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Forming predictions about what is going to happen next is a crucial ability that develops early
in life. Theory and some empirical evidence suggest that predictive abilities may be impaired
in Autism Spectrum Disorder (ASD). The overarching aim of this thesis is to investigate early
measures of prediction in relation to concurrent and later outcomes in typical and atypical
development, with a particular focus on ASD and related behavioral problems.

In Study I, we used motion capture technology to examine prospective motor control and its
relationship to executive functions in typically developing 18-month-olds. Our findings showed
that motor control is associated with executive functioning in infancy.

Study II investigated motor control in infants at low and elevated likelihood for ASD and
examined how these measures relate to later development. We found group differences as well as
similarities in motor control in 10-months-olds with and without a familial history of ASD. Early
motor measures were related to general developmental level, but not ASD symptomatology in
toddlerhood.

Using eye tracking, Study III examined how infants with later ASD and neurotypical infants
form predictions about visual object motion. Our findings indicated that infants with later ASD
were able to form predictions about object motion and adapt to simple changes in motion
patterns, and that their performance did not differ from the performance of neurotypical infants.

In Study IV, we surveyed parents about their experiences during participation in an infant
sibling study of ASD as a first step to understanding the benefits and risks associated with this
type of research. Parents were generally positive about their experiences both from their own
perspective as well as, the child’s perspective.

This thesis illustrates the potential of using advanced technology, such as motion tracking
and eye tracking, to study and compare prediction in typical and atypical development. It points
to the important role of prediction and motor control for child development, but fails to find a
specific link to ASD.
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Prediction is very difficult. 
Especially if it’s about the future. 

Niels Bohr, Nobel Laureate, 1885 – 1962 
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Introduction 

From very early age, our environment requires us to constantly make predic-
tions about upcoming events, whether we are intending to perform an action 
or if we are reacting to occurrences in our surroundings. Our actions are 
directed toward the future, which requires that we understand upcoming 
events, interpret regularities and extract information to form accurate predic-
tions. Thus, predictions are a necessary requisite in order to act efficiently in 
our dynamic environment (Gredebäck, von Hofsten, & Boudreau, 2002; von 
Hofsten, 2004). For example, when catching a ball during play, we inherent-
ly predict the ball’s position, velocity, and motion direction. In addition, we 
prepare our own bodily actions when visually detecting the ball’s motion: 
planning the manual reach, and estimating the intersection point of the ball 
and the hand. These complex processes are fundamental to performing pur-
poseful actions.  
 
When it comes to social situations, similar complex processes take place. 
This happens in a conversation, for instance, when interpreting another per-
son’s intentions, emotions, and focus of attention. Who is going to say some-
thing next, and what is going to be said? Therefore, understanding social 
interaction and communication encompasses observing, listening, as well as 
looking and shifting one’s gaze from one interaction partner to another or to 
an object (Von Hofsten, 2009). Taken together, the ability to form predic-
tions is a crucial factor for learning and interacting, even in early develop-
ment.  
 
But what if the ability to form predictions is impaired? Recent literature 
points toward atypical predictions in autistic individuals (Lawson, Rees, & 
Friston, 2014; Pellicano & Burr, 2012; Sinha et al., 2014; Van de Cruys et 
al., 2014). However, few studies have investigated whether atypical predic-
tive abilities are present in early development and are perhaps involved in 
the trajectories that lead to autism spectrum disorder (ASD). This thesis pro-
vides novel insight into the development of prediction and how early pro-
spective control relates to outcomes later in life. By including studies of 
typically and atypically developing children, I am able to highlight different 
aspects relevant for developmental pathways.  
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Study I investigated prospective motor control using motion capture tech-
nology in relation to executive function in 18-month-olds. Study II took a 
similar approach by using motion capture technology to examine motor 
functioning in 10-month-old infants in relation to later ASD symptomatolo-
gy. Study III longitudinally investigated how 10-month-old infants with later 
ASD formed predictions about visual object motion using eye tracking. Fi-
nally, Study IV took another perspective and discussed ethical considera-
tions about prospective longitudinal studies of ASD. 

 
I will begin by providing a theoretical background on prediction, the role of 
prediction in early development, and its relation to ASD. Next, I will intro-
duce the aspects of prediction examined in the studies, namely prospective 
motor control and visual motion prediction. Finally, I will approach predic-
tion from another perspective and discuss research efforts in finding early 
markers of ASD in order to further understand and eventually predict later 
diagnostic outcomes. 

Prediction in typical and atypical development 
Magicians make the unbelievable believable, the impossible possible, or the 
unpredictable predictable. Most of us enjoy a magical performance; howev-
er, what if our whole environment is “magical” or perceived as unpredicta-
ble? Not being able to predict what happens next and adapt to changes in the 
environment restricts our ability to navigate in the world. This may lead to 
feeling overwhelmed, having a lack of control over the situation, and will 
impede performance. Given the importance of prediction, it is not surprising 
that predictive abilities start developing as early as infancy.1 In the context of 
this thesis, I refer to prediction in a broad sense, meaning that prediction 
includes a range of predictive abilities from predictive looking behavior to 
prospective motor control (see e.g., von Hofsten, 1993). 

Role of prediction in early development 
Already at 22 weeks of gestation, kinematic analyses revealed that a fetus 
performs coordinated actions regarding spatial and temporal characteristics 
of movements. This finding suggests that a fetus shows early signs of predic-
tion and planning of actions (Zoia et al., 2007). This ability further develops 
throughout the first months after birth. Infants at around 12 weeks of age are 

                                                
1 In the literature, there is no clear consensus as to use of the terms “prediction” or 
“anticipation”. While some differentiate the terms, others use them interchangeably. Here, I 
use “prediction” as an overarching term indicating processing toward future-directed actions 
and including actions elsewhere defined as anticipation or expectation.  
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already able to track objects with their gaze, suggesting basic knowledge in 
predicting how objects move in time and space (Agyei, van der Weel, & van 
der Meer, 2016; Rosander & von Hofsten, 2002, 2004).  

 
Around the same age, infants start to reach prospectively for objects. Learn-
ing to reach is described as one of the most important transitions in devel-
opment and enables the infant to explore and interact with its surroundings 
in entirely new ways (Corbetta, Thurman, Wiener, Guan, & Williams, 2014; 
Thelen et al., 1993; von Hofsten, 1991, 2004). The ability to prospectively 
plan and control motor actions is improved throughout the first year of life. 
At 10 months of age, infants can already perform complex motor actions that 
require predictive abilities (Claxton, Keen, & McCarty, 2003). In addition, 
infants around this age, not only behave in a predictive manner when it 
comes to their own actions, but they also predict what other people are going 
to do next (Falck-Ytter, Gredebäck, & von Hofsten, 2006; Rosander & von 
Hofsten, 2011). 

 
Taken together, it is clear that already in infancy, actions are directed toward 
the future and based on assumptions about what happens next. This kind of 
prospective control develops early in life and emerges simultaneously with a 
variety of new skills (von Hofsten, 2004, 2007). 

Prediction in autism spectrum disorder 
Not being able to understand social and non-social cues in our environment 
and therefore not being able to predict what happens next, may have a pro-
found effect on functioning in multiple domains. In ASD, theories that high-
light the importance of prediction have recently been introduced. For exam-
ple, it has been proposed that impairments in the ability to form predictions 
and use them efficiently could underlie the core symptoms of ASD (Sinha et 
al., 2014).  
 
ASD is a common neurodevelopmental condition with core symptoms in 
two domains: social communication and interaction, and restricted and repet-
itive behaviors (American Psychiatric Association, 2013). Theoretically, 
impaired predictive ability could account for atypicalities related to ASD, 
such as impairments in social functioning, sensory hyper- or hyposensitivity, 
difficulties in motor performance, and problems with theory of mind (Sinha 
et al., 2014). All of these domains introduce a degree of uncertainty, depend-
ing on how one anticipates a stimulus, ranging from catching a moving ob-
ject to predicting actions of another person. At the same time, predictive 
ability may also assist in explaining observed islands of proficiency in ASD. 
For instance, individuals with ASD have been shown to outperform neuro-
typical individuals in visual search tasks, block design tasks, static form 
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coherence, or mathematics. Such tasks are rule-based and often static, which 
reduces the uncertainty of outcomes and therefore may facilitate predictions 
for individuals with ASD (Sinha et al., 2014). 
 
The theory of predictive coding has become increasingly popular in the liter-
ature, providing a framework of how we perceive our environment and how 
we form predictive models based on experiences. It has been suggested that 
the process of forming predictions (Pellicano & Burr, 2012) or how predic-
tive models are treated (Van de Cruys et al., 2014) may be compromised in 
ASD. Impaired predictive abilities may result in not being able to respond to 
changes in the environment, as well as perceiving the environment as uncon-
trollable, unpredictable, or even magical. 
 
In sum, prediction is a fundamental process that develops early in life, and 
alterations may be present in early development across multiple domains. 

Prediction and motor control during action execution 
Research efforts have increasingly been directed toward investigating pro-
spective motor control across a variety of measures. In the following sec-
tions, I will introduce a more detailed view on new techniques used to assess 
motor control and associated findings, with a particular emphasis on studies 
related to ASD. 

New techniques to assess motor control in infancy 
Motor control is essential for an infant’s development and for the infant’s 
interaction with the environment (Bushnell & Boudreau, 1993; E. J. Gibson, 
1988). The development of motor control is related to a variety of skills 
throughout development, such as cognitive functions (Libertus, Joh, & 
Needham, 2016; Mohring & Frick, 2013), but also social interaction and 
communication skills (Cannon, Woodward, Gredebäck, von Hofsten, & 
Turek, 2012; Falck-Ytter et al., 2006). 
 
Previous literature on motor development in infancy has typically been 
based on retrospective home videos, parent report, or performance on broad 
standardized tests. These measures may not be sufficiently precise or valid to 
explain the fine-grained nature of motor control, and may therefore confound 
motor control with other behavioral characteristics. However, advances in 
technology have enabled researchers to perform detailed quantitative as-
sessments. Precise timing measures, accelerometers, electromyography 
(EMG), or 3-dimensional (3D) motion tracking technology allow us to ex-
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amine motor control in more detail. These methods may even uncover subtle 
findings not visible with more broad measures.  
 
For example, analyzing kinematic profiles of manual actions helps us to 
understand the microstructure of movements. Through kinematic analyses, 
movements can be divided into separate movement units (MU). A movement 
unit includes an acceleration and a deceleration. The acceleration following 
the first deceleration marks the onset of the next movement unit (von 
Hofsten, 1991). For example, when an infant reaches, movements often start 
with a large first movement unit, which decelerate into small adjustments 
toward the end of the reach (Jeannerod, 1988; Marteniuk, MacKenzie, 
Jeannerod, Athenes, & Dugas, 1987). In young infants, however, more ad-
justments are needed during the manual action in order to reach successfully. 
With maturation, the number of movement units decreases, which is a meas-
urement for the straightness and efficiency of the reach (von Hofsten, 1991; 
von Hofsten & Lindhagen, 1979).  
 
By assessing kinematic profiles, Kahrs, Jung, and Lockman (2013) found 
differences in younger and older infants when banging a hammer-like object. 
Younger infants showed an inconsistent pattern with trajectories varying in 
distance traveled, straightness, and peak velocity. Older infants, however, 
banged objects in an efficient and consistent pattern, characterized by con-
sistent length and velocity of hand trajectories. More recent studies suggest 
peak velocity of the first movement unit as a measure of prospective motor 
control2 (Gottwald et al., 2017; Gottwald & Gredebäck, 2015). Prospective 
motor control is an integral component in the planning of goal-directed 
movements and entails the ability to adapt movements with respect to future 
goals or tasks (von Hofsten, 1993). For example, Gottwald et al. (2017) in-
vestigated how 14-month-olds adjusted their manual motor actions with 
respect to task goals and difficulty in a reach-to-place task. Kinematic anal-
yses revealed that if task difficulty was high, infants performed reaches with 
lower peak velocity of the first movement unit. 
 
Taken together, these findings suggest that infants are able to plan action 
sequences and prospectively control movements with respect to future action 
goals and task demands. In addition, the results highlight the many ways 
kinematic variables can be used to access the microstructure of manual mo-
tor actions. 

                                                
2 In this thesis, the term “prospective motor control” is used when describing the ability to 
control and plan motor actions. In the literature, both “predictive motor control” and “pro-
spective motor control” are used. These terms are often treated as synonyms; however, 
Ledouit, Casanova, Zaal, and Bootsma (2013) have highlighted differences between the 
terms. 
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Studies on motor control in autism spectrum disorder 
Although social impairments and restricted, repetitive behaviors are the core 
diagnostic features of ASD, motor control has been of special interest in the 
literature. Difficulties in motor control are frequently observed in autistic 
individuals (Fournier, Hass, Naik, Lodha, & Cauraugh, 2010; Green et al., 
2009). However, several aspects regarding these findings are yet to be clari-
fied. First, it remains unclear which aspects of motor control are affected 
early in life. Second, it has not yet been determined if the observed differ-
ences are unique to individuals with ASD, or are instead a reflection of com-
prised neurocognitive development.  

In order to investigate early developmental trajectories, research has turned 
to studying infant siblings of autistic children (Elsabbagh & Johnson, 2010). 
Genetics play an important role in the etiology of ASD (Lai, Lombardo, & 
Baron-Cohen, 2014). Due to its heritability, the recurrence is higher in fami-
lies with a history of ASD (Constantino, Zhang, Frazier, Abbacchi, & Law, 
2010; Ozonoff et al., 2011; Sandin et al., 2014). Therefore, infant sibling 
studies offer a promising approach in studying early trajectories that lead to 
ASD. 

Several studies have reported findings from infant sibling studies regarding 
early motor impairments in ASD. There is evidence suggesting differences 
in a variety of motor measures, ranging from atypicalities in postural control 
(Flanagan, Landa, Bhat, & Bauman, 2012), to lower performance on certain 
scales using standardized tests of fine and gross motor development (Landa 
& Garrett-Mayer, 2006), to differences in reaching behavior (Ekberg, Falck-
Ytter, Bölte, & Gredebäck, 2016; Focaroli, Taffoni, Parsons, Keller, & 
Iverson, 2016; Sacrey, Zwaigenbaum, Bryson, Brian, & Smith, 2018). Nev-
ertheless, some studies have failed to find clear group differences between 
infant siblings with familial history of ASD and infant siblings from neuro-
typical families (Iverson & Wozniak, 2007; Taffoni, Focaroli, Keller, & 
Iverson, 2019).  

In a large infant sibling study of ASD, early differences in fine and gross 
motor measures in infants with familial history of ASD were not specific to 
infants who were later diagnosed with ASD. In addition, when interpreting 
the findings, it should be taken into account that infant sibling groups are 
characterized by a large heterogeneity and may include infants with a variety 
of developmental concerns (Iverson, 2018). Nevertheless, even if motor dif-
ferences may not predict ASD specifically, motor differences may affect 
development in other domains, such as social communication, language, and 
cognition. Impairments in motor control may restrict infants’ opportunities 
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for learning, which thus may affect the development of skills in other do-
mains (Sacrey et al., 2018). 

Prospective motor control in early development is of special interest in this 
thesis. In ASD, studies on prospective motor control have mainly included 
older autistic children. Thus, the early development of prospective motor 
control in ASD is not well understood. However, similar to the aforemen-
tioned findings on motor differences, evidence for impairments in prospec-
tive control is inconsistent. Previous studies on how infants, older children, 
and young adults with ASD execute manual motor actions show indications 
of differences in motor control, albeit the ability to perform motor tasks 
(Focaroli et al., 2016; Mari, Castiello, Marks, Marraffa, & Prior, 2003; 
Rinehart et al., 2006). 

Taken together, evidence suggests that motor difficulties are a feature of the 
autism phenotype and should be considered in the evaluation of ASD (Licari 
et al., 2019). Early development of motor functioning, and prospective motor 
control should be studied further. Specifically, relying on broad standardized 
measures exclusively may not capture the subtle differences that are detecta-
ble with detailed measures that use advanced technology. Thus, to under-
stand the underlying nature and subtle variations in motor development, 
kinematic analyses using motion tracking technology are motivated. 

From movement to cognition 
How we move influences what we perceive in our environment, how we 
interact with our environment, and how we form predictions. Achieving 
motor milestones in development, such as sitting, reaching, crawling or 
walking, changes the ways in which an infant can interact with the environ-
ment. For example, sitting unsupported improves an infant’s visual explora-
tion, reaching improves object manipulation and exploration, and crawling 
and walking create multiple new opportunities to learn from and interact 
with the physical and social world. Therefore, motor impairments in infancy 
may inhibit the learning that occurs during everyday actions in a crucial de-
velopmental period (Iverson, 2010, 2018). 

There is evidence for a link between early motor measures and social, emo-
tional and cognitive skills. Regarding social cognition, it has been shown 
that children with motor difficulties are less likely to be involved in social 
play with their peers (Bar-Haim & Bart, 2006; Smyth & Anderson, 2001). 
Not participating in social play may result in fewer opportunities for positive 
social interactions, not only in terms of social play but also for other types of 
social interactions. Individuals with motor impairments may miss out on the 
positive reinforcement that occurs during such interactions, and as a result 
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no longer engage in social activities (Sacrey et al., 2018). In addition, motor 
impairments are related to atypicalities in emotion recognition and compre-
hension (Cummins, Piek, & Dyck, 2005; Piek, Bradbury, Elsley, & Tate, 
2008), providing evidence for the importance of motor skills in socio-
emotional development. 

Regarding cognitive development, it has been shown that manual explora-
tion of objects increases 6-month-olds’ ability to mentally rotate objects 
(Mohring & Frick, 2013). Furthermore, motor training at 3 months of age 
has been shown to improve attention focusing skills and object exploration at 
15 months of age (Libertus et al., 2016). This provides further evidence for 
the link between motor control and cognitive skills. 

Another set of skills within cognition is executive functioning. Executive 
functions can be defined as self-directed, higher-order cognitive processes 
that underlie the ability to set goals and act toward those goals (Barkley, 
2012; Hendry, Jones, & Charman, 2016; Stephens, Watson, Crais, & 
Reznick, 2018). The core executive functions include inhibition, working 
memory, and cognitive flexibility (Diamond, 2013). Executive functions 
emerge early in life and show strong links to later academic achievement 
(Best, Miller, & Naglieri, 2011; Blair & Razza, 2007; Bull & Scerif, 2001). 
Difficulties in executive functions have been shown to be associated with 
neurodevelopmental conditions, namely attention deficit hyperactivity disor-
der (ADHD, Barkley, 1997) and ASD (Demetriou et al., 2018). 

Empirical evidence indicates that executive functions are related to motor 
control. First, neural structures (i.e., prefrontal cortex and cerebellum) are 
regions associated with both executive functions and motor control (Barkley, 
2012; Diamond, 2000). Second, in frequently co-occurring neurodevelop-
mental conditions, namely ADHD and ASD, impairments in both executive 
functions (Barkley, 1997; Demetriou et al., 2018) and motor control 
(Fournier et al., 2010; Kaiser, Schoemaker, Albaret, & Geuze, 2015) are 
often observed. Third, longitudinal studies have found associations between 
early motor milestones and executive functions in adulthood (Murray et al., 
2006; Ridler et al., 2006). Fourth, there is evidence for an association be-
tween executive functions and motor control in development, indicating that 
motor measures are related to working memory and inhibition in childhood 
(Houwen, van der Veer, Visser, & Cantell, 2017; Piek, Dawson, Smith, & 
Gasson, 2008; Smith, Thelen, Titzer, & McLin, 1999). 

In addition, theoretically, action planning requires different levels of control, 
such as higher-order cognitive control and low level motor control (Grafton 
& Hamilton, 2007; Hamilton & Grafton, 2007). There is reason to assume 
that higher-order cognitive planning and control, in an executive function 
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sense, is related to lower level motor control. Similarly, at a behavioral level, 
higher-order cognitive functions are involved in performing motor actions. 
For example, when catching a ball, a sequence of motor commands has to be 
planned and monitored in order to be successful. Unnecessary movements 
have to be inhibited and relevant movements have to be corrected and ad-
justed according to task demands. Arguably, motor control involves aspects 
of executive functioning, and executive functioning involves aspects of mo-
tor control. 

Taken together, it is clear given the many links between motor control and 
cognition, the two domains should be understood and studied in concert. 
Along the same lines, the embodied cognition account proposes that cogni-
tive processes are rooted in bodily movements, indicating that movements 
are crucial in shaping the mind (Wilson, 2002). 

Predicting external physical events 
Accurately perceiving and identifying events or objects in space and time is 
essential to guiding manual actions. Thus, we typically rely heavily on our 
visual system to guide motor actions. In this section, I introduce the devel-
opment of visual perception for prospective control. Afterward, I will dis-
cuss findings on predictive looking behavior in typical and atypical devel-
opment. 

Predictive looking in infancy 
Looking is an active process. By studying infants’ looking behavior, we can 
understand how predictive abilities develop early in life. At around 2 months 
of age, a first early indicator of prospective control is measurable through 
infants’ ability to track a moving object (Rosander & von Hofsten, 2002; von 
Hofsten & Rosander, 1996). This ability develops further during the follow-
ing months. At around 6 months of age, infants follow objects with predic-
tive head and eye movements (Jonsson & von Hofsten, 2003). Thus, it is 
clear that at this age, infants are able to take visually perceived constraints 
into account in order to guide motor actions (Jonsson & von Hofsten, 2003; 
van der Meer, van der Weel, & Lee, 1994; von Hofsten, Vishton, Spelke, 
Feng, & Rosander, 1998).  

In our environment, certain objects may be behind others, or may temporari-
ly be out of sight and then reappear again. At around 6 months of age, the 
ability to track a moving object persists despite temporary occlusion 
(Kochukhova & Gredebäck, 2007; Rosander & von Hofsten, 2004). It has 
been suggested that predicting visual motion despite temporary occlusion 
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occurs in at least two different ways. The first, in which infants predict the 
reappearance location of moving objects, occurs through basing their predic-
tion on how objects generally move in time and space. If an object moves on 
a straight trajectory, it is likely that the object would continue on that trajec-
tory, and the pre-occlusion path can be extrapolated. The second way, in 
which infants predict the reappearance after occlusion, occurs through bas-
ing their expectations on recent experience. If an object moves on a certain 
(non-linear) trajectory, it is likely that the object will continue to move on 
this trajectory (Kochukhova & Gredebäck, 2007). 
 
In sum, 6-month-olds are already able to track moving objects, which allows 
them to predict an object’s trajectory. Visual tracking is vital for prospective 
motor control because this information is used to guide goal-directed motor 
actions. This ability has been widely investigated in typical development. 
However, the development of visual motion perception in infants with later 
ASD is not fully understood, and the link to ASD symptomatology and diag-
nosis needs to be investigated further.  

Studies on visual motion prediction in autism spectrum disorder 
To address predictive looking behavior in ASD, von Hofsten, Uhlig, Adell, 
and Kochukhova (2009) investigated three predictive behaviors in three dif-
ferent tasks. First, a task that investigated how children track a moving ob-
ject; second, an occlusion task that measured predictive gaze shifts to the 
reappearance of an object; and third, a social task on predictive gaze shifts 
when looking at a social interaction. Interestingly, autistic children tracked 
moving objects with smooth pursuit and showed predictive looking behavior 
similar to neurotypical children. However, the authors did find differences in 
the social task, since autistic children did not predict the dynamics of a social 
interaction in the same way as neurotypical children. Hence, it has been pro-
posed that autistic children are able to form accurate predictions about exter-
nal physical events, but that the impairment lies in forming predictions in a 
social setting. However, Falck-Ytter (2010) found no indication of such an 
impairment in a social predictive task of action observation. Autistic children 
showed predictive gaze shifts no different than neurotypical children. Never-
theless, prediction in social settings may underlie different mechanisms and 
may differ fundamentally from prediction of non-social events. 
 
Recently, theories of predictive coding in ASD have become increasingly 
popular when describing observed differences in predictive abilities 
(Pellicano & Burr, 2012; Van de Cruys et al., 2014). The predictions we 
make about events in our environment are compared to incoming infor-
mation from our senses, as well as and prior information from experience. 
This process, or aspects of it, may be comprised in ASD. For example, 
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Pellicano and Burr (2012) suggested that autistic individuals are less influ-
enced by prior experience when forming predictions. Thus, according to this 
account, perception is seen as more accurate or “becomes too real” 
(Pellicano & Burr, 2012, p. 509), which has effects on how one perceives the 
environment. 
 
On the other hand, Van de Cruys et al. (2014) suggested that predictive atyp-
icalities in ASD are related to how information is processed when predictive 
models are compared to incoming information. Autistic individuals may 
assign atypically high weight to prediction errors (HIPPEA; High, Inflexible 
Precision of Prediction Errors in Autism). Prediction errors reflect a bottom-
up process that is indicative of the mismatch between sensory input and pre-
dictions. In addition, prediction errors are dependent on top-down processing 
coming from predictions. These predictions, in turn, are based on previous 
prediction errors. Thus, the predictive coding account reflects a complex 
interplay of bottom-up and top-down influences to process information in 
our environment (Van de Cruys et al., 2014).  
 
Van de Cruys et al. (2014) proposed that the way in which autistic individu-
als respond to prediction errors provides an explanation of the observed 
atypicalities in ASD. Giving precision of prediction errors a high weight will 
lead to more frequent updates of predictive models. This process is thought 
to be inflexible, and the weighting may not be flexibly adjusted to different 
environmental constraints. However, predictive abilities in ASD are not de-
ficient per se, according to Van de Cruys et al. (2014). It is proposed that 
autistic individuals still form predictions and compute prediction errors cor-
rectly. When it comes to low-level processing, setting precision high by de-
fault may even act as an advantage (Van de Cruys et al., 2014). 
 
Looking at empirical data, there is some support for impaired prediction in 
ASD (Lawson, Mathys, & Rees, 2017; Park, Schauder, Kwon, Bennetto, & 
Tadin, 2018). The evidence, however, remains inconsistent. For example, 
through measuring the pupillary response to an unexpected event when a 
prediction was violated, it was determined that autistic adults were less sur-
prised than neurotypical adults (Lawson et al., 2017). On the other hand, no 
difference was found between autistic and neurotypical children in how sta-
tistical information was used to guide decision-making in a probabilistic 
learning task (Manning, Kilner, Neil, Karaminis, & Pellicano, 2017), or in a 
visual extrapolation task when predicting object motion (Tewolde, Bishop, 
& Manning, 2018). 
 
In sum, some studies find differences between autistic and neurotypical indi-
viduals in visual motion prediction, and others fail to do so. Alterations in 
predictions should affect individuals across domains, which includes the 
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perception of visual motion. Moreover, as predictive abilities emerge early 
in life, it is surprising that few studies have investigated early motion predic-
tion in young infants with familial history of ASD. 

Infant markers of autism spectrum disorder 
ASD is often diagnosed after the age of two. However, there is evidence for 
early manifestations of ASD before the age when a clinical diagnosis typi-
cally is given (Elsabbagh & Johnson, 2010). Therefore, studying early de-
velopment is important in order to enhance our understanding of ASD and 
illuminate developmental pathways that lead to ASD. Research has thus 
increased efforts toward finding early markers with the potential goal of 
facilitating early diagnosis and timely treatment (Elsabbagh & Johnson, 
2010). 

Infant sibling studies of autism spectrum disorder 
As already noted, prospective longitudinal studies of infant siblings of chil-
dren on the autism spectrum are a popular approach to studying early mani-
festations of ASD. The foundation of this line of research lies in the substan-
tial genetic component present in the development of ASD (Lai et al., 2014). 
In the typical population, prevalence estimates of ASD are indicated at 1.7% 
(Baio et al., 2018). In a population of infant siblings, on the other hand, 
prevalence estimates are indicated to be around 10–20% (Constantino et al., 
2010; Ozonoff et al., 2011; Sandin et al., 2014). Infant sibling studies have 
provided novel insights into the early development of ASD, ranging from 
language and communication skills (Hudry et al., 2014; Iverson, 2018; 
Iverson et al., 2018; Sheinkopf, Iverson, Rinaldi, & Lester, 2012) to social 
interaction and orientation (Bedford et al., 2014; Elsabbagh et al., 2012; 
Nyström, Bölte, Falck-Ytter, & EASE Team, 2017; Thorup et al., 2016, 
2018), to motor functioning (Bhat, Galloway, & Landa, 2012; Einspieler et 
al., 2014; Flanagan et al., 2012; Iverson et al., 2019) and neural atypicalities 
(Blasi et al., 2015; Bosl, Tager-Flusberg, & Nelson, 2018; Hazlett et al., 
2017). It is believed that the new knowledge generated from these types of 
studies may help to improve early diagnosis and treatment in the future. 

Benefit and risk estimation 
Although infant sibling studies provide a promising approach for increasing 
our understanding of ASD, little attention has been brought to the ethically 
challenging aspects of this type of research (D. T. Chen, Miller, & 
Rosenstein, 2003; Fletcher-Watson et al., 2017; Walsh, Elsabbagh, Bolton, 
& Singh, 2011; Yudell et al., 2013; Zwaigenbaum et al., 2007). 
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ASD is a condition of heterogeneous nature, which makes research complex 
and multifaceted. Study protocols are extensive and include a variety of 
tasks aimed at assessing a broad range of behaviors. Thus, infant sibling 
studies often require significant time and commitment from participating 
families, which may be considered burdensome. In addition, another chal-
lenging aspect of infant sibling studies is putting the label “at risk”3 on a 
large group of infants who have no behavioral signs of atypical development 
and have a high likelihood of typical development despite familial history of 
ASD. In a group of infant siblings of autistic children, the large majority will 
not receive an ASD diagnosis. However, it is presumed that even without a 
diagnosis, many of these infants will show some atypical behaviors. Never-
theless, parent surveys indicate that the recurrence rate of ASD is largely 
overestimated (Mercer, Creighton, Holden, & Lewis, 2006). Focusing on 
risk and impairments may at the same time increase stigmatization and cause 
parents’ to experience guilt and distress (Broady, Stoyles, & Morse, 2017; 
Gray, 1993, 2002; Ludlow, Skelly, & Rohleder, 2012). 

Taken together, infant sibling studies generate novel insights into develop-
mental trajectories of ASD; however, the experience of the participating 
families’ and the potential ethical challenges should not be ignored. 

Key findings and knowledge gaps 
Both prospective motor control and cognitive skills affect our actions in 
everyday life. These two key components are intertwined even in infancy. 
Planning and controlling actions can be understood at both a higher-order 
cognitive level and at a lower level of motor control. Furthermore, motor 
control involves some aspects of executive functioning (i.e., planning, inhi-
bition, and working memory needed to perform actions), and hence, it is 
possible that executive function abilities are rooted in motor control. Never-
theless, the link between executive functions and motor control has rarely 
been studied in early childhood, nor have studies used the advanced technol-
ogy available to examine kinematic profiles of motor actions. 

Moreover, there is some evidence that mechanisms underlying prediction 
may function differently in autistic individuals. Nevertheless, the findings 

3 The “high risk” terminology is frequently used in the infant sibling literature. I am aware of 
the negative connotations of this terminology and the ongoing debate related to it. Although, 
ASD can involve severe difficulties in everyday life for some individuals, it should also be 
recognized that many autistic people consider ASD to be an important part of their identity 
(see Kapp, Gillespie-Lynch, Sherman, & Hutman, 2013). Therefore, in this thesis, the term 
“elevated likelihood” is used to account for neurodiversity in order to recognize both chal-
lenges and strengths in ASD. 
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are rather inconsistent, and little research has been conducted in early infan-
cy using detailed measures and advanced technology. 

 
Thus, it is currently not well understood how prospective motor control de-
velops in infants with later ASD, and whether or not potential differences are 
an indicator for later ASD symptomatology. In addition, prediction of visual 
motion is important for perception and the development of prospective con-
trol; however, few studies have investigated this ability in infants with later 
ASD. 

 
Finally, in light of promising new findings from infant sibling studies, more 
problematic aspects of this kind of research may have been overlooked. Lit-
tle is known about what parents experience while participating in an infant 
sibling study of ASD. Thus, identifying the advantages as well as the disad-
vantages or potential risks for participating families is an important step for 
future ethical discussions. 
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Aims of the thesis 

The overarching aim of this thesis is to investigate early measures of predic-
tion related to concurrent and later outcomes in typical and atypical devel-
opment, with a particular focus on ASD and related behavioral problems. 
 
In study I, we investigated prediction in the motor domain. More specifical-
ly, we used 3D motion capture technology to examine prospective motor 
control and its relationship to executive functions in typically developing 18-
month-olds. We expected that better ability to prospectively control actions 
would be associated with better performance in executive function tasks. 
 
Using a similar approach as Study I, Study II investigated motor control in 
infants at low and elevated likelihood for ASD and examined how these 
measures relate to later development. We expected to find group differences 
in motor control at 10 months of age, and we anticipated that these differ-
ences would correlate with ASD symptomatology in toddlerhood. 
 
The aim of study III was to investigate how infants with later ASD and neu-
rotypical infants update expectations about visual object motion using eye 
tracking. We expected to find group (ASD vs. controls) differences related to 
how fast infants would adjust their looking behavior to unexpected visual 
events, and how these events affect their pupil size. 
 
Studying infants at elevated likelihood for ASD is a popular approach to 
advancing our knowledge about early developmental pathways in ASD. 
However, very little is known about potential disadvantages and advantages 
from the perspective of the parents who participate in an infant sibling study 
of ASD. Therefore, in Study IV we surveyed parents about their experiences 
while participating in an infant sibling study as a first step to understand the 
benefits and risks associated with this type of study. 
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Methods 

Participants 

Study I 
Participants in Study I were recruited from the Uppsala Child and Baby 
Lab’s database of families who had previously expressed interest in partici-
pating in research studies with their child. For study participation, families 
received a gift voucher of 100 Swedish Crowns (≈ 10 Euro). All procedures 
in Study I were approved by the Regional Ethical Committee and conducted 
in accordance with the 1964 Helsinki Declaration and its later amendments 
or comparable ethical standards. Written informed consent was obtained 
from all parents. 
 
In Study I, the final sample included 53 18-month-olds (M = 543 days, SD = 
9 days, 22 female). The total sample included 17 additional infants; howev-
er, they were excluded from the analyses due to incomplete task perfor-
mance (n = 11), technical error (n = 4), or insufficient motion tracking data 
(n = 2). Thus, all infants in the final sample completed all experimental tasks 
(see Procedure Study I for details). 

Study II, III, and IV 
Participants in Study II, III, and IV were part of the ongoing, longitudinal 
Early Autism Sweden study (EASE; for a general overview, see 
http://www.eurosibs.eu/research; for an overview of the project in Sweden, 
see www.earlyautism.se). The EASE study includes infant siblings of autis-
tic children who form the group known as elevated likelihood (EL), as well 
as infant siblings of families with no familial history of ASD, forming the 
group known as low likelihood (LL).  
 
The infant siblings in this study undergo a multitude of assessments starting 
at the age of 5 months and up to the age of 6 years. Families who participat-
ed in the EASE study were recruited through multiple channels, including 
clinical units, advertisements, the project’s website, as well as the above-
mentioned database of families at the Uppsala Child and Baby Lab. Partici-
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pating families received a gift voucher of 500 Swedish Crowns (≈ 50 Euro) 
after each visit to the lab.  
 
The EASE sample is mainly comprised of middle-class families with similar 
socio-economic status from the greater Stockholm area. All infants in the 
EASE study were born at full term (> 36 weeks) and showed no confirmed or 
suspected medical problems (including visual and auditory impairments). All 
families provided written informed consent, and the study protocol was ap-
proved by the Regional Ethical Board. The EASE study is conducted in ac-
cordance with the standards specified in the 1963 Helsinki Declaration. All 
studies and analyses within the EASE project are preregistered internally. 

 
Study II included 58 infants comprising two groups: (1) an EL group (n = 
39, 20 females), and (2) an LL group (n = 19, 9 females). An additional sub-
set of infants had to be excluded from the analyses due to technical errors or 
insufficient motion tracking data (see Procedure Study II for details). All 
infants included in the study completed data collection at both 10 and 24 
months of age. 

 
In Study III, the final sample included 90 infants with experimental data 
from 10, 14, and 18 months of age. In addition, a clinical diagnostic assess-
ment was conducted at 36 months, after which the participants were assigned 
to three different groups: (1) an EL group with ASD (EL-ASD n = 19, 14 
females); (2) an EL group without ASD (EL-no-ASD n = 47, 31 females); or 
(3) an LL group with neurotypical outcome (LL n = 14, 6 females).  

 
Study IV included families who completed a questionnaire after the 18-
month visit (n = 69, response rate: 67.0%) or after the 36-month visit (n = 19 
families, response rate: 70.4%). The data sets for the different time points 
were distinct populations with no overlap. The study was comprised of par-
ents of two groups: (1) infants with an older autistic sibling (EL, n = 43, 
48.9%), and (2) infant siblings of families without a history of ASD (LL, n = 
23, 36.1%). The total sample included an additional 22 families; however, 
for these families there was no indication of familial history of ASD 
(25.0%). Socio-economic status was estimated by parental income and edu-
cation with no evidence supporting a group difference (EL, M = 7.08, LL M 
= 7.60, p > .25). 
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Procedures 

Study I 
Study I investigated manual motor behavior in 18-month-olds using an 
eight-camera passive motion tracking system (Qualisys Motion Capture Sys-
tems, Gothenburg, Sweden) at a sample rate of 240Hz. The study assessed 
prospective motor control during a reach-to-place action with varying diffi-
culty levels (see Figure 1). We examined if infants prospectively controlled 
their current actions (i.e., reaching for the target), and their subsequent action 
(i.e., placing the target) at the beginning of the action sequence. Thus, the 
difficulty of the second action (i.e., placing) was manipulated by goal size 
and distance in order to investigate if the subsequent action influenced the 
first action (i.e., reaching). Our measure for prospective motor control was 
the peak velocity of the first movement unit of the first action (reaching). In 
addition to the kinematic data, a video camera filmed the entire experiment 
from a bird’s eye view. The behavioral measures of executive functions 
(prohibition, working memory, and complex inhibition) included in Study 1 
were analyzed using video coding (see Figure 1). 
 
The prohibition task (Friedman, Miyake, Robinson, & Hewitt, 2011) was 
used to assess the ability to inhibit reaching for an attractive toy (i.e., glitter-
ing wand) for 30 seconds. The experimenter presented the toy for the infant 
and placed it within the infant’s reaching space on the table. The experi-
menter shook her head and told the infant not to touch the toy.  
 
The working memory task was a classic hide-and-seek task using a chest of 
four drawers. After a warm-up phase, four trials were performed where the 
toy was hidden in each of the four possible drawers. After a time delay of 5 
seconds, the infant was encouraged to search for the hidden toy.  
 
In the complex inhibition task (modified from Garon, Smith, & Bryson, 
2014), the infant had to inhibit one action for another. An attractive toy (i.e., 
a color-changing duck) was hidden in a custom-built box behind a plexiglass 
window. In order to retrieve the toy, the infant had to inhibit a direct reach 
toward the plexiglass window and reach for a knob on top of the box instead. 
 
Moreover, parents filled out the Vineland Adaptive Behavior Scales 
(Vineland-II, Sparrow, Balla, & Cicchetti, 1984) to assess gross and fine 
motor skills. During the experimental tasks, the infant sat on the caregiver’s 
lap, and the caregiver was instructed not to interfere with the infant’s behav-
ior. The total procedure took approximately 30 minutes, including instruc-
tions and breaks. 
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Figure 1. Setup and materials used in Study I. (a) Prospective motor control task:
The first action was to reach for the target. Infant’s hand was placed in the area 
marked as (1), while the target was placed in the area marked (2). The subsequent
action was to place the target in a small, medium, or large cylinder (3). The cylinder 
was either placed at short or long distance from the target pick-up area; (b) Prohibi-
tion: The task was to inhibit the reach for the glittering wand for 30 seconds; (c) 
Working Memory: The task was to remember in which of the four different loca-
tions the toy was hidden after a time delay of 5 seconds; (d) Complex inhibition: 
The task was to open the window of the box in order to retrieve the toy. Opening 
the window required reaching and pulling the knob on top of the box. 

© 2016 by Association for Psychological Science. 
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Study II, III, and IV 
The following studies were all part of the larger EASE project and therefore 
involved a similar protocol. Typically, families spent 4-5 hours in the lab 
and completed a range of assessments, including eye tracking, motion track-
ing, electroencephalography (EEG), magnetic resonance imaging (MRI), 
play observation, developmental assessments, and parent-child interaction. 
The testing day started in the morning, included a lunch and/or nap break, 
and was followed by an afternoon session. During all of the assessments, the 
caregiver was present with the infant. 

 
Study II used motion tracking technology to investigate motor functioning in 
10-months-olds during a interceptive action task. The experimental task and 
setup was the same as the one reported in Ekberg et al. (2016). The infant 
was seated in a high chair facing the experimenter at a table with an adjusta-
ble tabletop (60 x 60 centimeters, see Figure 2). The task was to catch a 
moving target (i.e., ball), which was rolling toward the infant along rail 
tracks that had been mounted on the upper left and the right side of the tab-
letop. At the start of each trial, the infant’s attention was captured before 
releasing the ball in order to confirm that the infant was focused on the ball. 
During each trial, the infant could watch the ball roll down the tracks for 
approximately 3 seconds before it entered the infant’s reaching space. At 
least four trials were completed, and the end of each trial was marked either 
by the infant catching the ball or by the ball rolling off the tabletop. This task 
was part of a larger motion tracking session, which took approximately 10 
minutes.  
 
The infant’s manual actions were recorded using an eight-camera passive 
motion tracking device (Qualisys Motion Capture Systems, Gothenburg, 
Sweden) at a sample rate of 240 Hz. Passive reflective markers (.4 centime-
ters in diameter) were placed on the infant’s hand between the index finger 
and the thumb. The ball had a diameter of 4 centimeters. In addition, Study 
II included assessments for autistic symptomatology (Autism Diagnostic 
Observation Schedule 2nd Edition, ADOS-2; Lord et al., 2012) and develop-
mental level (Mullen Scales of Early Learning, MSEL; Mullen, 1995) at 24 
months of age. 
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Study III used eye tracking to investigate how infants updated their expecta-
tions about object motion in light of novel visual information. With a visual 
motion task including temporary occlusion (adapted from Kochukhova & 
Gredebäck, 2007), we assessed predictions about the directionality of a mov-
ing target and how these predictions were updated over time.  
 
Gaze data was recorded using Tobii corneal reflection eye trackers (Tobii 
AB, Danderyd, Sweden). During the recording, the infant sat on the caregiv-
er’s lap at approximately 60 centimeters distance to a computer monitor 
(screen size of 23", recordings displayed at a resolution of 1024 x 768 pix-
els). After a five-point calibration in every corner and the center of the 
screen, the recording started.  
 
The stimulus examined in Study III consisted of a moving target, which 
started to move horizontally from the left side of the screen for 960 millisec-
onds. Then the target disappeared behind an occluder in the middle of the 
screen for 1120 milliseconds. Covered by the occluder, the target changed its 
trajectory 90° counter-clockwise to continue in this direction for another 960 
milliseconds. Before the target reached the upper edge of the screen, it re-
versed its direction and continued to the starting point along the same trajec-

Figure 2. Sketch of the materials and setup included for the interceptive action task, 
showing an infant and test leader facing each other at a quadratic table with adjusta-
ble tabletop. 

© 2020 The Authors. Published by SAGE Publications. 
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tory (see Figure 3). One trial lasted 3040 seconds and included 1 occlusion 
passage. Each infant was presented with 2 blocks consisting of 10 trials. The 
task investigated in Study II was part of a larger eye tracking session of ap-
proximately 8 minutes. 
 
In addition to gaze data, Study III included a diagnostic assessment at the 
36-months visit. The assessment was conducted by experienced psycholo-
gists and included information on medical history, developmental level 
(Mullen Scales of Early Learning, MSEL; Mullen, 1995), as well as autistic 
symptomatology using the Autism Diagnostic Observation Schedule 2nd 
Edition (ADOS-2; Lord et al., 2012) and the Autism Diagnostic Interview-
Revised (ADI-R; Rutter, LeCouteur, & Lord, 2003). 
 

 
In Study IV, we surveyed parents who participated in the EASE study about 
their experience during the study. The survey included both a rating of 
agreement with different statements, as well as opportunities for free text 
responses. Families received the survey after completion of either the 18-
month visit or the 36-month visit. The survey was distributed in paper form, 
completed at the family’s home, and sent back to the lab. Given the longitu-
dinal character of the EASE study, the survey was voluntary and anony-
mous.  

Figure 3. Illustration of the visual motion paradigm. (a) Gaze data plotted in blue 
and superimposed on the visual scene during the experiment. The areas of interest 
(AOIs) covered in the analyses are illustrated in black. (b) Illustration of the target’s 
X- and Y-position plotted over time and displaying two occlusion intervals colored
in grey. 
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Measures and Analysis 

Study I 
The analysis of manual motor behavior was based on motion tracking data 
and video recordings. In a first step, video recordings were used to code the 
beginning and the end of the reaching and placing actions (QTM, Qualisys 
Track Manager, Qualisys, Gothenburg, Sweden). Three events were identi-
fied, which were defined as follows: (1) the last frame before the start of a 
reaching movement, (2) the first contact between the hand and the target, 
and (3) the last frame before releasing the target in the cylinder.  
 
In Study I, the reaching movement was of interest. Thus, a valid reach was 
regarded as an extension of the right arm, initiating from the starting area 
toward the target and ended with the first contact with the target. In addition, 
for a trial to be included in the analysis, the reach and placement had to be 
direct, without breaks, interruptions or interference from the caregiver. For 
the placement movements, a valid placement included both successful and 
unsuccessful outcomes. Inclusion criteria for the analysis were completion of 
at least half of the first block (12 trials) and data from three valid trials per 
goal size. In order to judge trial validity, an interrater reliability analysis was 
conducted, resulting in high agreement (inter class correlation (ICC) was 
.97). 
 
Motion tracking data was further analyzed to extract the dependent variable 
of peak velocity of the first movement unit. Data as interpolated in the Qual-
isys Track Manager, extracted, and implemented in TimeStudio 
(http://timestudioproject.com; Nyström, Falck-Ytter, & Gredebäck, 2015). 
Data was further filtered for x-, y-, and z-coordinates in order to remove 
outliers. In a next step, 3-dimensional velocity was calculated and movement 
units were semi-automatically defined. The criteria for a movement unit 
were a minimal peak distance of 1 sample (i.e., 4.18 milliseconds), and a 
merge threshold of 8 samples (i.e., 33.34 milliseconds). In addition, trials 
with less than 50% data, incomplete first movements, or noisy data were 
excluded. All remaining trials underwent visual inspection to confirm the 
selected threshold as appropriate. Finally, the peak velocity of the first 
movement unit was inferred and computed as an average for each infant. 
 
In addition to the motion tracking data, executive function measures were 
obtained through the video recordings. The coding was validated through an 
interrater reliability analysis, which resulted in high agreement across all 
three executive function measures (ICC .92 - .99). 
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For the prohibition task, the infant’s waiting time was calculated in seconds. 
If an infant did not touch the glittering wand, a trial would last a maximum 
of 30 seconds. After 30 seconds, all infants were encouraged to grab the 
wand. A total of 67 infants (96%) contributed with valid data.  
 
In the working memory task, the number of searches (i.e., opening of draw-
ers) was of interest. The highest possible score was obtained if the infant was 
successful on the first try (4 points), and the lowest score was obtained if the 
infant was not successful after four attempts (0 points). For the analyses, an 
infant had to contribute at least one valid trial. Subsequently, the mean score 
of the four test trials was determined for each infant. Thus, a total of 63 in-
fants (90%) contributed with valid data. 
 
The complex inhibition task was scored as follows: full points (2 points), for 
opening the box by reaching toward the knob, 1 point for reaching toward 
the window and then reaching toward the knob, and 0 points for only reach-
ing toward the plexiglass window, reaching toward the window after a re-
minder from the experimenter, or no reach toward the knob at all. To be 
included in the analyses, an infant had to contribute at least one valid trial. 
Subsequently, the mean score for all trials was calculated for each infant. A 
total of 65 infants (93%) contributed with valid data. 
 
Finally, data was analyzed using bivariate correlations to examine the rela-
tionship between the variables and t-tests to investigate gender differences. 
In addition, a hierarchical regression was run to investigate the contributions 
of control variables (i.e., age, gender, fine and gross motor skills), as well as 
the measures of executive functions on peak velocity of the first movement 
unit. 

Study II 
Similar to Study I, the analysis of manual motor behavior was based on a 
combination of video recordings and motion tracking data. In the first step, 
video recordings were analyzed with a frame-by-frame video coding soft-
ware (Mangold International INTERACT, Arnstorf, Germany), consistent 
with prior research on the task (Ekberg et al., 2016). The beginning and the 
end of the reach were coded, as well as the hand used (right, left, bimanual). 
In addition, the outcome of the reach was coded as either a reach (i.e., con-
tact with the ball or within 2 centimeters), or other (e.g., unsuccessful reach-
es, no reach attempt, experimenter errors, or interrupted reaching move-
ments). Subsequently, the category other was excluded from the analysis to 
ensure high-quality data. Video coding was completed by blinded coders and 
showed high interrater reliability (Cohen’s kappa = .89, p < .001, 95% kappa 
confidence interval = .82 - .97). 
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In the next step, motion tracking data was extracted and implemented in 
TimeStudio (Nyström et al., 2015). The processing of the motion tracking 
data was in line with prior research (Gottwald et al., 2016; Gottwald et al., 
2017; Grönqvist, Strand Brodd, & von Hofsten, 2011). Data was interpolated 
and filtered to decrease noise on the velocity profile. In Study II, the 
transport unit (TU), which is the largest movement unit toward the target, 
was of special interest. Thus, movement units were automatically extracted 
by taking every local minimum as the onset of a movement unit (see Figure 
4). In addition, a merging threshold for on-line adjustments was defined as a 
peak velocity of less than 8 millimeters / second above the adjacent mini-
mum. This processing allowed the removal of artifacts and filtered out a 
disproportionate amount of movement units. In addition, trials with less than 
50% motion tracking data were excluded. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
The next step was to combine the video and motion tracking data. The final 
sample consisted of 58 infants, who contributed at least three valid reaches. 
The total sample was initially larger, but a subset of infants had to be ex-
cluded due to missing data and technical problems. 
 
The following motor variables were calculated based on the transport unit: 
(1) motor planning (i.e., the ball’s position (in millimeters, distance to target) 
at the beginning of the transport unit); (2) prediction (i.e., intersection of the 

Figure 4. Example of a reach. The velocity profile of one participant during a reach 
is illustrated and divided by movement units (MUs). The shorter, dashed line shows
a small local minimum that was merged with the adjacent MU according the pre-
defined thresholds. In addition, the first MU in this example is also the transport unit
(TU), the largest MU toward the target. 

© 2020 The Authors. Published by SAGE Publications. 
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ball’s and the hand’s trajectory during the transport unit, in milliseconds, 
time of prospective aiming); (3) peak velocity of the TU (in millimeters / 
sample); (4) distance traveled during the TU (in millimeters / sample); (5) 
the straightness of the approach path during the TU (1 would indicate a 
straight approach); and (6) the number of movement units used in the reach.  
The data was analyzed using Linear Mixed Models for each of the 6 motor 
variables. While group (elevated / low likelihood) and slope (flat / step, not 
included in this analysis) were treated as fixed factors, subject was treated as 
a random factor with random intercept (“dv ~ group + slope + (1|subject)”). 
 
In addition, longitudinal relations of early motor variables and later ASD 
symptomatology and developmental level were investigated using Pearson 
correlations. 

 

Study III 
Raw gaze data was extracted and analyzed in MATLAB (R2015a, Math-
works Inc. CA, USA) using custom written scripts. As a first step, events 
were identified for the occlusion passage (i.e., frame at which target disap-
peared and reappeared), which created a window of interest for the analysis. 
Trials with less than 50% of data prior to this window of interest were ex-
cluded. In addition, infants had to complete at least four trials to be included 
in the analysis. Next, all trials underwent visual inspection by a coder blind 
to group status and infant identity. This procedure was completed in order to 
remove trials containing missing data close to the occlusion event, noisy 
data, or movement artifacts. In addition, gaze data was manually transposed 
to enable the AOIs to cover as much gaze as possible, as well as accounting 
for gaze calibration drifts during the recording. 
 
In the next step, gaze velocity was calculated and plotted in order to manual-
ly identify the gaze shift toward the respective AOI after occlusion. The 
pupillary responses were defined as the change in pupil size in response to 
the reappearance of the target after occlusion. The change in pupil size was 
calculated by a simple equation of the pupil size after occlusion (i.e., an in-
terval after the saccade + 2000 milliseconds) relative to a baseline pupil size 
prior to the occlusion passage (i.e., saccade after occlusion – 1000 millisec-
onds). Data for the pupillary responses were derived from the left eye in 
order to avoid artifacts in case the eye tracker lost track of one of the eyes. 
 
The focus of Study III was predictive and adaptive behavior; therefore, we 
investigated gaze shift latencies and pupillary responses, measuring both 
across trials within each testing session and across ages (10, 14, and 18 
months). The dependent variables included adaption rates (across trials, 
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operationalized as the slope of a linear regression within each participant) 
and developmental change (across ages, operationalized as the slope of line-
ar regression over the different time points). Taken together, we investigated 
the dependent variables in following subsections: (1) first trial gaze shift 
latency, (2) adaption rate of gaze shift latency, (3) first trial pupil response, 
and (4) adaption rate of pupil response. 
 
After processing the gaze data in MATLAB (R2015a, Mathworks Inc. CA, 
USA), the dependent variables were extracted and analyzed in JASP (JASP 
Team, 2019, Version 0.9.0.1), using Bayesian t-tests and ANOVAs. Bayesi-
an statistics, in contrast to frequentist statistics, allowed us to estimate the 
strength of evidence for both the working hypothesis, as well as for the null 
hypothesis. Furthermore, Bayesian statistics provided richer data on the dif-
ference of means and standard deviations, the power of the test, and the in-
fluence of outliers. 

Study IV 
The questionnaire administered in Study IV assessed the parents’ satisfaction 
with the study, the child’s perceived satisfaction, and the parents’ motivation 
for participating. Parents were instructed to rate their agreement with a series 
of statements, ranging from completely agree, to partially agree, or don’t 
agree. Moreover, there was the option to leave comments in open text boxes. 
Parents were asked to further comment on study participation, offer sugges-
tions, and give recommendations to other families (see Table 1). 
 
The ratings of the statements were quantified on a three–point scale. The 
open comments were analyzed by categories determined by putative topics 
of interest for infant sibling studies. The categories included (1) positive 
perception of study participation and research in this area, (2) feedback 
about the child’s development, (3) positively perceived child experience, (4) 
negatively perceived child experience, (5) burdensome questionnaires, and 
(6) burdensome experimental measures. The analysis of open comments was 
validated by an interrater reliability analysis including two independent 
raters (Cohen’s kappa = .80, 95% kappa confidence interval = .73 - .87). 
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Table 1. Questionnaire items 

 Item 
1 a My overall impression of participating in the study is positive. 
   b Comments on the overall impression 
2 a I believe that my child perceived participating in the study as positive. 
   b Comments on the child’s experience 
3 a I believe that I have received good and relevant information about the 

study’s aim and content. 
   b Comments on the information received 
4 I can recommend other families participate in the study. 
5 What would you like to tell other parents about participating in the study? 
6 Do you have any suggestions on how to make study participation easier? 
7 Do you have any further comments? 

© 2019 The Authors. Published by Elsevier Ltd. 
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Study I 

Background 
Infants plan their manual motor actions in multiple steps, and they adapt 
movements with respect to future goals (Y. P. Chen, Keen, Rosander, & von 
Hofsten, 2010; Claxton et al., 2003; Gottwald et al., 2017). Thus, assessing 
motor actions using fine-grained measures allows us to understand infants’ 
ability to plan actions in order to reach goals. Planning abilities in infancy 
are inherently related to executive functions. In addition, accounts of embod-
ied cognition suggest the possibility that executive functions may be ground-
ed in prospective motor control (Wilson, 2002). This means that prospective-
ly controlling motor actions may build the foundation for the development of 
higher cognitive functions (Diamond, 2013; Miyake et al., 2000).  
 
In line with the embodied cognition account, we wanted to investigate the 
link between prospective motor control during an action sequence and exec-
utive functioning in 18-month-old infants. To measure prospective motor 
control, we used the fine-grained measure of peak velocity of the first 
movement unit. To assess executive functions, we examined three age-
appropriate tasks, measuring prohibition, working memory, and complex 
inhibition. We expected that infants’ performance in the prohibition task and 
in the working memory task would be positively associated with the peak 
velocity of the first movement unit. For the performance in the complex 
inhibition task, we did not expect to find a correlation, as cognitive abilities 
required to perform this task are not thought to be fully developed at 18 
months of age (Garon, Bryson, & Smith, 2008). In addition, we were inter-
ested in assessing whether individual differences in executive function per-
formance were related to prospective motor control. 

Results 

Prospective motor control 
In the final sample, infants contributed 25 trials on average, of which ap-
proximately 50% were considered valid trials. A velocity analysis revealed 
that the mean peak velocity of the first movement unit was 563.12 millime-
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ters / second (range = 363.42 – 815.14 millimeters / second, SD = 87.25 
millimeters / second). There were no indications of gender difference ob-
served (t(51) = -.66, p > .25). 

Executive functions 
In the prohibition task, infants waited 7 seconds on average (range = 0 – 30 
seconds, SD = 11.64 seconds). Seventeen infants touched the wand immedi-
ately, while 9 infants waited the maximum time.  
 
In the working memory task, infants contributed on average 3.77 valid trials 
out of a maximum of 4 trials (SD = .81). The average score was 2.79 out of 
4.00 possible points (range = .75 – 4.00 points, SD = .72 points). 
 
Finally, in the complex inhibition task, infants on average performed 3.81 
valid trials out of a possible 4 trials (SD = .81) and scored 1.28 out of 2.00 
possible points (range = .00 – 2.00 points, SD = .68 points). 
 
No indications of gender differences were found in the prohibition task 
(t(51) = -.98, p > .25), and the complex inhibition task (t(51) = -.21, p > 
.25). However, in the working memory task, we found a gender difference: 
girls reached higher scores (M = 3.03, SD = .64, n = 22) compared with boys 
(M = 2.63, SD = .74, n = 31, t(51) = -2.06, p > .045). 

Correlations 
We found significant correlations between prospective motor control and 
simple inhibition (r = .31, p = .026, see Figure 5), as well as between pro-
spective motor control and working memory (r = .39, p = .004, see Figure 
5). A higher peak velocity in the first movement unit was associated with a 
better performance in the prohibition task and the working memory task. No 
significant correlation was found with complex inhibition, gender, age, or 
fine / gross motor skills. 
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Hierarchical regression analysis 
The subsequent analysis was completed in two steps. In the first step, the 
predictors included fine and gross motor skills, age, and gender. In this hier-
archical regression model, none of these variables contributed to the rela-
tionship between prospective motor control and executive functions. In the 
second step, we added prohibition, working memory, and complex inhibition 
as predictors. This hierarchical regression model provided a significant result 
(F(7, 45) = 2.29, p = .044) and explained 26% of the variance in the peak 
velocity of the first movement unit. Both prohibition (β = 0.29, p = .03) and 
working memory (β = 0.35, p = .013) made independent contributions to the 
relationship (see Table 2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Correlations between (A) prohibition and peak velocity of the first move-
ment unit, and (B) working memory and peak velocity of the first movement unit. 

© 2016 by Association for Psychological Science. 
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Table 2. Coefficients of the hierarchical regression analysis of the reaching velocity 
of the first movement unit in two steps  

Step  F R2 b (SE) β 
1  0.70 .06   
 Fine motor (Vineland)   -138.39(126.98) -.17 
 Gross motor (Vineland)   89.56 (64.87) .22 
 Age (days)   -0.30 (1.48) -.03 
 Gender   -14.21 (25.87) .08 
2  2.29* .26   
 Fine motor (Vineland)   -66.32 (118.99) -.08 
 Gross motor (Vineland)   41.20 (60.90) .10 
 Age (days)   -1.35 (1.42) -.13 
 Gender   6.25 (24.74) .04 
 Prohibition   2.23 (1.06) .29* 
 Working memory   42.81 (16.49) .35* 
 Complex inhibition   16.76 (17.27) .13 
R2 = .06 for Step 1, Δ R2 = .26 for Step 2 (p = .01). *p < .05. 
© 2016 by Association for Psychological Science. 

Discussion 
Study I showed that motor control and executive functioning are related in 
early infancy. Performance in both the prohibition and the working memory 
task was positively related to prospective motor control. However, perfor-
mance in the complex inhibition task was not significantly related to pro-
spective motor control. This finding was expected because we assumed that 
simple executive functions (i.e., prohibition and working memory) would be 
associated with low level motor control, but not with complex executive 
function tasks (i.e., complex inhibition). For example, Garon et al. (2008) 
describes two forms of inhibition: simple and complex inhibition. Simple 
inhibition includes withholding or delaying a response as in our prohibition 
task, whereas complex inhibition includes not only inhibiting a response, but 
also holding a rule in mind, and responding according to this rule. Simple 
inhibition and working memory emerge during the second half of the first 
year of life (Holmboe, Bonneville-Roussy, Csibra, & Johnson, 2018). Com-
plex inhibition, on the other hand, develops later and can be measured from 
18 months of age. However, most of the tasks on complex inhibition are 
recommended only from the age of 24 months and onwards (Garon et al., 
2008; Garon et al., 2014).  
 
A hierarchical perspective on executive function development would assume 
that simple executive functions develop first and present the building blocks 
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of more complex executive functions (Garon et al., 2008; Garon et al., 
2014). Extending this hierarchical model, it is possible that prospectively 
controlling motor actions is associated with simple forms of executive func-
tioning, but not directly with complex executive functions. Simple executive 
functions would then lay the foundation for more complex forms of execu-
tive functions. In other words, in Study I, we proposed an embodied perspec-
tive on executive function development in which the executive function abil-
ity to plan and control actions emerges in early infancy with the ability to 
prospectively control motor actions. 
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Study II 

Background 
Motor impairments have frequently been reported in autistic individuals and 
are considered to be a feature of the autism phenotype (Fournier et al., 2010; 
Licari et al., 2019). Understanding motor development is crucial because 
motor control is closely related to a variety of cognitive skills throughout 
development, ranging from social cognition (Gerson & Woodward, 2014), 
attention and object processing (Libertus et al., 2016), object completion 
(Soska, Adolph, & Johnson, 2010), mental rotation (Mohring & Frick, 2013) 
to executive functions (Gottwald et al., 2016). Thus, impairments or delays 
in these abilities and social situations resulting from impaired motor func-
tioning will have a profound effect on development. This signifies the im-
portance of studying early motor control in order to illuminate typical as 
well as atypical motor development.  
 
Previous research on motor development in ASD is marked by a large varia-
bility regarding the types of movements examined, as well as the methods 
and assessments used. Early studies typically relied on parental reports, ret-
rospective home videos, or broad tests of motor performance that may not 
have been precise enough measures of motor control.  
 
Studying infant siblings of autistic and neurotypical children will help un-
derstand the development of motor control early in life, as well as offer in-
sight into how motor control is related to the development of other skills and 
ASD, in particular. Therefore, Study II investigated motor control in 10-
month-old infants at elevated likelihood (EL) and low likelihood (LL) for 
ASD when performing an interceptive action task. Using 3D motion tracking 
technology, we expected to find group differences in kinematic variables 
when infants performed manual motor actions. In addition, in the longitudi-
nal analyses, we hypothesized that differences in motor performance were 
related to ASD symptomatology in toddlerhood, and that this relationship 
could not be explained by a general developmental delay.  
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Results 

Kinematic variables in infancy 
A linear mixed model demonstrated that the initiation of the reach occurred 
later in the group of infants with an older autistic sibling than in infants 
without history of ASD (EL group M = 284.91 mm, SE = 5.50, 95% CI 
[263.23, 306.60], LL group M = 296.16 mm, SE = 5.53, 95% CI [285.29, 
307.03], F(1, 375) = 4.18, p = .042, see Figure 6). 

 
Linear mixed models showed that the peak velocity of the transport unit was 
lower in infants at elevated likelihood for ASD (EL group M = 1.77 
mm/sample, SE = .07, 95% CI [1.48, 2.07], LL group M = 1.94 mm/sample, 
SE = .08, 95% CI [1.80, 2.10], F(1, 392) = 5.19, p = .023). Similarly, the 
distance traveled during the transport unit was lower in the EL group com-
pared to the LL group (EL group M = 177.89 mm, SE = 7.13, 95% CI 

Figure 6. Initiation measured by the distance to the target (in mm) at onset of the
transport unit. Heat maps display the target’s position on the trajectory relative to
when the transport unit started. The mean hand position is market by +, whereas
ellipses show standard deviation in x and y dimensions. (a) Normalized heat map for
the LL group; (b) Normalized heat map for the EL group; (c) Normalized difference
map highlighting EL-LL differences; and (d) Initiation as a function of group. *p <
.05. 

© 2020 The Authors. Published by SAGE Publications. 
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[149.81, 205.97], LL group M = 196.85 mm, SE = 7.15, 95% CI [182.79, 
210.90], F(1, 392) = 7.06, p = .008). However, the linear mixed models indi-
cated no group differences in the number of movement units used during the 
reach (EL M = 2.12, SE = .06; LL M = 2.18, SE = .06; F(1, 407) = 1.00, p > 
.25), or the straightness of the transport unit (EL M = 1.26, SE = .02; LL M = 
1.27, SE = .02; F(1, 392) = .23, p > .25, see Figure 7). 

Figure 7. Kinematic analysis of movement units (MU) illustrated by averaged indi-
vidual data points. (a) Peak velocity of the transport unit (TU) for the LL and EL 
group; (b) Distance traveled during the transport unit (TU) for the LL end EL group; 
(c) Number of movement units (MU) during the reach for the LL and EL group; and
(d) Straightness of the transport unit for the LL and EL group. *p < .05. **p < .01 in
main analyses. Error bars represent standard errors.

© 2020 The Authors. Published by SAGE Publications. 

No group differences were found regarding predictive aiming (EL M = 
677.06, SE = 36.68; LL M = 648.79, SE = 36.86; F(1, 224) = .59, p > .25, 
see Figure 8). 

Figure 8. Predictive aiming in infants with low likelihood (LL) and elevated likeli-
hood for ASD (EL), operationalized according to how far along the future trajectory 
of the target the reach was aimed (in ms). Circles represent averaged individual data
points. Error bars represent standard errors. 

© 2020 The Authors. Published by SAGE Publications. 
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Correlations 
There was no indication of a relationship between any of the motor measures 
at 10 months and ASD symptomatology (ADOS Comparison Score) at 24 
months. Regarding developmental levels at 24 months, we found that a low-
er Early Learning Composite Score on the MSEL was associated with a 
higher number of movement units during a reach at 10 months (r = -.323, p 
= .017; Figure 9a) in the whole sample. Including group, number of MUs 
and the interaction term (group*number of MUs) in a regression analysis 
with the MSEL score as the dependent variable, we found a significant effect 
of group (β = 1.28, t(53) = -2.83, p = .007), number of MUs (β = .68, t(53) = 
-3.56, p < .001) and an interaction effect (β = .97, t(53) = 2.11, p = .040; 
Figure 9a). 
 
A higher MSEL score was related to longer transport units (distance trav-
eled) (r = .329, p = .015; Figure 9b). The regression analysis with distance 
traveled during the transport unit as dependent variable did not show any 
significant interaction terms. 
 
There was no significant correlation between peak velocity of the transport 
unit and MSEL score. However, a regression analysis with group, TU peak 
velocity and the interaction term (group*TU peak velocity), and MSEL score 
as dependent variable, showed a significant effect of group (β = -1.21, t(53) 
= -2.66, p = .010) and interaction (β = .88, t(53) = 2.07, p = .044; Figure 9c). 
None of the remaining motor measures (straightness of the TU, prospective 
aiming, and initiation) showed significant interaction effects involving 
group. 
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Figure 9. Motor measures at 10 months in relation to developmental level at 24 
months. (a) Scatterplot of number of movement units (MU) against Early Learning 
Composite Score on the MSEL; (b) Scatterplot of distance traveled of the transport 
unit (TU) against the MSEL score; and (c) Scatterplot of the peak velocity of the 
transport unit (TU) against the MSEL score. Separate regression lines are displayed 
for the EL (blue, dashed) and LL group (red, dash dotted). Open circles represent 
trials of EL infants; full circles represent trials of LL infants. 

© 2020 The Authors. Published by SAGE Publications. 

Discussion 
The findings of Study II highlight previously unrecognized and subtle differ-
ences in an interceptive action task not observable with traditional methods. 
Using advanced motion tracking technology, we found differences as well as 
similarities in motor control between infants at 10 months of age with and 
without familial history of ASD. Interestingly, there were no indications of 
significant associations between early measures of motor control and ASD 
symptomatology in toddlerhood. Nevertheless, certain aspects of motor con-
trol were related to general developmental level at 24 months. Taken togeth-
er, our results suggest a complex pattern of similarities and differences in 
early motor control, and confirm the efficacy of using fine-grained methods 
to illuminate developmental pathways including motor trajectories in neuro-
developmental conditions.  
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Study III 

Background 
Making predictions about what is going to happen next is essential in order 
to act efficiently in our dynamic environment. Infants learn early in life how 
to make predictions about upcoming events (von Hofsten, 2004). For in-
stance, at around 3 months of age, infants are able to track moving objects 
and predict how these objects are moving in time and space (Rosander & 
von Hofsten, 2004). Visual motion prediction is a common paradigm used to 
investigate predictive abilities in infancy. Recent theories of predictive cod-
ing have highlighted that prediction may be compromised in ASD. However, 
the evidence remains inconsistent, as some studies find support for atypicali-
ties in autistic individuals regarding predictive abilities (Lawson et al., 2017; 
Park et al., 2018), while others do not find differences between neurotypical 
and autistic individuals (Manning et al., 2017; Tewolde et al., 2018).  
 
Prediction is regarded as a fundamental ability throughout development and 
potential alterations should be present early in life. Using a visual motion 
paradigm, we examined how infants with a subsequent diagnosis of ASD 
(EL-ASD group) and neurotypical infants (LL and EL-no-ASD group) react-
ed to temporarily occluded objects that moved in an unexpected, but regular 
motion pattern. In order to investigate how infants update expectations in 
light of new information, we examined both gaze shift latencies and pupil-
lary responses. We hypothesized that over trials all infants, regardless of 
diagnostic outcome, would show adaption, indicated by faster gaze shifts 
toward the object, and that the pupil size would become less affected over 
trials. In addition, given the notion that autistic individuals show an atypical 
balance between bottom-up and top-down processes, which is essential for 
forming predictions in new situations, we investigated group differences on 
the first trial, adaption over trials, and developmental change across ages. 
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Results 

First trial gaze shift latency 
A Bayesian ANOVA including the gaze shift latency on the first trial 
showed support for the null hypothesis, suggesting no differences between 
the EL-ASD, EL-no-ASD, and LL group at 10, 14, and 18 month of age. In 
addition, we found no indication of group differences in first trial gaze shift 
latency regarding developmental change across ages and the average across 
ages (see Table 3 for descriptive statistics and Bayes Factors).  

Adaption rate of gaze shift latency 
A Bayesian one sample t-test against 0 showed strong evidence for a de-
crease in gaze shift latency over trials (BF10 = 16.87, strong evidence for H1, 
n = 89, M = -4.33, SD = 12.39), irrespective of group and age. Then, using 
Bayesian ANOVAs including the adaption rate of gaze shift latency at 10, 
14, and 18 months, we found most support for the null hypothesis. There 
was no indication of a group difference at 10 and 14 months of age. Howev-
er, at 18 months, we found moderate support for the alternative hypothesis. 
When comparing the groups in pairs, the analyses showed moderate evi-
dence for a difference between the EL-no-ASD and the EL-ASD group 
(BF10 = 8.256), anecdotal evidence for a difference between the EL-no-ASD 
and LL group (BF10 = 1.214), and anecdotal evidence for the null hypothesis 
when comparing the LL and the EL-ASD group (BF01 = 1.701). Regarding 
developmental change and the average across ages, we found moderate sup-
port for the null hypothesis, suggesting that there were no group differences 
in terms of adaption rates (see Table 3).  

First trial pupil response 
Unexpectedly, testing the average pupil response on the first trial against a 
baseline value gave anecdotal evidence for the null hypothesis (BF01 = 
2.382). This finding suggested that the first trial pupil response did not differ 
from baseline. Using Bayesian ANOVAs, we found moderate support for no 
group differences in terms of first trial pupil responses at 10, 14, and 18 
months. Similarly, there was no indication of group differences in the first 
trial pupil response regarding developmental change and the average across 
ages (see Table 3). The results suggest that the pupillary responses after the 
first trial were similar in all groups. 

Adaption rates of pupil response 
A Bayesian one sample t-test against 0 tested the average adaption rate of the 
pupil response, irrespective of group and age. The result showed that the 
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average adaption rate was close to 0 (BF01 = 16.87, strong evidence for H0, n 
= 89, M = -.03, SD = .03). In addition, by using Bayesian ANOVAs, we 
found moderate support for the null hypothesis in terms of adaption rates at 
10, 14, and 18 months, developmental change across ages, and the average 
across ages (see Table 3). The findings indicate that there were no differ-
ences in pupillary responses between the EL-ASD, the EL-no-ASD, and the 
LL group. 

Given the unexpected null result for a general effect on the pupil response on 
the first trial, as well as the lack of adaption over trials, we used an addition-
al Bayesian one sample t-test including the average adaption of the pupil 
response from the first to the second trial. Due to potential luminance differ-
ences during the baseline and the testing phase, we assumed that including 
two trials could provide better experimental control. The result showed a 
clear decrease in pupil response over the first two trials (BF10 = 21.59, strong 
evidence for H1, N = 89, M = -1.81, SD = 5.05), indicating pupil dilation 
during the first trials in response to the initial unexpected object motion. 
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Table 3. Descriptive statistics (n, M, SD, BF01
 a,b) for gaze shift latency (in ms) and 

pupillary response (in %, relative to baseline value of 100%) displayed for each 
group (low likelihood, LL; elevated likelihood no ASD, EL-no-ASD; elevated like-
lihood and ASD, EL-ASD). 

 LL 
(29, 14 females) 

EL-no-ASD 
(47, 31 females) 

EL-ASD 
(14, 6 females) 

 

Gaze shift latency n M SD n M SD n M SD BF01
 

First trial           
At 10m 21 301.4 145.4 28 267.1 108.6 8 256.7 139.6 4.24* 
At 14m 19 225.9 71.2 26 224.7 81.3 6 181.2 62.2 3.45* 
At 18m 15 186.2 77.5 28 208.7 90.7 12 160.5 74.7 2.34 
Developmental change 21 -15.8 36.3 31 -5.3 21.1 10 -10.1 20.5 3.35* 
Average across ages 28 252.9 95.5 40 232.3 76.3 13 197.0 67.9 1.93 
Adaption rates           

At 10m 25 -2.12 16.07 36 -8.25 13.83 9 -4.79 10.71 2.42 
At 14m 22 -3.79 9.80 33 -.95 13.17 7 -4.65 16.41 4.51* 
At 18m 20 -2.24 9.74 35 -7.37 9.57 12 1.83 8.60 4.72c 
Developmental change 25 -.21 2.82 37 -.32 1.78 10 0.52 2.17 5.11* 
Average across ages 29 -2.31 10.35 46 -6.42 14.65 13 -1.78 6.03 3.02* 
Pupillary response n M SD n M SD N M SD BF01 
First trial           
At 10m 25 98.4 5.9 36 97.8 8.1 9 96.2 7.3 5.93* 
At 14m 22 98.7 8.3 34 98.7 6.1 7 95.7 6.7 4.62* 
At 18m 20 100.7 5.0 37 102.0 6.0 12 99.7 5.9 4.01* 
Developmental change 25 .2 1.3 38 0.4 1.2 10 .8 1.1 3.70* 
Average across ages 29 99.3 5.3 48 99.4 6.0 13 97.1 5.1 4.66* 
Adaption rates           
At 10m 25 .016 .32 36 .023 .30 9 .008 .16 7.16* 
At 14m 22 .069 .40 33 .120 .33 7 -.054 .28 3.98* 
At 18m 20 -.128 .28 35 -.023 .37 12 .042 .37 3.52* 
Developmental change 25 -.018 .08 37 -.004 .08 10 -.010 .04 6.20* 
Average across ages 29 .029 .24 48 -.004 .22 12 -.019 .24 6.70* 
a BF01 describes the likelihood of the data under H0, BF01 = 1-3, anecdotal evidence for H0 
b BF01 describes the likelihood of the data under H0, BF01 = 3-10, moderate evidence for H0 
c This BF refers to the likelihood of the data under H1, BF10 = 3-10, moderate evidence for H1 

Discussion 
Our findings indicated that all infants, regardless of later diagnostic outcome 
reacted similarly to unexpected patterns of object motion. We found no indi-
cation of group differences between infants with later ASD and neurotypical 
infants in measures of gaze shift latencies and pupillary responses. Using 
Bayesian statistics allowed us to provide support for the null hypothesis, 
strengthening the assumption that there were no differences between the 
groups. Thus, our results suggested that the ability to update representations 
about regularities in the world in light of new information may not be func-
tion differently in infants with a subsequent diagnosis of ASD. Nevertheless, 
this does not exclude the possibility of atypicalities in other aspects of pre-
diction in ASD. 
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Study IV 

Background 
In neurodevelopmental conditions, it is crucial to understand developmental 
pathways and identify early markers associated with the condition. In ASD, 
research has increasingly been directed toward studying infant siblings of 
autistic children (Elsabbagh & Johnson, 2010). While prevalence estimates 
for ASD in the typical population are indicated to be around 1.7% (Baio et 
al., 2018), the estimates in infant siblings are around 10 – 20% (Constantino 
et al., 2010; Ozonoff et al., 2011; Sandin et al., 2014). In consideration of 
novel and promising findings from infant sibling studies, potential risks or 
disadvantages may easily be overlooked.  
 
Infant sibling studies are different than typical infant studies in that they 
require a great deal of time and commitment from participating families. In 
addition, due to the study’s focus on potential atypical development, this 
type of study may increase parents’ concerns about their child. Further, in-
fants and families may experience stigmatization. This is especially im-
portant to consider since most of the infant siblings will not develop ASD 
themselves. Therefore, giving these infants an “at risk” label may change the 
attitudes of parents and other people toward the infants. Altogether, it is im-
portant for ethical discussions to take into account both positive and poten-
tial negative aspects of infant sibling studies. To our knowledge, no previous 
study has investigated parental experience while participating in an infant 
sibling study of ASD. We took a first step into illuminating this unexplored 
area by surveying parents about their experiences while participating in an 
infant sibling study of ASD. 

Results 

Quantitative analyses 
The large majority of parents (n = 82, 93.2%) stated that their overall experi-
ence was positive, and the remaining parents (n = 6, 6.8%) partially found 
the study experience to be positive (see Figure 10a). 
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Similarly, the majority of parents (n = 65, 73.9%) perceived that participat-
ing in the study was a positive experience for their child, while a quarter of 
parents (n = 23, 26.1%) perceived it as partially positive from their child’s 
perspective (see Figure 10b). 
 
A large majority of parents (n = 83, 94.3%) stated that they would recom-
mend others to participate in the study, while the remaining parents (n = 5, 
5.7%) partially agreed (see Figure 10c). 

 

 
Regarding parental experience, perceived child experience and study rec-
ommendation, we found no indications of group differences in the ratings of 
families with and without history of ASD. 

Open comments 
In the open comments, the main themes were the importance of research in 
this area, as well as following and receiving feedback about the child’s de-
velopment. Concerning the actual testing, some parents stated that their child 
enjoyed the tasks, while others found that some tasks were boring and tire-
some for the child. Furthermore, some parents mentioned that they perceived 
the large number of questionnaires as a burden. 

Discussion 
This study is a first step in understanding families’ experiences while partic-
ipating in an infant sibling study of ASD. Parents in our study were mainly 
positive about study participation from their own as well as their child’s 
perspective, and they recommended other families participate in the study. 
Furthermore, there were no indications of differential experiences with re-
gard to familial history of ASD. While the number of questionnaires was 
burdensome for some parents, there were no potential risks or disadvantages 

Figure 10. Parents’ rating of (a) study satisfaction; (b) perceived child experience;
and (c) study recommendation. 

© 2019 The Authors. Published by Elsevier Ltd. 
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identified in our findings. Nevertheless, it is important to investigate fami-
lies’ experiences further and in depth, as well as to validate these conclu-
sions in future studies. 
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General discussion 

Movements, perception, and cognition are intertwined, forming a functional 
system for us to act efficiently in our environment. Just as when we watch a 
magic trick and are surprised by an unexpected outcome, we are constantly 
influenced by previous experience, adapt and change in response to envi-
ronmental volatility, and learn from novel occurrences in the world. These 
perceptual mechanisms develop early in life and allow infants to form pre-
dictions about upcoming events in time and space. Thus, prediction is essen-
tial for successful interactions with our ever-changing, dynamic environ-
ment. However, it is not only perceiving that is important for prospective 
motor control, but also interpreting incoming information from different 
senses.  

 
In turn, motor control is fundamental for development and affects how we 
perceive and interact with the world (Bushnell & Boudreau, 1993; E. J. 
Gibson, 1988). Impaired motor control provides infants with fewer opportu-
nities for learning from their own actions and for maneuvering efficiently in 
the world (Adolph, 1997; Campos et al., 2000). Therefore, it is not surprising 
to find that early motor measures are related to the development of other 
skills.  
 
The overarching aim of this thesis is to investigate different aspects of pre-
diction and its relationship to concurrent and later outcomes in typical and 
atypical development, with a particular focus on ASD and related behavioral 
measures. The studies comprising this thesis illuminate the importance of 
early forms of prediction and how predictive abilities shape development. 

 
In the following sections, I will elaborate further on the findings of the four 
studies and discuss them in relation to prior theoretical and empirical work. 
Next, I will outline the clinical implications of the findings, discuss limita-
tions, and explore avenues for future directions. 
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Assessing motor control in typical and atypical 
development 
Study I and II investigated kinematic variables of motor control in infancy 
using motion tracking technology. Analyzing detailed and precise measures 
of motor control allowed us to tap into the microstructure of movements and 
to unfold subtle features of movements not observable with traditional meth-
ods. While Study I focused on the peak velocity of the first movement unit 
as marker of prospective motor control, broadly construed. Study II took a 
more detailed approach. Specifically, in Study II, the term motor control was 
broken down into motor planning, spatiotemporal prediction, and motor 
execution.  
 
In both Study I and II, movement unit analysis was used to shed light on 
how infants have planned in advanced to perform an action, as well as how 
they in fact executed the action. Some studies have investigated the first 
movement unit of a manual action (i.e., as in Study I), and others (i.e., as in 
Study II) have investigated the transport unit, which is defined as the largest 
movement unit toward a target. There may be some discrepancies; however, 
the transport unit has been showed to be the first movement unit in most 
reaches after 7 months of age (von Hofsten, 1993). Thus we consider these 
measures as largely synonymous. The advantage of using the transport unit 
is that it is, per definition, the largest movement unit, making quantification 
of its properties more reliable than other, smaller, movement units. While 
Study I highlighted the link between prospective motor control and execu-
tive functions, Study II found longitudinal relationships of early kinematic 
variables and later developmental level in toddlerhood. Thus, at a general 
level, both studies found links between motor control, defined in terms of 
movement unit properties, and aspects of cognition. 
 
In Study I, infants with higher peak velocities in the beginning of their motor 
actions showed a better performance in executive functioning tasks on pro-
hibition and working memory. This result led us to propose an embodied 
perspective on executive function development, in that executive functioning 
is grounded in motor control (see discussion further below).  
 
Along the same lines, measures of motor control in infancy have been shown 
to be positively related to executive functioning in adulthood (Ridler et al., 
2006). Specifically, the earlier the motor milestones of standing and walking 
were reached in infancy, the better were working memory and categorization 
abilities in adulthood. These longitudinal correlations may be affected by 
various other factors, such as the individual’s characteristics and environ-
ment. Nevertheless, the discovery of such long-term associations highlights 
the importance of early motor measures for development. 
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Study II investigated early motor control and longitudinal associations with 
autistic symptomatology and developmental level in infants with and without 
familial history of ASD. Movement unit analysis revealed a complex pattern 
of similarities and dissimilarities in motor measures at 10 months of age. 
More specifically, infants with familial history of ASD showed a lower peak 
velocity and shorter distances in the transport unit compared to infants from 
neurotypical families. However, the straightness of the reaches and the 
amount of movement units during a reach were no different in the two 
groups.  
 
In addition, we investigated motor planning, more specifically, by focusing 
on the initiation of the movement. Motor planning occurs before a move-
ment has started and can be defined as the “process of converting a current 
state and a desired state into a sequence of motor commands” (Gowen & 
Hamilton, 2013). Thus, the current state (i.e., position of the hand) and the 
desired state (i.e., hand catches the ball) have to be detected and turned into 
motor commands (i.e., move hand towards the ball, move fingers, open hand 
to grasp…). We found that infants with a familial history of ASD started to 
reach toward to ball later compared with infants without familial history of 
ASD.  
 
Next, we focused on spatiotemporal prediction more narrowly, defined as 
how much ahead of time along the ball’s future trajectory the reach was 
aimed at the onset of the transport unit. We found no indication of differ-
ences between infants with and without familial history of ASD in terms of 
this measure.  
 
Also, there were no indications of group differences in terms of successfully 
performing the task, defined as successfully catching a ball. These findings 
highlight that the variations we found in infants with a familial history of 
ASD are rather subtle and not necessarily indicative of a deficit. 
 
Taken together, while we found some differences in motor control between 
infants with and without history of ASD at 10 months of age, these early 
motor measures were not related to ASD symptoms in toddlerhood. This 
finding suggests that the kinematic measures assessed in Study II are not 
specifically linked to ASD and may rather reflect a subtle general develop-
mental atypicality (given its link to the MSEL). By following infants from an 
early age until diagnosis and by including additional groups of infants with 
other concerns (e.g., ADHD, language impairments, or developmental de-
lay), the issue of specificity can be more fully addressed.  
 
Prior to ours, only a few studies have examined motor control with detailed 
kinematic measures in older autistic children or children with familial histo-
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ry of ASD. There is some empirical evidence that points toward differences 
in kinematic profiles, such as longer movement preparation and duration, 
lower peak velocities, longer deceleration, or a variability in the time to 
reach peak velocity (Dowd, McGinley, Taffe, & Rinehart, 2012; Focaroli et 
al., 2016; Forti et al., 2011; Mari et al., 2003). However, in a recent longitu-
dinal study, Taffoni et al. (2019) did not find any motor differences between 
toddlers with and without familial history of ASD in a shape sorter task. 
Movement durations, acceleration patterns, and vertical as well as horizontal 
errors during the manual actions were similar in both groups. The somewhat 
inconsistent evidence suggests that motor differences early in life in ASD are 
rather subtle and probably variable across children and sub-groups of ASD. 
 
Going forward, advances in technology will enable novel means to investi-
gate motor control in ASD early in life. For example, iPad gameplay could 
identify motor patterns related to ASD with high accuracy (Anzulewicz, 
Sobota, & Delafield-Butt, 2016). Inertial movement sensors embedded in 
touch-sensitive tablets could be employed to record kinematic profiles and 
gesture forces to examine motor patterns in young children. Thus, using 
tablet devices for scientific purposes provides a promising approach for new 
research due to their portability, accessibility, and ecological validity 
(Anzulewicz et al., 2016). 

Predicting visual motion in infants with later autism 
spectrum disorder 
In Study III, we used a visual motion paradigm to investigate how infants 
with later ASD and neurotypical infants reacted to temporarily occluded 
objects that violate initial expectations about object motion. The findings 
suggested that infants, irrespective of clinical outcome, reacted similarly to 
unexpected patterns of object motion in terms of gaze shift latencies and 
pupillary responses. Thus, updating representations about regularities in the 
world in light of novel information may not function differently in infants 
with later ASD, at least within the context of Study III. 
 
Despite the fact that we did not find any indications for atypical predictive 
abilities in infants with later ASD, we do not exclude the possibility that 
other aspects of prediction may be atypical in ASD. For example, when a 
prediction was violated, autistic adults were less surprised than neurotypical 
adults, as measured by their pupil response to the unexpected event (Lawson 
et al., 2017). On the other hand, no difference was found between autistic 
and neurotypical children in how statistical information was used to guide 
decision in probabilistic learning task (Manning et al., 2017). 
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From a predictive coding standpoint (Van de Cruys et al., 2014), predictions 
in ASD are not deficient per se. Rather the atypicalities lie in predictions 
under uncertain circumstances, such as volatile environments (Van de Cruys 
et al., 2014). Arguably, it is more difficult to make predictions in a social 
context compared to predicting object motion. The dynamics of social situa-
tions are complex due to a higher degree of uncertainty and changes in social 
contingencies (Barrett, Mesquita, & Gendron, 2011). Often, meaning is in-
terpreted between the lines or what is said is not what is meant.  
 
According to the HIPPEA (Van de Cruys et al., 2014, see Introduction), the 
brain registers differences in incoming sensory information, and at the same 
time, needs to decide which of these differences are informative and which 
differences should be discarded. In the rich context of social situations, pre-
cision should be tuned down. However, in the case of inflexible adjustments 
of the precision of prediction errors, individuals may become overwhelmed 
with the available information in social settings. Therefore, high precision of 
prediction errors in social situations may lead to observed social atypicalil-
ties in ASD (Van de Cruys et al., 2014). Importantly, while prediction may 
be particularly problematic in social contexts in ASD, the putative atypicali-
ties in prediction are not thought to be limited to social settings. 
 
Study III does not suggest that there are basic problems with prediction in 
ASD early in life. However, it has to be noted that our task was not designed 
to test specific implications of the predictive coding account (Van de Cruys 
et al., 2014). Study III investigated a rather simple visual motion prediction 
task where after an initial violation of expectation, infants were presented 
with the same regular motion pattern. This task may not have elucidated a 
high degree of uncertainty, and instead reflected lower level processing. In 
such cases, where precision is set at a high level, autistic individuals may not 
show any atypicalities in visual perception (Van de Cruys et al., 2014). Fu-
ture research should therefore include associative learning tasks, in which 
individuals have to figure out rules and flexibly adapt to changes in those 
regularities. This type of research will shed further light on predictive abili-
ties in ASD, and also test assumptions of the predictive coding account. 

Taking an embodied perspective on development 
In Study I, we argued for an embodied perspective on the development of 
executive functioning. We suggested that both motor control and executive 
functioning stem from the same motive, namely to control actions. Thus, the 
ability to control basic actions would arise first, and then the ability to cogni-
tively control more complex actions (i.e., “classical” executive functions) 
would emerge. According to an embodied perspective, bodily movements 
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play a central role in shaping the mind, and cognitive processes are rooted in 
movements (Wilson, 2002). We thereby recognize the key roles of percep-
tion and action for cognition. This notion differs from classical accounts of 
cognition, which suggest that the material body and the immaterial mind are 
separate entities (Wilson, 2002).  
 
It has been proposed that cognition in ASD may be “less embodied” than in 
neurotypical individuals (Eigsti, 2013), and that impairments in the motor 
domain observed in neurodevelopmental conditions may underlie atypicali-
ties in cognitive processing. Motor atypicalities are highly prevalent in ASD 
(Fournier et al., 2010; Licari et al., 2019). Similarly, atypicalities in execu-
tive functioning in ASD have been frequently described (Demetriou et al., 
2018). It is possible that early motor atypicalities may interfere with oppor-
tunities for learning and for linking motor actions to other information in the 
environment, which may result in cascading effects for cognition and execu-
tive functioning in particular. In addition, a longitudinal study with autistic 
children highlighted long-term links between early executive functions and 
later outcomes (Kenny, Cribb, & Pellicano, 2019). Better executive function 
skills in infancy were predictive of fewer autistic symptoms and higher adap-
tive behavior 12 years later. 
 
In Study II, we found evidence for early differences in motor control in in-
fants with familial history of ASD, but these differences were not related to 
later ASD symptomatology. Rather, we found that several kinematic varia-
bles were correlated with the Early Learning Composite Score on the MSEL, 
a developmental measure of cognitive development (Mullen, 1995). Specifi-
cally, a lower number of movement units and a longer distance traveled dur-
ing the transport unit were associated with a higher MSEL score. Both of 
these kinematic variables are indicative of infants’ ability to plan and exe-
cute motor actions. The findings of Study II are in line with an embodied 
cognition account, as early differences in motor control were associated with 
cognitive development. Thus, the results of Study II contribute to the as-
sumption that infants’ own motor actions shape cognitive development. 
 
It is important to emphasize that there are several other non-embodied ac-
counts that may explain cognitive development. For example, implicit learn-
ing and statistical learning are ways to detect regularities and extract patterns 
perceived in our environment (Perruchet & Pacton, 2006). The findings of 
Study III can be discussed in terms of statistical learning, since we examined 
how infants adapt to novel motion patterns that violated their initial expecta-
tions. Already at 10 months of age, infants were able to update their expecta-
tions in light of new visual information about an unexpected but regular mo-
tion pattern. Thus, there is evidence that infants are able to detect statistical 
relationships and use this new knowledge efficiently, which could point to-
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ward a different mechanism for cognitive development (Kirkham, Slemmer, 
& Johnson, 2002; Saffran, Aslin, & Newport, 1996). 
 
Interestingly, infants can learn implicitly by observation and without any 
instructions or feedback (Aslin, 2017). This suggests that learning may not 
only rely on infants’ own movements, which opens up the need for discus-
sions concerning non-embodied cognition and statistical learning, in particu-
lar. Along the same lines, Monroy, Meyer, Schröer, Gerson, and Hunnius 
(2019) examined statistical learning in relation to predictive motor activation 
in the brain. The results showed that knowledge from statistical learning 
obtained via observation was translated into action predictions generated in 
the infants’ own motor system. In addition, infants’ statistical learning abil-
ity when observing actions may not be as tightly linked to their own motor 
repertoire as assumed. There is likely to be an interplay of motor and non-
motor strategies in the acquisition of new motor skills in infancy (Monroy, 
Gerson, & Hunnius, 2017), suggesting that embodied and non-embodied 
accounts are not mutually exclusive.  
 
The predictive coding account (for a review, see Van de Cruys et al., 2014) 
could present a way to combine computational strategies, such as statistical 
learning accounts, with embodied accounts of development. On one hand, 
predictions are based on our perception of statistical regularities in our envi-
ronment. On the other hand, predictions are also based on our interactions 
with the environment (Van de Cruys et al., 2014). We perceive with our 
bodies, and therefore, perception per se, can be regarded as embodied (J. J. 
Gibson, 1979; Wilson, 2002). 

Ethical considerations related to infant sibling studies of 
autism spectrum disorder 
Study IV surveyed parents about their experience participating in an infant 
sibling study. While infant sibling studies advance our understanding of 
developmental pathways in ASD, little is known about potential risks or 
disadvantages for participating families. Our findings, which were based on 
an anonymous questionnaire, indicated that parents were generally very 
positive about study participation from their own perspective, as well as the 
perceived child’s perspective. Despite the mainly positive comments, some 
parents stated that the large number of questionnaires was perceived as a 
burden. Therefore, future studies should carefully reflect on the number of 
questionnaires included in the study. Study IV represents a first step in un-
derstanding parents’ experiences while participating in an infant sibling 
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study. The results are generally positive both from the parents’ perspective 
as well as the perceived child experience. 
 
Understanding families’ experiences while participating in research with 
their young children is important for ethical discussions about the benefits 
and risks of these studies. There are a number of ethical challenges that 
should be highlighted regarding infant sibling studies of ASD. The commit-
ment and time required from the participating families is rather demanding. 
Often, infant sibling studies include a plethora of assessments that can be 
perceived as tiring and burdensome for participating families. Further, there 
is an ongoing debate about the use of “at-risk” labels in ASD research (see 
Kapp et al., 2013). It is important to consider that the vast majority of “at-
risk” infants in fact develop typically. Therefore, applying a “high-risk” la-
bel to infants may be viewed as negatively loaded. In addition, “at-risk la-
bels” may result in increased stigma, worries, or parental distress. In ASD 
studies, in particular, researchers may encounter families during vulnerable 
periods, which requires research personnel to act with necessary sensitivity 
in order to safeguard families’ well-being. Finally, including infants in scien-
tific research studies presents a general ethical issue because infants are not 
able to give informed consent, which is of course a central principle in re-
search. 
 
Although the results of Study IV are promising and positive, the findings 
should be interpreted with necessary caution and with the above-mentioned 
issues in mind. Future research is needed in order to further understand fami-
lies’ experiences and to determine how research can include the perspectives 
and needs of different stakeholders, such as parents of autistic children, au-
tistic individuals, as well as professionals working with autistic individuals. 
 
A large study by Fletcher-Watson et al. (2017) involving different stake-
holder groups showed overall support for early ASD research. In particular, 
parents of autistic children stressed the need for earlier diagnosis. Autistic 
individuals, on the other hand, gave less importance to a quick diagnosis, but 
stressed research on environmental factors and understanding the unique 
development of autistic children (Fletcher-Watson et al., 2017). One autistic 
individual commented, “This research must be done in order to improve the 
lives of autistics to make them empowered and happy, and not in order to 
stigmatize them. To get a diagnosis is essential, but to offer a support 
adapted to each is equally important” (Fletcher-Watson et al., 2017, p. 70). 
Along the same lines, Fletcher-Watson et al. (2019) proposed a participatory 
approach to ASD research, including multiple stakeholder groups. Co-
creating research could make a positive difference for autistic individuals 
and their families by incorporating new knowledge into clinical practice and 
community support. 
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Clinical implications 
Increased knowledge about developmental trajectories in ASD will facilitate 
early detection, as well as adequate and timely treatment. Thus, Study II and 
III have clinical value for the future since the studies aim at contributing to 
our understanding of the development of early predictive abilities in infants 
with familial history of ASD. However, it is important to note that the find-
ings of both Study II and III were not significantly related to ASD. Never-
theless, even negative findings can drive research forward by contributing to 
the common truths about ASD. 
 
Study II found that certain measures of motor control were different in in-
fants with and without a familial history of ASD. It is important to recognize 
that these differences were rather small, and therefore do not necessarily 
reflect a deficit or a delay. Importantly, early motor measures were not relat-
ed to ASD symptomatology in toddlerhood, but rather to developmental 
level. Thus, the observed differences in motor control may reflect compro-
mised developmental levels rather than atypicalities unique to ASD. 
 
The similarities and dissimilarities reported in Study II contribute to the un-
derstanding of motor control in infants with a familial history of ASD. Using 
fine-grained measures of motor control to detect subtle differences early in 
development may improve the accuracy of diagnostic assessments, and 
could prove to be valuable for future treatments or interventions. It is im-
portant to note that infants with a familial history of ASD are susceptible to a 
range of other developmental concerns, such as co-morbid conditions, motor 
problems, or developmental delay, all of which are factors with high clinical 
significance. 
 
Study III suggested that visual motion prediction is intact in the early devel-
opment of ASD. This finding is also interesting from a clinical point of view, 
since it is not only deficits that are found early in life, but also abilities in the 
typical range. 

Limitations 
There are a number of limitations to consider when interpreting the findings 
of the studies presented in this thesis, some of which are worth discussing 
here. 
 
In Study I, we proposed that the development of executive functions emerg-
es from prospective motor control, suggesting an embodied perspective. 
However, based on the cross-sectional data in this study, we cannot draw 
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any conclusions about the direction of this effect. Nevertheless, there is some 
evidence for the assumption that early motor measures are predictive of ex-
ecutive functioning based on longitudinal data from infancy to adulthood 
(Ridler et al., 2006). 

Study II, III, and IV were based on the same infant sibling study of ASD 
(i.e., the EASE study). Thus, the findings should be interpreted with neces-
sary caution as they reflect a specific group of individuals associated with a 
number of limitations. First, the majority of the participating families were 
native Swedish with an academic background. Second, common to the infant 
sibling design, families may behave differently with an infant sibling com-
pared with an older autistic sibling. Third, families who chose to participate 
in an infant sibling study may differ from those who chose not to participate, 
resulting in an additional bias. Fourth, regardless of likelihood status or di-
agnostic outcome, participating infants showed similar developmental levels 
in the typical range, making it difficult to generalize the results to infants 
with lower developmental levels and IQ. In sum, findings from infant sibling 
studies do not necessarily reflect the population-wide heterogeneity in ASD. 

Study II lacked diagnostic outcome data, as the infants had not reached the 
diagnostic assessment age of 36 months at the time of the analysis. Never-
theless, comparing infants with and without familial history has merit on its 
own. Observed effects may not be related to ASD diagnosis in particular, but 
can provide new knowledge about early behavioral measures involved in 
developmental trajectories of infants with a familial history of ASD.  

A weakness of Study II is that the analysis suffered from substantial data 
loss due to undetected issues with the motion tracking application. However, 
even if this resulted in a loss of statistical power, these issues were related to 
a specific time period and not infant characteristic, and thus they were un-
likely to explain observed effects. 

Study III included diagnostic outcome of ASD; however, a small group of 
only 14 infants with later ASD were included in the final sample (valid data 
was retrieved from only 10 infants). While small sample sizes are unfortu-
nate in terms of statistical power, this is a common issue in infant sibling 
studies with regards to the longitudinal design. By using Bayesian statistics 
(Study III), we tried to account for this issue in terms of estimating the like-
lihood of the data under the alternative, as well as the null hypothesis. 

A limitation of Study IV is that the findings are based on a relatively short 
and positively framed questionnaire, which may have prevented parents 
from giving more in-depth information on study participation, and therefore 
limiting the ability to generalize these findings. 
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Future directions 
Based on the findings of the studies in this thesis, there are multiple avenues 
of research that could be investigated. 
 
Study I was based on data of concurrent time points. Therefore, future re-
search on the relationship between early motor measures and executive func-
tioning should be assessed in a longitudinal design. Longitudinal data and 
multiple assessments could illuminate the direction of the observed effect 
and its stability over time. In addition, assessing the relationship between 
prospective motor control and executive functioning is interesting in atypical 
development as well. Atypicalities in executive functioning are common in 
ASD (Demetriou et al., 2018; Hill, 2004); however, the link to motor control 
is not well understood. Thus, extending Study I to infants with familial histo-
ry of ASD, in order to examine an embodied approach of executive function 
development in atypical development, would be a logical next step. 
 
Study II, III, and IV are part of an ongoing infant sibling study. Further re-
search opportunities could open up by combining measures of the different 
assessment days, including social as well as non-social behavioral measures. 
With regard to predictive abilities, it would be fruitful to add a social com-
ponent. For example, one could use eye tracking to assess the prediction of 
turn-taking behavior in a social interaction. This approach would allow re-
searchers to understand if and how predictive abilities differ in terms of so-
cial versus non-social contexts. 
 
Another approach would be to link behavioral and brain imaging data. First, 
future studies could assess whether motor differences in ASD as observed in 
Study II are related to specific brain regions early in life. Second, future 
studies could increase our understanding of the neural underpinnings of pre-
diction. Within the predictive coding framework, it has been proposed that 
an imbalance in how the brain handles prediction errors may underlie atypi-
calities in ASD (Den Ouden, Kok, & De Lange, 2012; Friston, 2010). There-
fore, future studies could investigate brain regions, as well as the role of 
neuromodulators, such as acetylcholine and norepinephrine, in prediction. 
 
Furthermore, it is valuable to follow up with the infant sibling cohort until 
school age in order to re-assess diagnosis and ASD symptomatology, as well 
as other potential co-occurring conditions, such as ADHD, language im-
pairment or intellectual disability. 
 
Regarding Study IV, future research about experiences during infant sibling 
studies should be directed toward conducting in-depth interviews with par-
ticipating families. It would be favorable to not only assess parents’ perspec-
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tives, but also to directly query the children about their experiences once 
they reach an appropriate age. In addition, continuously considering all 
stakeholders in ASD research, including families, autistic individuals, and 
practitioners in healthcare and education, would generate a greater under-
standing of the needs in ASD research, and help bridge the gap between lab, 
clinic, and the everyday life of individuals. 

Final conclusions 
The significance of the studies comprising this thesis relate to both unex-
plored areas in typical development, as well as novel findings in atypical 
development, with a focus on ASD in particular. The studies investigated 
different aspects of prediction using advanced technology to explain the 
fine-grained nature of early behavioral measures, as well as ethical aspects 
related to conducting this type of research on infants at risk for neurodevel-
opmental conditions. The thesis points to the important role of prediction 
and motor control for later cognitive development, but fails to find a specific 
link to later ASD. 
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Summary in Swedish 

Redan tidigt i livet börjar ett barn förstå och försöka förutse vad som kom-
mer hända härnäst. Förmågan att förutse kallas prediktion och innebär ex-
empelvis att predicera hur en boll kommer röra sig i tid och rum för att 
kunna fånga den, eller att i sociala sammanhang prediktera vem som kom-
mer prata härnäst under ett samtal. Förmågan att predicera vad som händer i 
ens omgivning och att planera utifrån det, har stor betydelse för ett barns 
utveckling och inlärning. Det finns viss forskning som tyder på att personer 
med autismspektrumtillstånd (AST) kan ha svårigheter med prediktion. Den 
här avhandlingen undersöker olika mått relaterade till prediktion (motorisk 
kontroll och visuell expektans) hos spädbarn och hur de hänger samman med 
AST. 

Studie I undersökte sammanhanget mellan motorisk kontroll och exeku-
tiva funktioner hos 8-månader gamla barn. Resultaten visade att förmågan att 
gripa ett objekt på ett effektivt sätt är relaterad till både arbetsminne och 
inhibition. Resultaten stämmer överens med hypotesen om att exekutiva 
funktioner har sin grund i motorisk kontroll.  

Studie II undersökte motorisk kontroll hos småsyskon till barn med AST 
och hur motorisk förmåga relateras till senare autistiska symptom och kogni-
tiv förmåga. Resultaten visade att vissa aspekter av motorisk kontroll är an-
norlunda hos småsyskon till autistiska barn vid 10 månaders ålder. Motorisk 
förmåga var dock inte relaterad till autistiska symptom vid 24 månader, utan 
till kognitiv förmåga. 

Studie III undersökte förmågan att ta in ny, oväntad visuell information 
och barnets förväntningar på hur ett objekt rör sig i tid och rum. Resultaten 
visade att spädbarn som senare fick en AST-diagnos inte skiljde sig från 
barn med typisk utveckling. 

Studie IV undersökte själva upplevelsen att vara med i forskningsstudier 
om småsyskon till barn med AST. De flesta föräldrar var positiva när det 
gäller deras egna upplevelser under studiens gång, men också kring barnets 
upplevelse under besökstillfällena. 

Sammantaget visar studierna i denna avhandling att forskningsstudier kan 
bedrivas på ett deltagarvänligt sätt och att studierna bidrar till förståelse om 
prediktion för typisk och atypisk utveckling. Motorisk kontroll är en central 
komponent i kognitiva processer, dock fanns det inga tydliga tecken på att 
motorisk förmåga är specifikt kopplat till AST. 
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