring with the staged (deliberate) ones the athlete directs to a goal (the opponent) are the hidden
segments that “glue” our complex behaviors along a continuum and make the fluid. The supporting role of these
actions was previously unknown, as we had not yet quantified them and had no way to distinguish them from the
goal-directed (forward) ones. The athlete was also unaware of them. The experimenter was therefore surprised by
the resulting plots of these motions (see Figure 7.4). (Reproduced from Torres, E. B. Exp Brain Res 215 (3—
4):269-83, 2011. With permission.)

the forward, goal-directed segment of the hand aiming at the opponent, while the retracting segment
of the other hand is co-occurring. Despite overt focus on the forward movement, the athlete’s nervous
systems also attend to these “hidden” segments, such as the retraction. Yet, an external observer “cod-
ing” the dyadic behavior between the athlete and his opponent may only “see” overt segments of the
action—those directed to the very dynamically moving target (opponent). When empirically quanti-
fied at a high resolution, this example from sports science illustrates the additional layers of complex-
ity embedded within our actions—with different “classes” of hidden movements isolated (Torres
2011). Utilizing a third “neutral objective observer,” a quantitative approach can be adopted that auto-
matically separates the effect of changes in motion dynamics (e.g., speed) from the geometry of the
motion trajectory (Figure 7.4). A computational model (Torres 2002) guided by a mathematical equa-
tion can then be harnessed to identify levels of intent from the signatures of deliberateness, or spon-
taneity, in the motions (Torres 2011). Interestingly, this distinction which is obvious in neuro-typical
systems does not occur, or is less obvious in systems with ASD (Figure 7.5). Namely, this approach
detected the presence of the memoryless exponential distribution, denoting a “here and now” statis-
tical code characterizing ASD—a code with no certainty in the reliance of past events to predict future
events (Figure 7.5). In other words, the peripheral signal that is echoed back to the brain bears infor-
mation on the moment, yet each moment is experienced anew. This discovery can be appreciated in
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FIGURE7.4 Automatic distinction of staged (deliberate) and incidental (spontaneous) movement classes coex-
isting in complex behaviors performed by systems with redundant degrees of freedom (DoF). (a, b) Speed profiles
of the left- and right-hand trajectories alternating staged and incidental motions from the full boxing routine per-
formed many times along a continuous flow. The athlete followed the random call of “slow” or “fast.” The trials
are then grouped by speed, with the lighter segments denoting the hidden movements and black segments denoting
the ones the athlete and the experimenter were attending to. Note that the speed profiles remain similar in structure
while contracting in time. (c, d) This time contraction does not affect the geometry of the staged-segment trajec-
tories of each subroutine. However, it changes the geometry of the incidental segments. For example, take the inci-
dental uppercut U2 and compare it with the staged uppercut Ul. While the fast U2 follows a rather curved
trajectory, the slow U2 follows a nearly straight one. Keep in mind that these segments were performed in ran-
domly called order. This speed invariance in the geometry of staged behavioral segments is a signature of delib-
erateness that contrasts with the variations in spontaneous behavioral segments escaping the naked eye.
(Reproduced from Torres, E. B. Experimental brain research, 215(3-4), 269-283, 2011. With permission.)

Figure 7.5, which further explores the boxing routines of Figure 7.3 in an adolescent individual with
ASD (e.g., Torres 2011).

This example further illustrates levels of trial-to-trial variation in the amplitude and timing of
kinematics—parameters that are extracted from the supplementary and goal-directed segments, and
that can be further assessed using the statistical platform for individualized behavioral analysis
(SPIBA). It is this overarching methodology that can be translated to empirically examine social
dyadic interactions in the clinical arena.

SPIBA AND THE MICROMOVEMENT DATA TYPE

The micromovement perspective, introduced by Torres and colleagues, provides a new level of kine-
matic analysis, whereby minute fluctuations within the sensory-motor signature are captured to char-
acterize neurophysiological control (Torres et al. 2013). Within this framework, the continuous
profiling of behaviors is endorsed and the stochastic signature of variation within this signature is
empirically estimated (Figure 7.4).

This method serves as a departure from traditional methodologies that rely on discrete metrics, and
thus lends itself to the precise profiling of naturalistic (continuously flowing) social interactions.
Further, as discussed throughout this book, the use of underlying variability within this signal
(micromovements) can be empirically profiled at the individual level, providing insight into the pre-
dictability (or likely future “states”) of the system, based on prior registered states. Importantly, as
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FIGURE 7.5 Signatures of intended and spontaneous behaviors differ between participants with ASD and neu-
rotypical controls. (a) Linear speed micromovements from the peak velocity along the hand trajectories of the jab
segments (in Figures 7.3 and 7.4) manifest an exponential-like distribution in ASD, while controls (b, c) are
skewed to symmetric. Stochastic maps from a first-order rule that anticipates the variations in future speed
from the combination of variations in past speed and acceleration differ between ASD and neurotypical controls
in very precise ways. Notably, the intended segments do not distinguish the different speeds, and unlike controls,
the ASD’s spontaneous movement segments lack the variations to predict the motion dynamics. The memoryless
exponential distribution of their variations suggests that the movements are performed in the here and now, in
marked contrast to the anticipatory signature of the neurotypical performance.

noted above, the micromovement approach has uncovered a “special” stochastic signature present
across multiple biorhythms of ASD motions. Such results illuminate the potential difficulties of
“movement sensing” in autism—thus the movement sensing perspective.

The central tenet of the new methodology proposed here is to examine levels of coherence across
the bodily rhythms of participants within a dyad in search for entrainment and synergies within
(Figure 7.6a) and across (Figure 7.6b) the bodies in motion. As such, this method can provide insight
into, first, the underlying state of the sensory-motor system of each individual. Through this method,
the state of the sensory-motor system can be empirically profiled along a continuum of predictive
states: from those with a low noise-to-signal ratio (as characterized by a symmetric distribution
with low dispersion) through to a highly variable state with a high noise-to-signal ratio and
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FIGURE 7.6 Schematic representation of the dyadic networks and their coupled activities across CNS-PNS
interactions. (a) Intranetwork activity of each dyad participant for one state configuration per unit time.
(b) Cross-network coupling with lead-lag network coherence state configuration per unit time. Colored arrows
denote the closed-loop intranetwork activity for each dyad participant, while black arrows denote the coupled
activity across the two networks. In a dynamic setting, these configurations change (activities evolve as in a
movie). As such, they provide a temporal profile of the networks’ states. Each contributing node of the overall
dyad network provides biorhythms for the continuous tracking of the PNS activity as dictated by the CNS.

randomness (the latter characterized by the memoryless exponential distribution). By empirically
estimating the state of an individual’s system, SPIBA provides an objective characterization of an
individual’s neurophysiological control of self-generated movements.

To achieve this level of precision, bundled somatic motor information is collated, minute by minute,
from each IMU for a participant (and clinician) across each session. Underlying variability or micro-
movements (Torres et al. 2013)—moments of maximal deviation—within the acceleration signal are
extracted and normalized to control for allometric variation, providing a time series or “spike train”
of underlying kinematic fluctuations. This normalized time series is subsequently profiled, empirically
establishing the probability distribution function that best characterizes this stochastic process—with
four moments utilized (mean, variance, skewness, and kurtosis). This level of processing provides
insight into the underlying level of neurophysiological control (Torres et al. 2016)—a level that can
be subsequently considered in light of further outcome metrics (see below and Figure 7.8).

Second, this framework can facilitate precise examination of nonlinear evolving synchronicity
across the social network—that is, members of the dyad. Information exchange is thus examined
within the synergistic coordination of individual anatomical landmarks across each member of the
dyad, but also extended to the interconnected synergies across the dyad as a whole. As such, the bodily
nodes of both participants (i.e., sensors on anatomical landmarks) are treated as interconnected nodes
of a large network (analogous to a network of nerves (Figure 7.6), given that the data readout from the
peripheral bodily network is controlled by the central networks of the brain). Then mathematical tools
from network analyses are adapted to the analyses of the dyad elements in isolation, and of those in
tandem (see Whyatt & Torres 2017 for methodological information). Figure 7.6 provides a schematic
representation of these networks, while Figure 7.7 provides an example of network connectivity
metrics extracted across the network recorded during an ADOS session. Specifically, these metrics
(Figure 7.7) provide information regarding the direction of the interaction—that is, who leads the
interaction and when considered in the global framework of the controlled ADOS administration—
for what tasks (Figure 7.7b). For instance, despite administration of the ADOS taking (on average)
30-50 minutes to complete per session, core metrics draw heavily on key tasks and critical moments
of exchange. Viewing this objective underlying metric of dyadic synergy or entrainment, one can



ADOS 113

ADOS-2 Who leads?
Dyadic ADOS network (1 min)

Coherence 14
<
0.96 29y
g
5
0.94 210
3
0.92
8
0.90
6 ——Child
0.88 = Clinician
5 10 15 20 25 30
0.86 Minutes
0.84 (b)
0.82 ADOS-2 leading difference
080 10 — s
s
0.78 g
0.76 Description of a & 4
F picture S 5
& Telling a story from a z
g X
° g2
: :
E] Z 4
: 33
8 0 5 10 15 20 25 30 35
< Annovance Minutes
&marriage
(@ (]

FIGURE 7.7 Dyadic ADOS network and its dynamic temporal profiles. (a) Network analyses of the two dyad
participants for 1 minute (out of 40 minutes) of the dyadic ADOS exchange. Different colors of the circles denote
different modules denoting cross-network coupled synergies, while the circles’ “edge” denotes the coherence
level of the nodes connected to other nodes in the network. Arrows denote the connection and the direction
of leading activity according to phase lead profiles. Black arrows are internetworks’ coupled activity denoting
cross-entrainment levels. (b) Illustrative example of leading information across the ADOS-2 administration.
Specifically, leading information derived from a pairwise cross coherence analysis across the dyad is summed
to result in node-out strength for each member across the session. (¢) The difference in out-strength between
each member of the dyad is subsequently calculated, and isolated within the framework of the ADOS-2 admin-
istration - highlighting the importance of the Telling a Story (TS) task and Emotion (EMO) competent.

blindly isolate elements of the ADOS administration in which the clinician or participant or child was
leading the exchange. As demonstrated in Figure 7.7b and c, the weight of outgoing leading informa-
tion across all nodes (i.e., sensors) for each member of the dyad can be summed to provide a total
metric (outstrength metric; see Figure 7.7b). This can be profiled across the course of the session
—and the difference between the outstrength of both member of the dyad examined in light of
overarching ADOS tasks. This examination can thus illustrate who out of the dyad is leading the
exchange for each task (see Figure 7.7c), and which are most informative.

AFFECT VERSUS MOTOR CONTROL?

The leading—lagging profiles, and their critical points, can provide information regarding important
differences in task demands, differences that may not be obvious to the most experienced examiner, or
even to the designers of the observational tools, such as the ADOS. Indeed, examination of critical
points of difference in the strength of leading information for both the clinician and participants - iso-
late two core tasks: the Telling-a-story (TS) task and the Emotional component (EMO). While the
design and requirements of the tell-a-story (TS) task denote a motorically demanding activity, the
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emotional (EMO) task lacks this motor element. Specifically, the former requires the child to enact
and tell a story to the examiner—a form of social exchange, while the latter requires the participant
to answer a range of emotionally salient questions—targeting elements such as loneliness, relation-
ships, and emotions. The amount of uncertainty and emotional distress such questions elicited in each
child (see also Chapter 26 on bullying) is reflected in a very different stochastic landscape in ASD
than that uncovered in the typically developing age- and sex-matched controls (CT). This unexpected
signature of an increase in the spontaneous involuntary micromovements served to characterize this
emotional component. While the constituent components of the EMO task would imply no involve-
ment of motion, the sensor technology has output a level of lower-temperature motion (implying
involuntary actions) statistically different from that of the TS task. Figure 7.8 provides this contrast in
results for representative children, with both ASD and age-matched control participants (completing
the same ADOS module). Further, as performance is examined in a truly dyadic nature, the examiner’s
or clinician’s motions are also profiled per session (in the corresponding bottom panels). The ASD
population demonstrates a spread of the gamma moments in space, particularly for the circles that
represent motions across the body recorded during the EMO task. These parameters clearly contrast
with those of the control population, but also with those of the examiner in both contexts. Indeed, the
motoric demands of the TS task and the affect demands of the EMO task are automatically uncovered
in the stochastic profile of the micromovements extracted from these bodily rhythms.

The results raise the question—have these metrics tapped into a level of affect that is currently
beyond the scope of traditional psychological tools? As noted, the emotional component contains a
range of questions that are designed to target emotional constructs, such as loneliness, friendships,
and sadness. Although often stereotyped as experiencing difficulties with emotional regulation, expres-
sion, and empathy (Cohn and Tronick 1987)—Ilargely a by-product of the psychological perspective
interpretation of social skills and cognition—such work may give voice to those feelings. Currently
being examined at a larger group level, and considered in light of psychological outcomes, these under-
lying microlevel metrics may provide novel insight into the underlying coping systems of individuals
with ASD and may speak to a level of empathy—or discomfort—beyond our current scope.

CONCLUSION: WHAT CAN THIS TELL US?

Combined, this multilayered approach to the deconstruction of social skills demonstrates the impor-
tance of considering microlevels of exchange—a level currently beyond psychological metrics
alone. Indeed, by coupling standardized psychological tools with objective, precise kinematic measure-
ments of physiological control, novel insight into levels of dyadic entrainment may be achieved. Such
objectives, informative in a variety of arenas, are particularly useful for individuals and populations liv-
ing under the stereotype of poor social skills, social cognition, and communication. With the ADOS
adopted as a framework, this model has provided a controlled social environment in which to decon-
struct complex naturalistic social dynamics, while maintaining direct links to clinically relevant beha-
vioral metrics, and simultaneously illustrating perceived difficulties with such restricted tools. Through
the use of objective metrics, connections beyond the macrolevel—that is, subtle attempts to engage—
may be identified. If so, such tools may demonstrate that rather than characterizing individuals with
ASD as unable to communicate and engage, it may be time to consider how such an interpretation
may be artificially enforced by our inability to perceive such attempts. By viewing performance during
the ADOS through an alternative lens, we may identify the impact of the clinician on this dyadic pro-
cess, and consider the possibility that we are simply out of step with individuals on the autism spectrum.
Indeed, it may be argued that the ADOS of today is merely an instrument that serves to highlight the
child’s social deficits (arguably as induced, in part, by the examiner’s style of prompting). It gives us a
one-sided account of the severity of the problem, but social exchange is not one-sided. Under the sen-
sory and somatic motor umbrella, the ADOS of tomorrow could be an instrument that serves a different
purpose—to highlight the potential and best capabilities of the child in a truly dyadic context.
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This chapter examines evidence for a disorder of the intrinsic motive processes of the purpose-
ful self in autism spectrum disorder, which leads to weakening of shared experience in early
childhood. Changed motor and affective regulations that identify autism are traced to faults
in neurogenesis in the core brainstem systems of the fetus. These fundamental systems have
evolved to serve the development of sensory guidance for motor activity and affective regula-
tion of projects of thought and action, including communication of intentions and feelings with
other human selves.

Affective neuroscience describes subcortical organs in mammals that are responsible for the
coherence of a primary conscious self-as-agent, with emotions that communicate feelings for
selective sociability with other individuals. In humans, this affective consciousness is adapted
as the foundation for active engagement of an infant with a world of objects and people by
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expressions under the control of shared rhythms of an “intrinsic motive pulse.” We give pri-
mary importance to the disorder in autism of the accuracy of timing in this resonant central ner-
vous system, responsible for coordination of movement with companions. We relate this
understanding of the disorder to problems in the monitoring of prospective regulation of actions
of the conscious self by a body-related affective valence, which affects the arousal of personal
satisfaction of purposes or anxiety at their failure, and engagement in affectionate or antagonis-
tic relations. This leads to evaluation of participation in movements with shared feelings for
therapy and teaching to help the socioemotional development and learning of children with aut-
ism, as well as provide advice for lifetime care.

In autism, the essential embodiment of early childhood experience for growth of knowledge,
skill, and collaborative social understanding appears weakened by a sensorimotor deficit in
motivation and its affective control. This has lifelong developmental consequences, affecting
the intersubjective responses of family, and then cooperative attentions of companions and tea-
chers in the community. Miscoordination of movements leads to frustration, distress, and anxi-
ety, creating social withdrawal and avoidance, or overcompensations expressed as increased
arousal and hyperactivity. Indeed, we propose that disabilities in cognitive intelligence and lan-
guage are secondary to weakness in the prospective control of movements with affective
appraisal of anticipated experiences.

We identify the origin of these symptoms in disorders of brainstem mechanisms that develop
in the late embryo stage and that are essential for motor and affective regulations, as well as
autonomic processing. In particular, data indicate an anatomical and functional disruption of
the inferior olive, associated with control of motor timing by the cerebellum, and abnormal
development of the neighboring nucleus ambiguus, involved in expressions of social engage-
ment and speech. These nuclei appear to be critical components of the core neuropsychological
system that develops abnormally to produce the varied autistic spectrum disorders.

We draw attention to the limitations of research methods in neuroscience and psychology that
seek to identify a primary cognitive, information processing, and neocortically mediated disorder
by testing the response of the individual in artificial situations. New research using microkinesic
descriptive methods clarifies motor deficits that characterize autism. Furthermore, extensive ima-
ging of brain activities supports a philosophical psychology of embodiment that elucidates how
confusion in unconscious prospective control of actions from fetal stages impairs the child’s
developing subjective agency. Finally, we offer information on movement-based therapies
that can help to facilitate learning, self-regulation, and pleasure in social interaction for indivi-
duals with autism spectrum disorder.

INTRODUCTION: MOTOR CONTROL OF THE EMBODIED SELF MEDIATES
AUTOPOESIS OF CONSCIOUS EXPERIENCE, AND ITS CONSENSUAL SHARING

CHARACTERISTICS OF PROSPECTIVE CONTROL OF MOVEMENT

Movement is the generator and regulator of animated experience. An animal can engage effectively
with the world and explore its properties only through muscle activity that is regulated purposefully in
body-related time and space (Llinds 2001), and with affective appraisal of its risks and benefits
(Panksepp 2005; Packard and Delafield-Butt 2014).

Movement of the human body, with its elaborate adaptations for communication of interests and
feelings, holds properties essential to the psychological well-being of the individual as a whole self,
and for generating opportunities for social cooperation and affording perceptual information for
learning, sharing, and elaboration of conscious skill and knowledge (Condon 1975b, 1979;
Trevarthen 2001, 2014; Trevarthen et al. 2014). Two essential life functions defined by the systems
theorist Humberto Maturana as “autopoesis,” or “self-making,” and “consensuality,” the constructive
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collaboration of vital individuals, be they cells in tissues and organs, or individuals in viable social or
cultural groups (Maturana and Varela 1980; Maturana et al. 1995; Packard and Delafield-Butt 2014),
are affected in varying degrees by changed brain development in individuals with autism spectrum
disorder (ASD).

Normal human movements are prospectively controlled (von Hofsten 2007; Lee 2009) to consti-
tute a basic subjective intentionality or core mental state of the individual-as-agent from early fetal life
(Delafield-Butt and Trevarthen 2013; Delafield-Butt and Gangopadhyay 2013). Passive, reactive
reflex corrections only occur in an unanticipated emergency. Accumulated evidence in prenatal
stages of human development demonstrates that fetal movements are controlled in body-related
time and space as prereflective intentions—active generators and regulators of experience and expres-
sive of emotions (Piontelli 1992; Lecanuet et al. 1995; Zoia et al. 2007; Delafield-Butt and
Gangopadhyay 2013; Reissland et al. 2013, 2014). Movement, as the physical expression of our psy-
chological being, manifests our intentions and expresses our feelings in the nuances of body posture,
composure, and composition, and in the “forms of its vitality” of gestures in shared social space (Stern
2010). Whether we wish them to do so or not, movements communicate our intentions to others in
gesture, speech, symbols, and the imaginative projects that we create in any activity, privately, in inti-
mate relations, or in public (Baldwin 1895; Trevarthen et al. 2011). They convey the “human serious-
ness of play” (Turner 1982), sharing the passions by which we regulate social cooperation and the
creation of cultural conventions of education, religion, art, and technique (Trevarthen 2014;
Delafield-Butt and Adie 2016).

Disrupted Movements in Autism

It has become increasingly clear over the last decade that ASD is characterized by a disruption to
motor coordination and timing (Trevarthen et al. 1998; Trevarthen 2000; Trevarthen and Daniel
2005; Trevarthen and Delafield-Butt 2013a). Since Teitelbaum and colleagues’ paper in 1998
(Teitelbaum et al. 1998) that showed poor posture and coordination of the limbs in a retrospective
video analysis of newborns who later developed autism, a growing field of research is measuring
and characterizing motor deficits (Fournier et al. 2010; Torres and Donnellan 2013). Motor skills
are disrupted in toddlers with autism, not simply delayed, and this motor disturbance becomes exa-
cerbated over the first years of life (Lloyd et al. 2013). The cause of this deficit in motor kinesics and
its place in the development of autism is fundamental for understanding the etiology of the condition,
and for planning treatment (Condon and Ogston 1966; Condon 1975a).

Motor control research in the last decade demonstrates that the kinematics of components of action
in tasks as varied as making simple horizontal arm movements (Cook et al. 2013), reaching (Sacrey et al.
2014), reaching and grasping (Stoit et al. 2013), making arm movements to goals (Dowd et al. 2012), and
handwriting (Kushki et al. 2011) are disturbed in individuals with autism. These are disturbances in goal-
directed tasks that serve the intentions of the agent. Postural adjustments during load-shift tasks (Schmitz
et al. 2003) and during gait (Rinehart et al. 20006) are affected. And efficient prospective organization of
movements in a series or chain of purposes is thwarted (Fabbri-Destro et al. 2009). Prospective, or feed-
forward, mechanisms of motor timing appear fundamentally disrupted in autism (David et al. 2012).
Perceptual awareness of others’ intentions conveyed in body movement or in eye gaze is also weakened
(Pierno et al. 2006; Cattaneo et al. 2007). A comprehensive meta-analysis of all motor data in autism
revealed substantial motor coordination deficits pervasive across the spectrum of ASD diagnoses
(Fournier et al. 2010). Motor disruption can be considered a core feature of autism.

The psychological upshot of the motor disruption in autism is a disruption to a principal form of
prospective motor agency—the capacity to efficiently enact desired intentions through actions of the
body (Delafield-Butt and Gangopadhyay 2013; Trevarthen and Delafield-Butt 2013a; Trevarthen
2016). Disruption to prospective motor timing leads to a disruption in successfully completing a
desired intention, which in turn leads to anxiety and distress, and can create social isolation with
its consequent autistic emotional avoidance and rejection as compensation. However, the subtle nat-
ure of the disruption in autism to prospective motor control and the means by which these features
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may be observed do not as yet allow for their inclusion in standard clinical diagnostic criteria
(American Psychiatric Association 2013). We believe this will change as principles and methods
of motor assessment become more accessible to clinicians (Anzulewicz et al. 2016) and the motor
disruption in autism becomes better understood by the clinical community.

Movement at the Root of Human Communication and Social Understanding

Efficient control of purposeful movement is necessary to communicate, to share intentions, and
to generate shared meaning about the world. Human meaning is first co-created nonverbally in
shared projects of discovery, before words or language develop (Condon 1975b; Trevarthen and
Delafield-Butt 2013b; Delafield-Butt and Trevarthen 2015). Shared embodied intersubjective
intelligence remains a foundation for social understanding throughout life, giving individuals in
cooperative engagement a “second-person perspective,” before rational and abstract “theories of mind”
develop, and the capacities to share these using words (Reddy 2008).

The brain systems that subserve this second-person perspective are becoming increasingly clear,
and recognized as the “mirror neuron” systems that resonate between individuals to allow a shared
understanding of another’s intentions as they are acted out through movements of the body
(Rizzolatti and Sinigaglia 2008; Gallese et al. 2009; Schilbach et al. 2013). This presents an embodied
social understanding conveyed through movements, which becomes the foundation for the capacity
to reflect on this knowledge of the other for a more abstract, rational social understanding. But any
cortically mediated mirror neuron system depends on regulations from subcortical motivations that
establish fundamental resonances between individuals. These include the brainstem-mediated poly-
vagal systems of expressive movement responsible for the coordination of gesture, speech, inten-
tional action, and importantly, autonomic visceral activity controlling heart rate, breathing, blood
oxygenation, and metabolism (Porges 2011; Porges and Furman 2011).

These two systems sustaining vitality, for the individual and consensually, are part of a larger
brainstem integration of proprioceptive information across the body into a coherent plan for effective
sequences of motor action, which Jaak Panksepp identifies as the “primary SELF” or “simple ego-
type life form” (Panksepp 1998, 2005; Panksepp and Biven 2012). The acquired capacities of the neo-
cortex to discriminate and remember perceptual information reflectively, and to respond adaptively
with refined movements of manipulation or speech, are animated and developed by motives and emo-
tions of this primary self (Merker 2007, 2013). This fundamental experience of living, perceiving, and
acting purposefully in the world appears to be disrupted in autism.

Embedded Hierarchy of Conscious Purpose, Adapted for Communication

Nobel laureate Roger Sperry reminds us that “the sole product of brain function is motor coordination”
(Sperry 1952, p. 297). Moving purposefully and in communication with each other lies at the heart of
what we do, and its form of action is a direct reflection of one’s neurological and psychological integrity.
The generation and action plan of movements is informed by a sense of self in relation with others from
the beginning of life, even in the first motor actions of the fetus in utero (Delafield-Butt and
Gangopadhyay 2013; Trevarthen 2016). At this early age, the conscious scope and understanding of
actions is limited by lack of experience, but the movements of the fetus are shaped and timed to explore
sensations within the body and in the accessible world, and to test the responses of the world contingent
on motor intentions. These are sensitive for intimacy with the mother’s expressions of life, or those of a
twin. In social interaction with newborn infants, movements of the hands and feet, face and voice, touch
and engage another person to communicate the interest and excitement of human life, understood and
reciprocated by imitation (Kugiumutzakis and Trevarthen 2015; Trevarthen and Delafield-Butt 2013b).

The individual movements of fetuses or infants are organized in hierarchies of purpose that
develop in complexity through infancy and childhood (Figure 8.1). These begin as simple, single
movements to goals, such as the reach of the arm to touch or of the leg to kick, and progress to
small projects of serially organized single movements that perform more distal and more ambitious
tasks, such as reach to grasp or a reach—grasp—place (Delafield-Butt and Gangopadhyay 2013).
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FIGURE 8.1 Developmental hierarchy of intentional action. Schematic of the nested organization of three
levels of complexity of sensorimotor intentionality: (1) a primary sensorimotor intentionality operative in indi-
vidual action units and evident in early fetal life; (2) a higher-order, secondary sensorimotor intentionality that
structures and coordinates the primary actions into small projects with a common goal, evident in late fetal life;
and (3) a tertiary intentionality that organizes the ones below it, emerging in late infancy and toddlerhood and
elaborated throughout human life. In the example illustrated, the distal tertiary intention to “eat dinner” is enacted
by a sequence of repeated secondary levels of sensorimotor intentionality, with each “eat morsel” itself com-
posed of a sequence of more proximal actions. The primary level is the action units themselves, sequentially
ordered here: (i) moving the arm to the food, (ii) grasping the food, (iii) moving the food to the mouth, (iv) releas-
ing the food into the mouth, and finally, one link to represent (v) mastication and swallowing. The overlapped
primary and secondary levels represent simultaneous activity. In autism, the primary level of action organization
is disrupted in early development, which transmits disorder up the levels to affect motor projects (reach—grasp—
place) and also the integration and coherence of higher-order purpose and understanding. Each level of motor
organization matches its counterpart levels of conscious process described in Figure 9.2 (see also Delafield-
Butt and Gangopadhyay 2013).

A fetus in the last 10 weeks of gestation makes a movement to suck the thumb with anticipatory
opening of the mouth as the hand approaches (Reissland et al. 2014). Such intentional serial organi-
zation of movement arguably shares the same foundation as that of logic (Lashley 1951), giving an
embodied motor origin of higher cognition (Pezzulo 2011).

As development proceeds, small projects, as are seen in the newborn, are themselves serially orga-
nized to perform skilled tasks with more abstract goals and distal reach, such as putting on a shoe to go
outdoors, dressing for dinner, or cooking dinner before guests arrive. This final, tertiary level of
abstract processing is free of the contingencies of the present movement, achieving higher-order ima-
ginary ambitions to act, rather than primary process intentions in action with prospects of immediate
satisfaction. Higher-order abstractions involve what is called “mentalizing,” and a rational under-
standing of what has happened in the world that is familiar, and what is likely to happen in the future
(Delafield-Butt and Gangopadhyay 2013; Delafield-Butt and Trevarthen 2013).

The tertiary processes are cortically-mediated, whereas the primary and secondary processes evi-
dent at birth are brainstem- and limbic-mediated ones (Figure 8.2) (Solms and Panksepp 2012;
Trevarthen and Delafield-Butt 2017). And it is here, in the brainstem at the site of primary process
consciousness, that we find signs of the motor deficit in autism with evidence of significant neurolo-
gical disruptions (Trevarthen et al. 1998; Trevarthen 2000; Rodier and Arndt 2005; Welsh et al. 2005;
Trevarthen and Delafield-Butt 2013a).

These primary process conscious acts are the buildings blocks on which social understanding
is made meaningful in life stories (Bruner 1990, 2003; Delafield-Butt and Trevarthen 2013;
Trevarthen and Delafield-Butt 2013b). Brought to life in shared, serially organized projects with
another person, either directly in face-to-face intersubjective engagement or in shared attention
to an object or task, these motor projects form the foundation for experience of narratives that
unfolds over time, rich with personal meaning and delivering insight into the values of a culture
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FIGURE 8.2 Development of human consciousness. Primary conscious function evident in early fetal life later
structures secondary process limbic function as these mature in late fetogenesis. Secondary processes in turn reg-
ulate primary processes. As development proceeds and neocortical function comes to the foreground in late
infancy and early childhood, these exert control over the activity of secondary process emotions and intentions.
A nested hierarchy of top-down and bottom-up regulation ensures coherence across the system, each level con-
scious and fully functional, contributing to an integrated conscious experience in the present moment. In autism,
disturbance to primary consciousness disrupts development of secondary and tertiary consciousness. Arrows
represent bottom-up and top-down information flow. Filled arrowheads represent engagement with the external
world. Expansion of knowledge and affective and perceptual discrimination through learning, reflection, and rea-
soning made in active engagement with the world, both with social others and in the world of concrete and
abstract objects, is remembered and expands the content of tertiary consciousness from early childhood through-
out life. The capacity of tertiary knowledge to increase enables a rich, projected future of imagined possibilities
that come to dominate adult consciousness, and can leave the secondary and primary levels neglected in rational
discourse (see also Trevarthen and Delafield-Butt 2016).

(Delafield-Butt and Trevarthen 2015; Delafield-Butt and Adie 2016). The origins of primary inter-
subjective narratives between an infant and a caring other are dependent on the precise timing and
rhythms of two motor systems operating in time and in tune with one another, generating a “commu-
nicative musicality” in mutual acts of imagination with poetic rhythm and tone (Malloch 2000;
Malloch and Trevarthen 2009; Daniel and Trevarthen 2017). And it is this sensory-motor timing
with interpersonal awareness that appears to be fundamentally disrupted in autism, preventing social
understanding, shared narrative meaning making, and natural growth in the rhythms and patterns of a
family culture (St. Claire et al. 2007; Trevarthen and Delafield-Butt 2013a). Children with autism do
not perceive the vitality inherent in the subsecond timing and form of action—its vitality dynamic—
as other children do (Rochat et al. 2013).

LOCATING MOTOR-AFFECTIVE INTELLIGENCE IN THE INTEGRATIVE WORK
OF THE BRAINSTEM

CeNTRAL RoLE OF TIMING AND SERIAL ORDERING IN INTELLIGENT MOVING

Analysis of the literature on autism motor deficits identifies three types of error evident in indivi-
duals with autism, each affecting prospective motor timing and integration (Trevarthen and
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Delafield-Butt 2013a): (1) generation of single actions, such as when extending the hand to touch,
or indicate, an object of interest; (2) organization of a series of actions to perform more complex
tasks or projects, including speaking; and (3) simultaneous coordination of multiple action units
across the body to achieve coherent purpose, as in postural accommodations when standing, walk-
ing, or running.

To perform a movement well, the timing of every part must be made in precise coordination with
all the muscle states of the rest of the body, balancing all forces of inertia and momentum in synchrony
so that the actions give spatial and temporal coherence of purpose to the task at hand (Bernstein 1967;
Lee et al. 1999). Coordination of movement throughout the body, with autonomic integration of reg-
ulators of internal vital state or “energy,” is the function of the central nervous system. This integrative
action (Sherrington 1906) is generated and regulated first within the brainstem and hypothalamus,
working tightly with time keeping of the cerebellum. Secondarily, more precise assimilation of envir-
onmental affordances is afforded with the adaptable circuits of the midbrain limbic system and both
the limbic cortex and neocortex of the forebrain.

Coghill (1929), in his comparative analysis of the animal nervous system, called the brainstem the
“head ganglion of the nervous system,” recognizing that it is the primary integrative region of infor-
mation from the senses and across the body. This information is organized along three principle per-
ceptual axes: (1) visceroception of information from inside the body detailing its vital physiological
needs; (2) proprioception of the body in motion, giving the physical dynamic state of forces in the
body as it moves through the world; and (3) exteroception from the distance receptors (eyes, ears,
and nose) and by touch receptors that put the active body and its vital needs within an external envir-
onment of people, places, and things (Sherrington 1906).

Each movement must be prospectively controlled (von Hofsten 1993, 2004, 2007; Lee 2005,
2009). To achieve their purpose, the outwardly directed forces of muscle action must be coupled
with compensatory forces in the body to produce a smooth and efficient action, working synergisti-
cally with all the other movements across the body. This basic prospective knowledge of the proprio-
ceptive and biomechanical consequences of a conceived action or intention forms the first essential
intelligence on which a comprehensive and expanding consciousness of the effects of different
actions in different circumstances can be built by learning. As development proceeds, knowledge
of the contingencies of the world forms a rich conceptual understanding built on the basic template
of action and response.

The whole action—response system was identified by James Mark Baldwin as a set of “circular
reactions” (Baldwin 1895). This theory of generative, agent-led learning stands in contrast to the pas-
sive stimulus—response paradigm of the laboratory experiment. The two paradigms address the same
fundamental mechanism of learning—correlation of information between different occasions of life
activity. However, the method of testing hypotheses about the mechanism of consciousness and its
adaptation isolates the intelligence of a stationary subject in a set world, free of distractions. In normal
circumstances, the human animal self-generates and selects sensory stimulation for its own, vital
needs within a “speculative” reality, and in collaboration with other individuals whose manifestations
of intentions and feelings are perceived as coregulators for engagement (Reddy 2008). Rarely is the
animal passive and responsive, as experimental psychology requires for its tests. It is an active gen-
erator of the perceptual and affective experiences that make up what Jacob von Uexkiill defined as its
Umwelt, or the “life-world” it is “interested in” (von Uexkiill 1926, 1957). Its intelligence is con-
structed by it and shared by gesture and sign with others’ intelligences (Sebeok 1977).

BRAINSTEM NEUROPHYSIOLOGICAL SYSTEM FOR MOTOR CONTROL AND COMMUNICATION
OF MOTIVES

The brainstem systems responsible for integration of the sensory and motor information required to
perform a simple purposeful act of avoidance, orientation, or capture are now recognized to generate a
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basic psychological experience, called “primary process functions” (Panksepp and Northoff 2009;
Panksepp and Biven 2012). Core feelings, senses of value, and intentions to act in movement are com-
mon to all mammals (Panksepp 2011). They are preconceptual and prereflective, but they are none-
theless fundamentally conscious, generating experiences of awareness that shape learning, and that
influence the development of higher midbrain and cortical functional anatomy (Merker 2007,
2013; Vandekerckhove and Panksepp 2011). All lines of evidence—neuroanatomical, behavioral,
and psychological—indicate that this core process of action with awareness and affective appraisal
is disrupted in autism, and from early in development.

The brainstem takes up information from the senses of proprioception, hearing, touch, and taste
that are needed for self-regulation of movements, and their use in communication. It responds to
music and is a primary site for coordination of movements that engage with the rhythms and affective
qualities of melody (Damasio 2010; Porges 2010). Individuals with autism have sensory problems
affecting this intuitive awareness. The brainstem includes the autonomic nervous system, which con-
trols levels of arousal and involuntary bodily functions, such as breathing and heart rate, and also reg-
ulates sleep, all of which can be irregular in people with autism ( Goodwin et al. 2006; Richdale and
Schreck 2009; Levine et al. 2012).

Brainstem anatomy and functions transform as the body becomes active in new ways in early
childhood. Further changes in the volume of the brainstem and cerebellum between 8 and 16 years
(Jou et al. 2009, 2013) suggest that in adolescence, motor-affective changes associated with ASD
will be evident in new ways.

NEUROLOGICAL EVIDENCE OF BRAINSTEM ABNORMALITY AFFECTING MOTOR TIMING IN AUTISM:
THE INFERIOR OLIVE

Early postmortem histological studies indicated significant structural and morphological differences in
brainstem nuclei of individuals with autism (see Welsh et al. 2005). Further, MRI scans of individuals
with autism, although unable to resolve the individual nuclei, show consistent change in the overall size
of the brainstem in individuals with autism (Jou et al. 2009, 2013). A recent meta-analysis of 1000 brain
scans performed across 18 sites in Europe and North America shows that changes of brainstem volume
are one of two significant differences across autistic brains compared with those developing normally
(Haar et al. 2014). The other is a change in cortical thickness of the left superior temporal gyrus respon-
sible for movements of speech, and for discriminating awareness of social expressions. These changes
in the cortex will have developed as consequences of earlier changes in brainstem systems. In their
comprehensive analysis of brain and behavior, Rodier and Arndt (2005) conclude, “There is no region
but the brainstem for which so many lines of evidence indicate a role in autism” (p. 146).

Arndt et al.’s (2005) report of brain region—specific alterations of the trajectories of neuronal
volume growth throughout the life span in autism suggests that cell-cell communication, adhesion,
or migration factors in embryogenesis may be affected, and supports the conclusion that the
neuroanatomy of the brainstem has been altered prior to birth in people with autism (Figure 8.3).
Further, Bailey et al. (1998) report dysplastic configuration of the lamella of a central pacemaker
organ, the inferior olive, and the presence of ectopic neurons lateral to the inferior olive. Efficient
inferior olive function is necessary for the subsecond timing and integration required for efficient, skilled
action (Welsh et al. 1995; Llinds 2001). Anatomical disruption to the inferior olive is known to lead to a
corresponding functional disruption in sensorimotor timing and integration, due to its particular, tight
structure—function relation, a product of dense cell body packing and a shared bioelectric field across
cells that affects their combined electrophysiological properties (Welsh et al. 2005).

An anatomical growth error in the inferior olive appears to explain errors in sensorimotor timing
and integration, which arise prenatally and will cause inefficiency of movement after birth.
Inefficiency in early movement leads to distress and frustration in simple motor tasks and in commu-
nication, and an increasing compensatory cognitive load as development proceeds. “Abnormal
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FIGURE 8.3 Parasagittal section of whole brain (left side) showing the significant structure of the inferior oli-
vary nucleus with its gyrated layer of cell bodies (right side, circled black) and adjacent nucleus ambiguus (right
side, circled gray). (Adapted with permission from http://www.brains.rad.msu.edu and http://brainmuseum.org,
supported by the U.S. National Science Foundation.)

patterns of motor learning in children with autism spectrum disorder, showing an increased sensitivity
to proprioceptive error and a decreased sensitivity to visual error, may be associated with abnormal-
ities in the cerebellum” (Marko et al. 2015), for which the inferior olive directly serves as the principle
pacemaker. Subsecond motor timing and integration of skilled movement expand with the develop-
ment of new cerebellar regulations for fast manual and oral movements that are essential for efficient
communication of knowledge and skills in hominids (Hoffman and Falk 2012). We conclude that a
growth error in inferior olive morphogenesis will disturb timing and integration of intentions and lead
to frustration, social withdrawal, and subsequent cognitive processes of compensation identified as
autistic (Welsh et al. 2005; Delafield-Butt and Gangopadhyay 2013; Trevarthen and Delafield-
Butt 2013a) (Figure 8.4).

The inferior olive is responsible for high-speed sensory and motor integration with rhythms in the
range of 7—13 Hz, or one pulse every 50—150 us, which corresponds to the upper limit of consciously
regulated rhythmic movements, as in eye saccades, fast finger tapping, and rapid speech (Welsh et al.
1995; Osborne 2009; Delafield-Butt and Trevarthen 2015; Trevarthen 2016). Abnormal morphogen-
esis in early development will lead to mistimed integration of muscle contractions across the body and
distortion of the kinematics of very fast movement, as reported for persons with autism. In conse-
quence, the actor’s comprehension of intended goals and motor timing to achieve them will be com-
plicated (Whyatt and Craig 2012, 2013a, 2013b; Torres et al. 2013, 2016), as well as how the units of
movement are chained together in complex projects and in synchronized messages for communica-
tion (Boria et al. 2009; Fabbri-Destro et al. 2009; Cattaneo et al. 2007).

Interestingly, kinematic data from a three-dimensional motion-tracking study of simple horizontal
sinusoidal (back-and-forth) right arm movements (Cook et al. 2013) reveal those movements of indi-
viduals with autism to be fast and jerky—Ilacking efficient regulation of acceleration and velocity and
showing an increase in amplitude of the jerk (rate of change of acceleration) as they swung their arms
back and forth. Strikingly, the reported increase in jerk amplitude occurred at a rate of 12 Hz, indi-
cative of disturbed inferior olive function (Welsh et al. 2005). The autistic subjects were also unable to
discriminate differences between representations of normal and abnormal movement displays, as well
as normal subjects. It was concluded that for subjects with autism, “developmental experience of their
own atypical kinematic profiles may lead to disrupted perception of others’ actions” (Cook et al.
2013, p. 2816).

BRAINSTEM CENTER FOR REGULATION OF SOCIAL AND EMOTIONAL EXPRESSIONS:
THEe NucLeus AMBIGUUS AND RELATED SYSTEMS

Close to the inferior olive is the nucleus ambiguus, of particular interest because of its role in the reg-
ulation of arousal and expressive movements in social engagement. The ambiguus is the nucleus of
origin of motor fibers of the glossopharyngeal, vagus, and cerebral portion of the spinal accessory
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FIGURE 8.4 Transverse section through the medulla oblongata showing the dense gyrations of the inferior
olive (dotted lines) in (a) a neurotypical individual and (b) an individual with autism. Note the regular, unbroken,
cell-dense gyrations of the inferior olive in (a), but in (b) the inferior olives show an abnormal outline; the band of
neurons is irregular and broken up, indicating failure of the neurophysiological coherence for fast, skilled move-
ment timing and integration. This particular individual suffered from severe autism with notable disruption to
motor control (see case report reproduced in the appendix). Luxol fast blue and cresyl violet; bar represents
2.5 mm. (Reproduced from Bailey et al. 1998. With permission of Oxford University Press.)

nerve, important in the control of speech, vagal regulation of arousal, and transmission to higher cor-
tical regions. It is intimately connected and forms a part of the “social engagement system.” A growth
error in this nucleus would appear to offer an explanation for the flat tone of vocal expression and
reluctance to engage in expressive talk, which is a characteristic of children or adults with ASD,
although studies investigating disruption of development in the ambiguus are lacking. Variations
in the vital state mediated by the nucleus ambiguus as part of the polyvagal system, which governs
output from the brainstem to the viscera, provide a neuromotor and neurophysiological substratum for
“primary-process instinctual emotions” (Porges and Furman 2011; Panksepp and Biven 2012).

The core integrative pathways of the autonomic or visceral brain have been elaborated through
evolution to give an instinctive evaluative foundation for formulating ambitious engagements with
a world sensed through movement. They are essential regulators of the development of the most
highly developed organs of conscious animal life, culminating in the culture-creating human mind.
Secondary-process and tertiary-process emotions expand the capacity of the neocortex to learn.
Their emotional evaluations and representations in thoughts influence free will and intentions to
act (Panksepp and Biven 2012; Solms and Panksepp 2012). They become confused and weakened
in emotional illness, including in ASD, requiring therapy that supports regulation of life and its habits
by constructive emotions (Panksepp and Biven 2012).

We find clear evidence that the inferior olive and the nucleus ambiguus, which together mediate
motor timing and integration of the polyvagal systems to sustain the vital state, enable simultaneous
social coregulations of embodied agency and autopoesis that begin to be active early in prenatal
development, before the neocortex is functional in recording refined skills of action and awareness
of a world to be richly discovered. Before birth, the fetus develops a cooperative “amphoteronomic”
sharing of vital resources with the mother. After birth, a developing neocortex and cerebellum record
mastery of refined skills of action and awareness of a world to be richly discovered with new sensory
powers, as the infant and toddler participate in actions and experiences “synrhythmically” with affec-
tionate companions before accepting tools and disciplined practices of a defined culture (Trevarthen
et al. 2006). Every step in this growth of adaptive understanding is sensitive to any abnormality of
initiative and awareness, and is critical for the developmental trajectory of the child.

ADDITIONAL EVIDENCE THAT BRAINSTEM DIsRUPTION IN ASD ALso AFFECTS AROUSAL AND
SociAL ENGAGEMENT: THE Locus COERULEUS AND RELATED SYSTEMS

In agreement with Welsh et al. (2005), we identify the inferior olive as a likely primary source of dis-
ruption of the mind in early prenatal stages by affecting subsecond timing and integration of motor
impulses. We propose that information on the development of this system and the neighboring
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brainstem nuclei that participate in developing emotions, including the nucleus ambiguus responsible
for control of expressions for social engagement, will advance our understanding of ASD pathogen-
esis, and advise us how best to respond to it. Moreover, two other tightly related brainstem systems
are thought to be affected in autism: those for regulation of arousal to conscious activity, and sensory-
motor organs of expression for social signaling.

The “arousal crescent,” extending from the lower brainstem to the hypothalamus, is sensitive
to multimodal information and becomes excited by “unpredictability and uncertainty” (Pfaff 2006,
p. 55). This basic perceptual and affective discrimination forms a core feature in the identification,
and thus use, of information from experience—facilitating the generation of a sense of meaning of
a stimulus set within its environment, producing generalized brain states. The locus coeruleus, a
group of cells at the lower brainstem of all mammalian animals, responds to sudden, salient informa-
tion important for contextualizing the meaning of this information in terms of heightening arousal.
Heightened sensitivity to multimodal sensory stimuli and inappropriate or decontextualized
responses are regular features of autism (Donnellan et al. 2013; Kushki et al. 2013). These inappropri-
ate responses will have a profound effect on the ability of individuals with ASD to formulate general-
izable brain states, creating strain, and may lead to so-called “weakened central coherence” with
compensatory attention to local detail and repetitive movement (Happé and Frith 2006).

The polyvagal social engagement system identified by Porges (2011), with its lynchpin centered
on the nucleus ambiguus, is an emotional expressive system mediating insight into feelings within
another’s experience and intentions. Uniquely developed in humans and social mammals (Porges
1995, 2001, 2007; Porges and Furman 2011), this system provides the foundation for a body language
of signs that refer to objects and their practical uses. The system also provides direct neurophysiolo-
gical coupling between autonomic self-regulation of the visceral state and social cooperation, by com-
munication via facial expression, voice, and manual gesture. Evolutionary adaptation in vagal
regulation of the autonomic nervous system, together with the evolutionary emergence of an inte-
grated social signaling system, enables complex visceral regulations of self-awareness or “being
alive” to be shared socially:

Phylogenetic transitions resulted in brainstem areas regulating the vagus becoming intertwined with the
areas regulating the striated muscles of the face and head. The result of this transition was a dynamic social
engagement system with social communication features (e.g., facial expression, head movements, voca-
lizations, and listening) interacting with visceral state regulation. (Porges 2011, p. 203)

Abnormal excitability or indifference to threatening stimuli, combined with flattening or narrow-
ing of expressive behaviors in communication, may explain symptoms identified with autism in
childhood. Specifically, these will affect the way in which a child cooperates and shares feelings
with family and teachers, requiring special sensibility in response.

INTRINSIC AND ENVIRONMENTAL FACTORS AFFECTING ASD THROUGH
THE COURSE OF DEVELOPMENT

The cause of these growth errors that we have identified as the initial cause of ASD is likely any com-
bination of genetic (Aitken 2010), environmental (viral or stress related), or naturally occurring spon-
taneous errors of epigenetic regulation. A considerable portion of the genes that have been implicated
in autism pathogenesis are found to be expressed in the brainstem (Nolan, personal communication).
Yet, the story is complex. ASD pathogenesis results from some significant interaction between
genetic and environmental factors, with genetic factors accounting for less than half of its etiology,
demonstrating that the environment, including the social environment, is a significant factor
(Hallmayer et al. 2011; Sandin et al. 2014).

It is important, for both understanding of the atypical behaviors of young children with ASD and
provision of beneficial treatment or therapy, to recognize that the response of other persons, especially
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parents in early years, may contribute to their difficulties in self-regulation and in communication and
learning. There is evidence from videos of interactions between a parent and an infant who is later
diagnosed with autism that the disordered attention, reduced expressive behavior and play, and repe-
titive motor activities recognized by parents as deviant (Saint-Georges et al. 2010) led them or other
carers to use exciting, distracting, controlling, or restraining behaviors, which confuse the child
(St. Claire et al. 2007). In their affectionate efforts to help the child, caregivers may contribute to
the child’s difficulties. This problem may be assisted by professional advice that demonstrates to
the caregivers how the child responds better with less persuasive attentions.

CONCLUSIONS: IDENTIFYING AND SUPPORTING PROBLEMS ARISING FROM
DISRUPTION OF MOTIVES FOR DEVELOPMENT OF COGNITION AND
INTERPERSONAL RELATIONS

Once one accepts that the organization, control, and structure of human movement are fundamental
for our intelligent behavior, as the primate with the most advanced motor intelligence (Graziano
2009), not only in single acts to reach identified goals using the experience of objects that excite
interest in the present moment, but also for the mental composition of imaginative purposes and
the coherence of complex projects that develop through a lifetime of learning cultural habits
(Donaldson 1992), then the role of the motor deficit identified in autism pathogenesis becomes
clear. Levels of cooperative awareness and the sharing of cultural meaning depend on affective
and cooperative social engagement of imaginative movement. Children with autism find it difficult to
sustain more complex purposes in activity, with sure appreciation of what the environment affords
now and what the future may hold. They are also confused by instruction, especially if it is imperative
and unreceptive, which leads them to “fall behind” in the attainment of “common sense.”

Research shows that the degree of motor skill and coordination in young children is correlated with
their academic skill and attainment in school. There is a tight link between the development of move-
ment in early childhood and the development of intelligence (Wassenberg et al. 2005; Davis et al.
2011; Pagani and Messier 2012), as the neurologist and pioneer therapist Geoffrey Waldon discov-
ered (Solomon et al. 2012). Response to this developmental process requires adaptation of methods of
assessment and education to appreciate basic motor processes of intention and communication
(Teitelbaum et al. 1998; Acquarone 2007; Teitelbaum and Teitelbaum 2008; Delafield-Butt and
Gangopadhyay 2013; Trevarthen and Delafield-Butt 2013a).

We propose that appreciation of difficulties from the point of view of a child with autism, with
deliberate attention to his or her initiatives, is essential for optimal education and emotional support
in companionship. Comprehending the feelings and awareness of children is made easier by a theory
of learning that recognizes evidence that the human brain grows with regulations from brainstem
functions that determine how knowledge and skills are acquired by activation and modification of
forebrain cortical functions—regulations that are made apparent in pre-rational expressive move-
ments from prenatal stages. Research on the foundations of motor intelligence that links studies of
brainstem systems and the cerebellum with intrauterine studies of the maturation of movements in
the fetus is particularly promising.

MEeTHODS OF THERAPY AND EDUCATION THAT SuPPORT HOPES FOR MOVEMENT

Experienced therapists trained to attend to, and wait for, small positive initiatives of the child for pro-
gressive and enjoyable interaction can strengthen communication and shared enjoyment, as well as
benefit confident states of self-regulation and fluency of movement (Amos 2013). In a remarkable
study, parents assisted to engage with sensitive attunement to the feelings and intentions of their
child with autism significantly improved their child’s long-term socioemotional well-being and
reduced symptom severity (Pickles et al. 2016). Sensitive psychoanalytically informed methods
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practiced for early intervention, and “art” therapies that support willing engagement in song, musical
performance, or dance, have been shown to be helpful both for affected infants and toddlers and for
their parents (Acquarone 2007). In the introduction to the second edition of his book The
Interpersonal World of the Infant, which sought to focus the attention of psychoanalysts on nonverbal
narratives of feelings and affect-loaded memories or habits, Daniel Stern appreciated the strong
response that his account of the interpersonal world of the infant received from practitioners of
dance, music, body, and movement and existential psychotherapies (Stern 2000, p. xv). His book
on vitality dynamics (Stern 2010) pursued and greatly enriched this approach, which certainly has
an application for individuals with ASD of all ages. Indeed, there are a great variety of methods
aimed at supporting acting, thinking, and communication for cooperation in children with autism,
for example, with encouragement to play (Daniel 2008), to respond to being imitated (Nadel
2014), or to participate in a form of dance movement therapy (Trevarthen and Fresquez 2015).

QUESTIONS AT THE FOREFRONT OF UNDERSTANDING HOw THE BRAIN FOR PURPOSEFUL
MoVEMENT DEeveLors AND How IT LEARNS

We now need improved knowledge of key components of the primary motor or affective systems in
the brain, including the form and function of the inferior olive and associate nuclei, such as the ambig-
uous, using high-resolution brain scanning techniques or focused postmortem histological assess-
ment. In the case of the former, preliminary data demonstrate that 7 T MRI can delineate the
inferior olive brainstem nuclei with some precision, offering a precise technique for imaging the
brainstem that was previously unavailable. Moreover, the neurological abnormalities discovered
can be related to motor kinematic measures. On the other hand, postmortem histology offers the
advantage of cellular and genetic resolution for detail at the molecular level of brainstem composition.
Both routes offer promising and insightful new information into the etiology of autism.

Further, motor kinematic studies will benefit from this detailed account of the source of inefficien-
cies in a movement, whether measured as units of acceleration and deceleration in spontaneous move-
ment (Whyatt and Craig 2012; Crippa et al. 2015) or as the jerk profile (Cook et al. 2013). Disruption
to the inferior olive predicts the change in regulation of these characteristic features of motor ineffi-
ciency, yet this link has yet to be fully explored.

Finally, as the field as a whole comes to understand and characterize the particular motor deficit in
autism, so we will begin to define its motor signature (Anzulewicz et al. 2016). Clarification of an
autism-specific motor signature, with its affective regulations, will help to identify novel, noninvasive
biobehavioral markers for autism and give resolution to specific neurological changes in autism in the
brainstem responsible for generating the feelings and intentions of the primary self-expressed and formed
through movement. Attention to these motor changes provides an exciting new route to improved prac-
tice for therapists and families that attends to the primary nature of the individual as embodied, emotional,
intentional, and not necessarily verbal. The brainstem-mediated primary self is ontogenetically prior to,
and generative of, a reflective, conceptual self-made richly communicative in language.

This primary self remains fundamental for social connection and meaning-making, and for atten-
tion in mental health and well-being. But its basic nature can be lost in our social world with its tech-
nical demands of prescribed behaviors and appropriate language.

APPENDIX: CASE HISTORY OF CASE 1
(REPRODUCED FROM BAILEY ET AL. 1998)

Aspects that involve movement are highlighted in italics (authors’ own) to draw attention to the pre-
valence of movement and its putative underlying motor disruption in each act:

As a baby he was a poor feeder who disliked being held. A clinical hearing test was failed at 7.5 months
but the parents knew that he could hear soft sounds and was sensitive to vibrations. He had persistent
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difficulties with gross motor control, was clumsy and did not chew. He could be propped to stand at 2 years
of age but could not move from this position. He acquired a few sounds but no speech; he screamed fre-
quently, especially if there was an echo. He did not turn to his name or speech, and never followed eye
gaze or pointing. He could sometimes follow simple instructions, particularly if context bound. He did
not imitate or copy, but would sometimes point to a picture in a book. In infancy he continued to dislike
being held and sometimes urinated when picked up. He took no interest in people and would only look at
his parents if they jumped and waved their arms. He appeared to focus on parts of people and was more
interested in his parents’ glasses and earrings than their faces; he was particularly interested in buckles and
zips. He could spot small items such as milk bottle tops and paper clips but would ignore large objects in
the environment. He would not seek comfort if hurt. He would bite his parents and other children, and
appeared to enjoy the chaotic reaction that this provoked. He became increasingly destructive and over-
active. He was interested in mechanical things and would spend most of the day in minute examination
and manipulation of tiny objects; his fine motor co-ordination appeared unimpaired, although he
acquired few fine motor skills. He liked to fiddle with bunches of keys, and would attempt to put these
in locks. He enjoyed watching a spinning top, and would spin wheels for hours; he also liked watching
credits at the end of television programs. He flicked light switches repeatedly. He would often flap his
arms and pant, particularly if excited, and this could be accompanied by rocking on his toes. He liked
to look at the ceiling and spin, and also enjoyed going on roundabouts. In the 1st year he rubbed his
feet together and clenched his hands together in the midline; when older he engaged in hand stereotypies
close to his face. He gnawed at his fingers and nails, head-banged and pulled at his penis. He appeared
intrigued by pain; he went back repeatedly to an exposed mains socket to get a shock and he cut himself
with a razor. He would occasionally cry if he hurt himself but appeared insensitive to temperature. He had
marked pica and would drink the water in a paddling pool until sick.
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