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Stereotyped motor behavior manifests as rhythmic, repetitive movements. It is common in several neurologic and psychiatric disorders where it is considered maladaptive. However, it also occurs early in typical development where it serves an adaptive function in the development of complex, controlled motor behavior. Currently, no framework accounts for both adaptive and maladaptive forms of motor stereotypy. We propose a conceptual model that implicates sensorimotor mechanisms in the phenomenology of adaptive and maladaptive stereotypy. The extensive structural and functional connectivity between sensory and motor neural circuits evidences the importance of sensory integration in the production of controlled movement. In support of our model, motor stereotypy in normative development occurs when the sensory and motor brain regions are immature and the infant has limited sensory and motor experience. With maturation and experience, complex movements develop and replace simple, stereotyped movements. This developmental increase in motor complexity depends on the availability of sensory feedback indicating that the integration of sensory information with ongoing movement allows individuals to adaptively cater their movements to the environmental context. In atypical development, altered neural function of sensorimotor circuitry may limit an individual’s ability to integrate sensory feedback to adapt movements to appropriately respond to environmental conditions. Consequently, the motor repertoire would remain relatively simple, resulting in the persistence of motor stereotypy. A framework that considers motor stereotypy as a manifestation of low motor complexity resulting from poor sensorimotor integration has many implications for research, identification and treatment of motor stereotypy in a variety of developmental disorders.
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INTRODUCTION

Stereotyped motor behavior is traditionally defined as rhythmic, repetitive, invariant movement. It occurs in a vast number of species ranging from invertebrates such as worms and insects to vertebrates such as birds and mammals—including humans (Thelen, 1979; Garner et al., 2003; Lewis and Kim, 2009; Stephens et al., 2011; Berman et al., 2014). Despite its ubiquity, there is a conflict surrounding the phenomenon of motor stereotypy. It can be adaptive, as it is in healthy human infants, where it is a transitional state in motor development. It can also be maladaptive, as it is in a variety of neurodevelopmental, neuropsychiatric and neurologic disorders, where it interferes with goal-directed behavior. Research on motor stereotypy and the conceptual and neurobiological models aimed at understanding its genesis focus on either the adaptive or the maladaptive aspects of the behavior. Currently, there is no framework that accounts for both manifestations. Here we present a mechanistic framework that accounts for both the adaptive and maladaptive presentation of motor stereotypy.

STEREOTYPY AS A TRANSITIONAL STATE IN HEALTHY MOTOR DEVELOPMENT

Stereotyped motor behaviors occur in early infancy as a transitional state of motor development. Thelen (1979) observed that simple, repetitive behaviors including arm waving and body rocking preceded complex motor behaviors—goal-directed reaching and crawling, respectively—that involved the use of the same body segments. In a study of infant repetitive kicking, Thelen and Fisher (1983) measured electromyography and joint-angle rotation in infants’ legs. At around 1 month of age, kicks were characterized by tight temporal and spatial synchrony of the hip, knee and ankle joints and a simultaneous contraction of antagonistic muscle groups during the flexion phase followed by passive movement during the extension phase. Similar muscle activation and joint angle relationships occur during supported stepping in 1 month old infants (Thelen and Cooke, 1987). By 2 months of age, the ankle rotation is less correlated with the knee and hip joints, eventually reaching an adult-like negative correlation by the time infants are walking independently. Additionally, complex, phasic muscle activation replaces simple, tonic co-contraction of the muscles.

A similar transition occurs in the arm when infants are learning how to reach for a toy. Before they are able to execute controlled, accurate reaches, infants generate repetitive arm movements with patterns of motor activity that are inefficient relative to the dynamic physical properties of the arm and the goal of reaching the toy (Thelen et al., 1993; Konczak et al., 1995). Using these inefficient reach approximations as a starting point, infants explore the dynamics of their arms through adjusting the amplitude and timing of muscle activation, ultimately allowing them to generate more accurate and efficient reaches with muscle activation patterns that more closely resemble adult-like patterns. These findings demonstrate that simple, stereotyped motor behavior in infants is the foundation on which complex, functional behavior is built. However, this adaptive view of motor stereotypy does not account for stereotyped behavior in clinical conditions.

STEREOTYPY IN DEVELOPMENTAL, NEUROLOGIC AND PSYCHIATRIC DISORDERS

Stereotyped motor behavior is present in a variety of developmental, neurologic and psychiatric disorders including fronto-temportal dementia (Mendez et al., 2005), schizophrenia (Morrens et al., 2006) and neurodevelopmental disorders (NDD), including autism spectrum disorder (ASD; Goldman et al., 2009; American Psychatric Association, 2013). It can be induced in animals via lesions (e.g., ventromedial thalamic nucleus (Zainos et al., 1984), nigrostriatal dopamine projections (Simola et al., 2007)), pharmacological agents, genetic manipulations, or barren cage environments (Lewis et al., 2007; Stearns et al., 2007; Peça et al., 2011). In clinical populations, motor stereotypy is considered abnormal, maladaptive and apparently purposeless (Cooper and Dourish, 1990) as it is not goal-directed. Unlike in normative development, stereotypy in disease states poses a functional impairment by interfering with complex, adaptive behavior. For example, stereotypy in individuals with ASD has been shown to interfere with play (Koegel et al., 1974) and learning (Koegel and Covert, 1972; Morrison and Rosales-Ruiz, 1997).

Because motor stereotypy is highly prevalent in disease, it is often indicative of neural pathology. It is primarily associated with deficits in cortico-striatal-thalamic circuitry. Parkinson’s disease patients have degeneration of dopaminergic medium spiny neurons that project to the striatum (Braak and Del Tredici, 2008). Lesioning these dopaminergic projections in animals recapitulates many symptoms of Parkinson’s disease including tremor and levadopa induced dyskinesia (Simola et al., 2007). Additionally, injecting dopamine agonists into the striatum induces stereotypy in rodents (Kelley et al., 1988; Delfs and Kelley, 1990). Animal studies of autism associated genes (Stearns et al., 2007; Peça et al., 2011) and cage-induced stereotypy (Presti and Lewis, 2005; Tanimura et al., 2010) also implicate alterations of basal ganglia circuitry in the phenomenology of stereotyped motor behavior. However, neurologic disorder or insult does not account for motor stereotypy in healthy infant development.

A COHERENT FRAMEWORK FOR STEREOTYPY IN TYPICAL AND ATYPICAL DEVELOPMENT

Hypothesis: poor sensorimotor integration results in low motor complexity leading to the presence of stereotyped behavior in both normative development and disease states.

Motor complexity provides an adaptive advantage for interacting with the environment since higher complexity permits more flexibility in motor output. This is based on Bernstein’s (1967) concept of skill as a reflection of mastering redundant degrees of freedom in motor learning. He posited that the body is composed of multiple biomechanical degrees of freedom that can be utilized in several ways to achieve the same goal. Motor control is contingent on the ability to use these degrees of freedom to flexibly interact with the environment. In normative development, when the motor system is immature or in a state of early motor learning, the system constrains the degrees of freedom to gain some control and produce stable movements for a given task. This results in simple movements such as the repetitive kicking that Thelen and Fisher (1983) observed. As the motor system matures or learning progresses, degrees of freedom are released to permit greater specificity and efficiency of movement. This is supported by findings that higher motor complexity is associated with more accurate motor task performance (Deutsch and Newell, 2001; Mosconi et al., 2015).

Our model elaborates on Bernstein’s (1967) postulate by emphasizing an important role of sensorimotor integration in the ability to release biomechanical degrees of freedom to produce controlled, complex movements. Sensorimotor integration involves communication between the sensory and motor systems in the brain allowing for: (a) the use of sensory input to generate an accurate and efficient motor plan (e.g., through an inverse model); and (b) the use of self-generated and external sensory feedback to monitor and correct error in the movement (e.g., updating the forward model in the ongoing movement or for future movements; see (Wolpert et al., 1998) for a description of these processes in the cerebellum). Under our framework, sensory input allows the motor system to plan and execute accurate movements by making optimal use of the available degrees of freedom and to correct error in the movement by exploiting the available degrees of freedom to make adjustments that are appropriate to the error.

In the case of stereotyped behavior in healthy infants, our model suggests that the infant brain does not efficiently integrate sensory information with the motor system because either the sensory and motor regions of the brain are immature, or the infant has limited experience with or access to sensory information (e.g., due to immobility). Poor sensorimotor integration prevents the infant from using his/her degrees of freedom flexibly and efficiently, limiting his movements to simple, stereotyped behaviors. With maturity, the infant is able to integrate sensory information with motor behavior permitting him to release degrees of freedom to produce complex movements.

Similarly, our model posits that deficits in sensorimotor integration contribute to the emergence and maintenance of stereotyped behavior in clinical disorders. Whether it is caused by atypical development of sensorimotor circuitry, degenerative processes, or another form of altered neural function, these alterations could contribute to the persistence of stereotyped behavior by disrupting the sensory inputs that are required to inform and diversify motor repertoires.

NEURAL CIRCUITRY SUPPORTING SENSORY INFLUENCE ON MOTOR FUNCTION

The role of sensorimotor integration in motor control and complexity is consistent with the structural and functional connectivity of sensorimotor neural circuitry. While this sensorimotor connectivity occurs in several brain regions involved in motor control, including cortex, basal ganglia (Flaherty and Graybiel, 1994) and cerebellum (Wiestler et al., 2011; Proville et al., 2014), we will describe the cortical reach pathway, depicted in Figure 1, as it is a well-studied example of this phenomenon.
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FIGURE 1. An example of sensorimotor circuitry: the reach pathway. Blue indicates regions that are primarily responsive to sensory stimulation. Green indicates regions that have sensory and motor responses, and yellow indicates regions that have primarily motor related activity. There is a tendency in the sensory and sensorimotor areas for regions near the top of the figure to represent visual information and the regions near the bottom to represent somatosensory information. Abbreviations: middle temporal area (MT), medial superior temporal area (MST), primary visual cortex (V1), secondary visual cortex (V2), visual area 3a (V3a), parieto-occipital area (PO), primary somatosensory cortex (SI), secondary somatosensory cortex (SII), lateral intraparietal cortex (LIP), medial intraparietal cortex (MIP), ventral intraparietal cortex (VIP), dorsal premotor cortex (PMd), primary motor cortex (M1), supplementary motor area (SMA).



Visual information from prestriate (V2) and extrastriate (V3, V3a, MT/MST) cortices (Maunsell and van Essen, 1983; Colby et al., 1988; Lewis and Van Essen, 2000) and somatosensory information from primary (SI) and secondary (SII) somatosensory cortices (Jones and Powell, 1969; Pandya and Seltzer, 1982; Cipolloni and Pandya, 1999) projects to sensorimotor regions including the lateral (LIP), ventral (VIP) and medial (MIP) intraparietal areas and Brodmann’s area 5. SI and SII also project to frontal regions including primary motor cortex (M1), and supplementary motor area (SMA; Jones and Powell, 1969; Pandya and Seltzer, 1982; Cipolloni and Pandya, 1999). The intraparietal areas are interconnected (Blatt et al., 1990; Lewis and Van Essen, 2000), and represent target, eye and limb position in various reference frames (Gnadt and Andersen, 1988; Ferraina and Bianchi, 1994; Brotchie et al., 1995; Johnson et al., 1996; Duhamel et al., 1997; Pesaran et al., 2006; Bremner and Andersen, 2012).

The sensorimotor areas project to frontal motor regions including dorsal premotor cortex (PMd), SMA and M1 (Pandya and Kuypers, 1969; Jones and Powell, 1970; Jones et al., 1978; Strick and Kim, 1978; Jürgens, 1984; Petrides and Pandya, 1984; Johnson et al., 1996), which are active during motor planning (Alexander and Crutcher, 1990; Pesaran et al., 2006) and execution (Johnson et al., 1996). The motor cortices send the motor command to the body and to sensory and sensorimotor cortices to inform the sensorimotor system of the expected sensory consequences of the movement and monitor movement accuracy (Nelson, 1996; Desmurget and Grafton, 2000; MacDonald and Paus, 2003; Haggard and Whitford, 2004; Christensen et al., 2007; Mulliken et al., 2008).

Additional studies of the functional role of sensorimotor connectivity indicate that visual information influences the neural activity of an ongoing motor pattern (Mulliken et al., 2008; Archambault et al., 2009); voluntary movement induces activation in SI that is associated with PMC activity when proprioceptive input is blocked (Christensen et al., 2007), and the deactivation of the superior parietal lobule impairs the perception of visual-motor congruency for self-generated but not passive movements (MacDonald and Paus, 2003).

Our model suggests that poor functional integration in this circuitry may influence both the emergence of motor stereotypy in early typical development and its persistence in NDDs.

MOTOR COMPLEXITY IN TYPICAL DEVELOPMENT

In addition to Thelen and colleagues’ studies in typical infants, the development of motor complexity has been studied in other contexts. When infants are first learning to sit and can support their posture only briefly, their motor profile, as measured via center-of-pressure, is less complex than it is a few months later, when they are able to support their posture for extended periods of time (Harbourne and Stergiou, 2003). Similarly, the center-of-pressure profiles of young children while standing still are less complex than those of school-age children or young adults (Newell, 1998). A developmental pattern is also observed in the force exertion profiles for isometric grip force tasks (Deutsch and Newell, 2001, 2002, 2003; Smits-Engelsman et al., 2003) and the temporal structure of gait (Hausdorff et al., 1999) such that young children have less complex motor profiles than older children or adults. These findings demonstrate that motor complexity increases over the course of normative development.

SENSORY INFLUENCE ON MOTOR COMPLEXITY IN TYPICAL DEVELOPMENT

In keeping with the proposed model, there is evidence that sensory feedback can influence developmental changes in motor complexity. Thelen (1980) found that rates of stereotyped movements were inversely related to the amount of vestibular input (rocking, bouncing, swinging, etc.) provided by caregivers, and stereotypy persisted later in infants who received less vestibular input. The frequency of stereotypy also increased when movement was restricted (e.g., the infant was in a playpen, walker, or chair) compared to when the infant was allowed to move freely. Additionally, in pre-ambulatory infants, the rotation of the hip, knee and ankle become less coupled and resemble mature ambulation if the infants are supported while stepping on a treadmill (Thelen, 1986). The pull of the treadmill on the infants’ rear legs elicits stepping movements with more complex joint-angle relationships than the infants are able to generate independently at that stage.

Other paradigms have also elucidated developmental changes in motor complexity that depend on the sensory context. The double-step reaching task requires participants to reach to a visual target (Van Braeckel et al., 2007; Hyde and Wilson, 2013; Wilson and Hyde, 2013; Ruddock et al., 2015). On most of the trials, the target remains stationary, but on a subset of the trials, the target shifts mid-reach to a new location. This requires the participant to use continuous visual and proprioceptive feedback to efficiently alter the movement trajectory to accurately touch the target. Younger children are less efficient in correcting their movements when the target shifts than older children or adults. This developmental pattern is maintained when controlling for variables that measure motor planning and execution independently of the stimulus condition (e.g., reaction time, time to peak velocity).

Using a quantitative assessment of motor complexity, Deutsch and Newell (2001, 2002, 2003) measured approximate entropy and power spectral frequency of the force output during an isometric force task in children and adults. They found age-related increases in approximate entropy and frequency representation when the participants were provided with visual feedback of their force exertion. However, when visual feedback was removed, all age groups displayed relatively low complexity. These findings were replicated in a postural sway task (Newell, 1998), further supporting the contributions of age and sensory feedback to motor complexity.

MOTOR COMPLEXITY IN NEURAL PATHOLOGY

Motor complexity is atypical in several neurologic disorders that present with stereotypy (Sprague and Newell, 1996; Newell et al., 1999; Bodfish et al., 2001; Hong et al., 2006; Newell and Bodfish, 2007; Kent et al., 2012). Here, we will focus on the relation of motor complexity to stereotypy in NDDs. Most of this work has focused on adults with stereotyped body rocking (Newell et al., 1999; Bodfish et al., 2001; Hong et al., 2006; Newell and Bodfish, 2007). Newell et al. (1999) analyzed the position time series of joint position during body rocking using approximate entropy. Individuals with stereotyped body rocking had less complex joint position profiles than typically developing individuals. Similarly, individuals with stereotyped body-rocking displayed lower complexity in their center-of-pressure profiles than typically developing individuals when they were sitting still (Hong et al., 2006; Newell and Bodfish, 2007) or standing still (Bodfish et al., 2001) on a force platform. When participants engaged in body rocking, the typically developing participants reduced their motor complexity to the level of the individuals with stereotyped body rocking; whereas, the participants with stereotyped body rocking displayed low complexity in both conditions (Hong et al., 2006; Newell and Bodfish, 2007). These studies indicate that motor stereotypy is a manifestation of low motor complexity.

Consistent with these findings, Mosconi et al. (2015) observed that individuals with ASD (ages 5–35 years), had lower approximate entropy of sustained grip force, relative to age-matched, typically developing individuals. They also found a trend for typically developing individuals to show a greater age-related increase in motor complexity than individuals with ASD indicating that individuals with ASD have an abnormal developmental trajectory of motor complexity.

SENSORIMOTOR INTEGRATION IN DEVELOPMENTAL, NEUROLOGIC AND PSYCHIATRIC DISORDERS

Many neurologic and psychiatric disorders that present with stereotypy have known sensorimotor deficits (Takarae et al., 2004; Quednow et al., 2008; Lencer et al., 2010; Morris et al., 2015; Nebel et al., 2015; Wang et al., 2015). Unfortunately, sensory abnormalities, motor deficits and stereotyped behaviors in these disorders have largely been studied in isolation and without regard for how they may relate to one another.

In ASD, for example, stereotyped behavior is diagnostic (American Psychatric Association, 2013), but motor deficits (Mostofsky et al., 2006; Duffield et al., 2013) and unusual sensory behaviors (Kwakye et al., 2011; Kirby et al., 2015; Stewart et al., 2016) are also highly prevalent and are some of the earliest symptoms (Sacrey et al., 2015). Few studies have found associations between stereotyped behavior and sensory, motor, or sensorimotor abnormalities (Boyd et al., 2009, 2010) underscoring the need for additional research exploring the relation between these symptom domains. Stereotyped behavior in ASD emerges in infancy as it does in typical development (Thelen, 1979; Kim and Lord, 2010), but unlike in typical development, stereotypy persists in individuals with ASD. While the literature in NDDs, including ASD supports the link between reduced motor complexity and the presence of motor stereotypy, there are currently no studies that assess the effect of sensory feedback on motor complexity in individuals with ASD or related NDDs. Given the importance of sensory feedback for motor complexity in typical development, we hypothesize that reduced motor complexity in individuals with ASD and related NDDs results from poor sensorimotor integration. However, additional research is needed to explore this hypothesis.

CONCLUSIONS

Traditionally, motor stereotypy has been studied from two distinct perspectives: it can serve a functional role, as in normative development where it provides a foundation for the development of goal-directed behavior, or it can be maladaptive, as in neurologic and psychiatric disorders where it interferes with functional behavior. At present, there is no unifying framework to explain these two manifestations of motor stereotypy. We have introduced a model arguing that both healthy and pathologic forms of motor stereotypy manifest when motor complexity is low as a result of poor sensorimotor integration. This model is consistent with the established structure of sensorimotor neural circuitry. Support for this model comes from existing studies of stereotypy in typical development and NDDs that demonstrate a relation between stereotypy and motor complexity, as well as studies demonstrating the importance of sensory feedback for developmental increases in motor complexity in typical development.

There are several critical gaps in the research relating to early identification, treatment and etiology of conditions associated with stereotypy that can be considered in relation to the proposed model:


1.   Early Risk Markers: diagnosing children with pathologic conditions that present with stereotypy often is not possible until after symptoms manifest; however, under our model, careful tracking of the development of motor complexity may be used to determine when at-risk infants veer from the normative trajectory. Early identification of at-risk infants permits earlier treatment interventions, which could prevent or minimize the expression of stereotypy in these individuals.

2.   Early Intervention: if our model is accurate, interventions could aim to enhance motor complexity, for example by engagement with sensorimotor activities that require the child to vary his/her motor patterns. Treatment interventions that have enriched the home environments through exposure to various sensory and motor activities or have reinforced variability in behavior have successfully reduced repetitive behaviors in children with ASD (Boyd et al., 2011; Woo and Leon, 2013; Woo et al., 2015). Importantly, these studies did not test whether decreased stereotypy was mediated by increased motor complexity, but this should be explored in future studies.

3.   Pathogenesis: motor complexity and sensorimotor integration can be examined reliably in clinical populations and in animal models. Adapting tasks used to assess the influence of sensory feedback on motor complexity in typical development (e.g., Deutsch and Newell, 2001, 2002, 2003) for use in individuals with ASD or other NDDs would provide additional support for our conceptual framework, while the use of animal models provides a means for studying the etiology of stereotypy and the effect of sensory feedback on motor complexity at levels of behavioral, neuronal and molecular analysis that are inaccessible in humans.



AUTHOR CONTRIBUTIONS

RLS, KMN, MHL and JWB were involved in the conceptualization of important intellectual content for the article, were involved in revising the work critically for important intellectual content, gave his or her final approval of this version of the article and agree to be accountable for all aspects of the work. RLS drafted the manuscript.

FUNDING

This work was funded by the National Institutes of Health MH073402 and HD082127.

REFERENCES


Alexander, G. E., and Crutcher, M. D. (1990). Preparation for movement: neural representations of intended direction in three motor areas of the monkey. J. Neurophysiol. 64, 133–150.



American Psychatric Association. (2013). Diagnostic and Statistical Manual of Mental Disorders (DSM-5®). Arlington, VA: American Psychiatric Association.


Archambault, P. S., Caminiti, R., and Battaglia-Mayer, A. (2009). Cortical mechanisms for online control of hand movement trajectory: the role of the posterior parietal cortex. Cereb. Cortex 19, 2848–2864. doi: 10.1093/cercor/bhp058

Berman, G. J., Choi, D. M., Bialek, W., and Shaevitz, J. W. (2014). Mapping the stereotyped behaviour of freely moving fruit flies. J. R. Soc. Interface 11:20140672. doi: 10.1098/rsif.2014.0672


Bernstein’s, N. A. (1967). The Co-Ordination and Regulation of Movements. Oxford: Pergamon Press Ltd.


Blatt, G. J., Andersen, R. A., and Stoner, G. R. (1990). Visual receptive field organization and cortico-cortical connections of the lateral intraparietal area (area LIP) in the macaque. J. Comp. Neurol. 299, 421–445. doi: 10.1002/cne.902990404

Bodfish, J. W., Parker, D. E., Lewis, M. H., Sprague, R. L., and Newell, K. M. (2001). Stereotypy and motor control: differences in the postural stability dynamics of persons with stereotyped and dyskinetic movement disorders. Am. J. Ment. Retard. 106, 123–134. doi: 10.1352/0895-8017(2001)106<0123:samcdi>2.0.co;2

Boyd, B. A., Baranek, G. T., Sideris, J., Poe, M. D., Watson, L. R., Patten, E., et al. (2010). Sensory features and repetitive behaviors in children with autism and developmental delays. Autism Res. 3, 78–87. doi: 10.1002/aur.124

Boyd, B. A., McBee, M., Holtzclaw, T., Baranek, G. T., and Bodfish, J. W. (2009). Relationships among repetitive behaviors, sensory features, and executive functions in high functioning autism. Res. Autism Spectr. Disord. 3, 959–966. doi: 10.1016/j.rasd.2009.05.003

Boyd, B. A., McDonough, S. G., Rupp, B., Khan, F., and Bodfish, J. W. (2011). Effects of a family-implemented treatment on the repetitive behaviors of children with autism. J. Autism Dev. Disord. 41, 1330–1341. doi: 10.1007/s10803-010-1156-y

Braak, H., and Del Tredici, K. (2008). Cortico-basal ganglia-cortical circuitry in Parkinson’s disease reconsidered. Exp. Neurol. 212, 226–229. doi: 10.1016/j.expneurol.2008.04.001

Bremner, L. R., and Andersen, R. A. (2012). Coding of the reach vector in parietal area 5d. Neuron 75, 342–351. doi: 10.1016/j.neuron.2012.03.041

Brotchie, P. R., Andersen, R. A., Snyder, L. H., and Goodman, S. J. (1995). Head position signals used be parietal neurons to encode locations of visual stimuli. Nature 375, 232–235. doi: 10.1038/375232a0

Christensen, M. S., Lundbye-Jensen, J., Geertsen, S. S., Petersen, T. H., Paulson, O. B., and Nielsen, J. B. (2007). Premotor cortex modulates somatosensory cortex during voluntary movements without proprioceptive feedback. Nat. Neurosci. 10, 417–419. doi: 10.1038/nn1873

Cipolloni, P. B., and Pandya, D. N. (1999). Cortical connections of the frontoparietal opercular areas in the rhesus monkey. J. Comp. Neurol. 403, 431–458. doi: 10.1002/(sici)1096-9861(19990125)403:4<431::aid-cne2>3.3.co;2-t

Colby, C. L., Gattass, R., Olson, C. R., and Gross, C. G. (1988). Topographical organization of cortical afferents to extrastriate visual area PO in the macaque: a dual tracer study. J. Comp. Neurol. 269, 392–413. doi: 10.1002/cne.902690307


Cooper, S. J., and Dourish, C. T. (1990). Neurobiology of Stereotyped Behavior. New York, NY: Clarendon Press/Oxford University Press. Available online at: http://ovidsp.tx.ovid.com.proxy.library.vanderbilt.edu/ovftpdfs/FPDDNCFBCFKOKD00/fs046/ovft/live/gv023/00004850/00004850-199100620-00012.pdf [Accessed on May 2, 2016].


Delfs, J. M., and Kelley, A. E. (1990). The role of D1 and D2 dopamine receptors in oral stereotypy induced by dopaminergic stimulation of the ventrolateral striatum. Neuroscience 39, 59–67. doi: 10.1016/0306-4522(90)90221-o

Desmurget, M., and Grafton, S. (2000). Forward modeling allows feedback control for fast reaching movements. Trends Cogn. Sci. 4, 423–431. doi: 10.1016/s1364-6613(00)01537-0

Deutsch, K. M., and Newell, K. M. (2001). Age differences in noise and variability of isometric force production. J. Exp. Child Psychol. 80, 392–408. doi: 10.1006/jecp.2001.2642

Deutsch, K. M., and Newell, K. M. (2002). Children’s coordination of force output in a pinch grip task. Dev. Psychobiol. 41, 253–264. doi: 10.1002/dev.10051

Deutsch, K. M., and Newell, K. M. (2003). Deterministic and stochastic processes in children’s isometric force variability. Dev. Psychobiol. 43, 335–345. doi: 10.1002/dev.10140

Duffield, T. C., Trontel, H. G., Bigler, E. D., Froehlich, A., Prigge, M. B., Travers, B., et al. (2013). Neuropsychological investigation of motor impairments in autism. J. Clin. Exp. Neuropsychol. 35, 867–881. doi: 10.1080/13803395.2013.827156

Duhamel, J.-R., Bremmer, F., Ben Hamed, S., and Graf, W. (1997). Spatial invariance of visual receptive fields in parietal cortex neurons. Nature 389, 845–848. doi: 10.1038/39865

Ferraina, S., and Bianchi, L. (1994). Posterior parietal cortex: functional properties of neurons in area 5 during an instructed-delay reaching task within different parts of space. Exp. Brain Res. 99, 175–178. doi: 10.1007/bf00241423


Flaherty, A. W., and Graybiel, A. M. (1994). Input-output organization of the sensorimotor striatum in the squirrel monkey. J. Neurosci. 14, 599–610.


Garner, J. P., Mason, G. J., and Smith, R. (2003). Stereotypic route-tracing in experimentally caged songbirds correlates with general behavioral disinhibition. Anim. Behav. 66, 711–727. doi: 10.1006/anbe.2002.2254


Gnadt, J. W., and Andersen, R. A. (1988). Memory related motor planning activity in posterior parietal cortex of macaque. Exp. Brain Res. 70, 216–220.


Goldman, S., Wang, C., Salgado, M. W., Greene, P. E., Kim, M., and Rapin, I. (2009). Motor stereotypies in children with autism and other developmental disorders. Dev. Med. Child Neurol. 51, 30–38. doi: 10.1111/j.1469-8749.2008.03178.x

Haggard, P., and Whitford, B. (2004). Supplementary motor area provides an efferent signal for sensory suppression. Cogn. Brain Res. 19, 52–58. doi: 10.1016/j.cogbrainres.2003.10.018

Harbourne, R. T., and Stergiou, N. (2003). Nonlinear analysis of the development of sitting postural control. Dev. Psychobiol. 42, 368–377. doi: 10.1002/dev.10110


Hausdorff, J. M., Zemany, L., Peng, C.-K., and Goldberger, A. L. (1999). Maturation of gait dynamics: stride-to-stride variability and its temporal organization in children. J. Appl. Physiol. 86, 1040–1047.


Hong, S. L., Bodfish, J. W., and Newell, K. M. (2006). Power-law scaling for macroscopic entropy and microscopic complexity: evidence from human movement and posture. Chaos 16:13135. doi: 10.1063/1.2186765

Hyde, C. E., and Wilson, P. H. (2013). Impaired online control in children with developmental coordination disorder reflects developmental immaturity. Dev. Neuropsychol. 38, 81–97. doi: 10.1080/87565641.2012.718820

Johnson, P. B., Ferraina, S., Bianchi, L., and Caminiti, R. (1996). Cortical networks for visual reaching: physiological and anatomical organization of frontal and parietal lobe arm regions. Cereb. Cortex 6, 102–119. doi: 10.1093/cercor/6.2.102

Jones, E. G., Coulter, J. D., and Hendry, S. H. C. (1978). Intracortical connectivity of architectonic fields in the somatic sensory, motor and parietal cortex of monkeys. J. Comp. Neurol. 181, 291–347. doi: 10.1002/cne.901810206

Jones, E. G., and Powell, T. P. S. (1969). Connexions of the somatic sensory cortex of the rhesus monkey. Brain 92, 477–502. doi: 10.1093/brain/92.4.717

Jones, E. G., and Powell, T. P. S. (1970). An anatomical study of converging sensory pathways within the cerebral cortex of the monkey. Brain 93, 793–820. doi: 10.1093/brain/93.4.793

Jürgens, U. (1984). The efferent and afferent connections of the supplementary motor area. Brain Res. 300, 63–81. doi: 10.1016/0006-8993(84)91341-6

Kelley, A. E., Lang, C. G., and Gauthier, A. M. (1988). Induction of oral stereotypy following amphetamine microinjection into a discrete subregion of the striatum. Psychopharmacology (Berl) 95, 556–559. doi: 10.1007/bf00172976

Kent, J. S., Hong, S. L., Bolbecker, A. R., Klaunig, M. J., Forsyth, J. K., O’Donnell, B. F., et al. (2012). Motor deficits in schizophrenia quantified by nonlinear analysis of postural sway. PLoS One 7:e41808. doi: 10.1371/journal.pone.0041808

Kim, S. H., and Lord, C. (2010). Restricted and repetitive behaviors in toddlers and preschoolers with autism spectrum disorders based on the Autism Diagnostic Observation Schedule (ADOS). Autism Res. 3, 162–173. doi: 10.1002/aur.142

Kirby, A. V., Dickie, V. A., and Baranek, G. T. (2015). Sensory experiences of children with autism spectrum disorder: in their own words. Autism 19, 316–326. doi: 10.1177/1362361314520756

Koegel, R. L., and Covert, A. (1972). The relationship of self-stimulation to learning in autistic children. J. Appl. Behav. Anal. 5, 381–387. doi: 10.1901/jaba.1972.5-381

Koegel, R. L., Firestone, P. B., Kramme, K. W., and Dunlap, G. (1974). Increasing spontaneous play by suppressing self-stimulation in autistic children. J. Appl. Behav. Anal. 7, 521–528. doi: 10.1901/jaba.1974.7-521

Konczak, J., Borutta, M., Topka, H., and Dichgans, J. (1995). The development of goal-directed reaching in infants: hand trajectory formation and joint torque control. Exp. Brain Res. 106, 156–168. doi: 10.1007/bf00241365

Kwakye, L. D., Foss-Feig, J. H., Cascio, C. J., Stone, W. L., and Wallace, M. T. (2011). Altered auditory and multisensory temporal processing in autism spectrum disorders. Front. Integr. Neurosci. 4:129. doi: 10.3389/fnint.2010.00129

Lencer, R., Reilly, J. L., Harris, M. S., Sprenger, A., Keshavan, M. S., and Sweeney, J. A. (2010). Sensorimotor transformation deficits for smooth pursuit in first-episode affective psychoses and schizophrenia. Biol. Psychiatry 67, 217–223. doi: 10.1016/j.biopsych.2009.08.005

Lewis, M., and Kim, S.-J. (2009). The pathophysiology of restricted repetitive behavior. J. Neurodev. Disord. 1, 114–132. doi: 10.1007/s11689-009-9019-6

Lewis, M. H., Tanimura, Y., Lee, L. W., and Bodfish, J. W. (2007). Animal models of restricted repetitive behavior in autism. Behav. Brain Res. 176, 66–74. doi: 10.1016/j.bbr.2006.08.023

Lewis, J. W., and Van Essen, D. C. (2000). Corticocortical connections of visual, sensorimotor, and multimodal processing areas in the parietal lobe of the macaque monkey. J. Comp. Neurol. 428, 112–137. doi: 10.1002/1096-9861(20001204)428:1<112::aid-cne8>3.0.co;2-9

MacDonald, P. A., and Paus, T. (2003). The role of parietal cortex in awareness of self-generated movements: a transcranial magnetic stimulation study. Cereb. Cortex 13, 962–967. doi: 10.1093/cercor/13.9.962


Maunsell, J. H., and van Essen, D. C. (1983). The connections of the middle temporal visual area (MT) and their relationship to a cortical hierarchy in the macaque monkey. J. Neurosci. 3, 2563–2586.


Mendez, M. F., Shapira, J. S., and Miller, B. L. (2005). Stereotypical movements and frontotemporal dementia. Mov. Disord. 20, 742–745. doi: 10.1002/mds.20465

Morrens, M., Hulstijn, W., Lewi, P. J., De Hert, M., and Sabbe, B. G. C. (2006). Stereotypy in schizophrenia. Schizophr. Res. 84, 397–404. doi: 10.1016/j.schres.2006.01.024

Morris, S. L., Foster, C. J., Parsons, R., Falkmer, M., Falkmer, T., and Rosalie, S. M. (2015). Differences in the use of vision and proprioception for postural control in autism spectrum disorder. Neuroscience 307, 273–280. doi: 10.1016/j.neuroscience.2015.08.040

Morrison, K., and Rosales-Ruiz, J. (1997). The effect of object preferences on task performance and stereotypy in a child with autism. Res. Dev. Disabil. 18, 127–137. doi: 10.1016/s0891-4222(96)00046-7

Mosconi, M. W., Mohanty, S., Greene, R. K., Cook, E. H., Vaillancourt, D. E., and Sweeney, J. A. (2015). Feedforward and feedback motor control abnormalities implicate cerebellar dysfunctions in autism spectrum disorder. J. Neurosci. 35, 2015–2025. doi: 10.1523/JNEUROSCI.2731-14.2015

Mostofsky, S. H., Dubey, P., Jerath, V. K., Jansiewicz, E. M., Goldberg, M. C., and Denckla, M. B. (2006). Developmental dyspraxia is not limited to imitation in children with autism spectrum disorders. J. Int. Neuropsychol. Soc. 12, 314–326. doi: 10.1017/s1355617706060437

Mulliken, G. H., Musallam, S., and Andersen, R. A. (2008). Forward estimation of movement state in posterior parietal cortex. Proc. Natl. Acad. Sci. U S A 105, 8170–8177. doi: 10.1073/pnas.0802602105

Nebel, M. B., Eloyan, A., Nettles, C. A., Sweeney, K. L., Ament, K., Ward, R. E., et al. (2015). Intrinsic visual-motor synchrony correlates with social deficits in autism. Biol. Psychiatry 79, 633–641. doi: 10.1016/j.biopsych.2015.08.029

Nelson, R. J. (1996). Interactions between motor commands and somatic perception in sensorimotor cortex. Curr. Opin. Neurobiol. 6, 801–810. doi: 10.1016/s0959-4388(96)80031-6


Newell, K. M. (1998). “Degrees of freedom and the development of postural centure of pressure profiles,” in Applications of Nonlinear Dynamics to Developmental Process Modeling, eds K. M. Newell and P. C. M. Molenaar (Mahwah, NJ: Lawrence Erlbaum Associates, Publishers), 63–84.


Newell, K. M., and Bodfish, J. W. (2007). Dynamical origins of stereotypy: relation of postural movements during sitting to stereotyped movements during body-rocking. Am. J. Ment. Retard. 112, 66–75. doi: 10.1352/0895-8017(2007)112[66:doosro]2.0.co;2

Newell, K. M., Incledon, T., Bodfish, J. W., and Sprague, R. L. (1999). Variability of stereotypic body-rocking in adults with mental retardation. Am. J. Ment. Retard. 104, 279–288. doi: 10.1352/0895-8017(1999)104<0279:vosbia>2.0.co;2

Pandya, D. N., and Kuypers, H. G. (1969). Cortico-cortical connections in the rhesus monkey. Brain Res. 13, 13–36. doi: 10.1016/0006-8993(69)90141-3

Pandya, D. N., and Seltzer, B. (1982). Intrinsic connections and architectonics of posterior parietal cortex in the rhesus monkey. J. Comp. Neurol. 204, 196–210. doi: 10.1002/cne.902040208

Peça, J., Feliciano, C., Ting, J. T., Wang, W., Wells, M. F., Venkatraman, T. N., et al. (2011). Shank3 mutant mice display autistic-like behaviours and striatal dysfunction. Nature 472, 437–442. doi: 10.1038/nature09965

Pesaran, B., Nelson, M. J., and Andersen, R. A. (2006). Dorsal premotor neurons encode the relative position of the hand, eye, and goal during reach planning. Neuron 51, 125–134. doi: 10.1016/j.neuron.2006.05.025

Petrides, M., and Pandya, D. N. (1984). Projections to the frontal cortex from the posterior parietal region in the rhesus monkey. J. Comp. Neurol. 228, 105–116. doi: 10.1002/cne.902280110

Presti, M., and Lewis, M. (2005). Striatal opioid peptide content in an animal model of spontaneous stereotypic behavior. Behav. Brain Res. 157, 363–368. doi: 10.1016/j.bbr.2004.08.003

Proville, R. D., Spolidoro, M., Guyon, N., Dugué, G. P., Selimi, F., Isope, P., et al. (2014). Cerebellum involvement in cortical sensorimotor circuits for the control of voluntary movements. Nat. Neurosci. 17, 1233–1239. doi: 10.1038/nn.3773

Quednow, B. B., Frommann, I., Berning, J., Kühn, K.-U., Maier, W., and Wagner, M. (2008). Impaired sensorimotor gating of the acoustic startle response in the prodrome of schizophrenia. Biol. Psychiatry 64, 766–773. doi: 10.1016/j.biopsych.2008.04.019

Ruddock, S., Piek, J., Sugden, D., Morris, S., Hyde, C., Caeyenberghs, K., et al. (2015). Coupling online control and inhibitory systems in children with developmental coordination disorder: goal-directed reaching. Res. Dev. Disabil. 36, 244–255. doi: 10.1016/j.ridd.2014.10.013

Sacrey, L.-A. R., Bennett, J. A., and Zwaigenbaum, L. (2015). Early infant development and intervention for autism spectrum disorder. J. Child Neurol. 30, 1921–1929. doi: 10.1177/0883073815601500

Simola, N., Morelli, M., and Carta, A. R. (2007). The 6-hydroxydopamine model of Parkinson’s disease. Neurotox. Res. 11, 151–167. doi: 10.1007/BF03033565

Smits-Engelsman, B. C. M., Westenberg, Y., and Duysens, J. (2003). Development of isometric force and force control in children. Cogn. Brain Res. 17, 68–74. doi: 10.1016/s0926-6410(03)00081-8


Sprague, R. L., and Newell, K. M. (eds). (1996). Stereotyped Movements: Brain and Behavior Relationships. Washington, DC: American Psychological Association.


Stearns, N. A., Schaevitz, L. R., Bowling, H., Nag, N., Berger, U. V., and Berger-Sweeney, J. (2007). Behavioral and anatomical abnormalities in Mecp2 mutant mice: a model for Rett syndrome. Neuroscience 146, 907–921. doi: 10.1016/j.neuroscience.2007.02.009

Stephens, G. J., Bueno de Mesquita, M., Ryu, W. S., and Bialek, W. (2011). Emergence of long timescales and stereotyped behaviors in Caenorhabditis elegans. Proc. Natl. Acad. Sci. U S A 108, 7286–7289. doi: 10.1073/pnas.1007868108

Stewart, C. R., Sanchez, S. S., Grenesko, E. L., Brown, C. M., Chen, C. P., Keehn, B., et al. (2016). Sensory symptoms and processing of nonverbal auditory and visual stimuli in children with autism spectrum disorder. J. Autism Dev. Disord. 46, 1590–1601. doi: 10.1007/s10803-015-2367-z

Strick, P. L., and Kim, C. C. (1978). Input to primate motor cortex from posterior parietal cortex (area 5). I. Demonstration by retrograde transport. Brain Res. 157, 325–330. doi: 10.1016/0006-8993(78)90035-5

Takarae, Y., Minshew, N. J., Luna, B., Krisky, C. M., and Sweeney, J. A. (2004). Pursuit eye movement deficits in autism. Brain 127, 2584–2594. doi: 10.1093/brain/awh307

Tanimura, Y., Yang, M. C. K., Ottens, A. K., and Lewis, M. H. (2010). Development and temporal organization of repetitive behavior in an animal model. Dev. Psychobiol. 52, 813–824. doi: 10.1002/dev.20477

Thelen, E. (1979). Rhythmical stereotypies in normal human infants. Anim. Behav. 27, 699–715. doi: 10.1016/0003-3472(79)90006-x

Thelen, E. (1980). Determinants of amount of stereotyped behavior in normal human infants. Ethol. Sociobiol. 1, 141–150. doi: 10.1016/0162-3095(80)90004-7

Thelen, E. (1986). Treadmill-elicited stepping in seven-month-old infants. Child Dev. 57, 1498–1506. doi: 10.2307/1130427

Thelen, E., and Cooke, D. W. (1987). Relationship between newborn stepping and later walking: a new interpretation. Dev. Med. Child Neurol. 29, 380–393. doi: 10.1111/j.1469-8749.1987.tb02492.x

Thelen, E., Corbetta, D., Kamm, K., Spencer, J. P., Schneider, K., and Zernicke, R. F. (1993). The transition to reaching: mapping intention and intrinsic dynamics. Child Dev. 64, 1058–1098. doi: 10.2307/1131327

Thelen, E., and Fisher, D. M. (1983). The organization of spontaneous leg movements in newborn infants. J. Mot. Behav. 15, 353–377. doi: 10.1080/00222895.1983.10735305

Van Braeckel, K., Butcher, P. R., Geuze, R. H., Stremmelaar, E. F., and Bouma, A. (2007). Movement adaptations in 7- to 10-year-old typically developing children: evidence for a transition in feedback-based motor control. Hum. Mov. Sci. 26, 927–942. doi: 10.1016/j.humov.2007.07.010

Wang, Z., Magnon, G. C., White, S. P., Greene, R. K., Vaillancourt, D. E., and Mosconi, M. W. (2015). Individuals with autism spectrum disorder show abnormalities during initial and subsequent phases of precision gripping. J. Neurophysiol. 113, 1989–2001. doi: 10.1152/jn.00661.2014

Wiestler, T., McGonigle, D. J., and Diedrichsen, J. (2011). Integration of sensory and motor representations of single fingers in the human cerebellum. J. Neurophysiol. 105, 3042–3053. doi: 10.1152/jn.00106.2011

Wilson, P. H., and Hyde, C. (2013). The development of rapid online control in children aged 6–12 years: reaching performance. Hum. Mov. Sci. 32, 1138–1150. doi: 10.1016/j.humov.2013.02.008

Wolpert, D. M., Miall, R. C., and Kawato, M. (1998). Internal models in the cerebellum. Trends Cogn. Sci. 2, 338–347. doi: 10.1016/S1364-6613(98)01221-2

Woo, C. C., Donnelly, J. H., Steinberg-Epstein, R., and Leon, M. (2015). Environmental enrichment as a therapy for autism: a clinical trial replication and extension. Behav. Neurosci. 129, 412–422. doi: 10.1037/bne0000068

Woo, C. C., and Leon, M. (2013). Environmental enrichment as an effective treatment for autism: a randomized controlled trial. Behav. Neurosci. 127, 487–497. doi: 10.1037/a0033010

Zainos, A., DeAnda, R., Chavez, L., and Garcia-Munoz, M. (1984). Turning behavior, barrel rolling, and sensory neglect induced by picrotoxin in the thalamus. Exp. Neurol. 83, 534–547. doi: 10.1016/0014-4886(84)90121-3

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2017 Shafer, Newell, Lewis and Bodfish. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cover.jpg
? frontiers

in Integrative Neuroscience

A Cohesive Framework for Motor
Stereotypy in Typical and Atypical
Development: The Role of
Sensorimotor Integration









OPS/images/logo.jpg
,frontiers . )
in Integrative Neuroscience





OPS/images/crossmark.jpg





OPS/images/fnint-11-00019-g001.gif
Visual

si/si

Somatic
Sensory

Motor





