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a b s t r a c t

When localizing touches to the hands, typically developing children and adults show a
‘‘crossed hands effect” whereby identifying which hand received a tactile stimulus is less
accurate when the hands are crossed than uncrossed. This demonstrates the use of an
external frame of reference for locating touches to one’s own body. Given that studies indi-
cate that developmental vision plays a role in the emergence of external representations of
touch, and reliance on vision for representing the body during action is atypical in devel-
opmental coordination disorder (DCD), we investigated external spatial representations of
touch in children with DCD using the ‘‘crossed hands effect”. Nineteen children with DCD
aged 7–11 years completed a tactile localization task in which posture (uncrossed, crossed)
and view (hands seen, unseen) were varied systematically. Their performance was com-
pared to that of 35 typically developing controls (19 of a similar age and cognitive ability,
and 16 of a younger age but similar fine motor ability). Like controls, the DCD group exhib-
ited a crossed hands effect, whilst their overall tactile localization performance was weaker
than their peers of similar age and cognitive ability, but in line with younger controls of
similar motor ability. For children with movement difficulties, these findings indicate tac-
tile localization impairments in relation to age expectations, but apparently typical use of
an external reference frame for localizing touch.

� 2017 Elsevier B.V. All rights reserved.

1. Introduction

Integrating information from multiple senses facilitates the construction of a representation of the body with respect to
the external world which is necessary for effective interaction with one’s immediate environment, such as through motor
control (see Bremner, Holmes, & Spence, 2008). For example, in order to make a successful reach for a rattle, an infant needs
to be able to understand where that rattle is in relation to her own arm, perhaps using information from vision, audition,
and/or proprioception. Early abilities, and indeed impairments in these multisensory processes, are likely to have down-
stream effects in later development (Hill, Crane, & Bremner, 2012; Karmiloff-Smith, 1998), making them important when
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thinking about the development of motor (and other) domains: for example, if the infant reaching for the rattle (mentioned
above) successfully executes her reach, she will be presented with an opportunity for learning about the object.

During development, there are significant challenges to such multisensory representations of the body, as they must be
maintained and continually updated, not only in the face of changes in body posture (e.g., across different limb positions),
but also to take account of changes in the size and proportion of the body and limbs as they change throughout childhood
(see Bremner, Holmes, & Spence, 2012). However, by the time adulthood is reached, it is thought that we are able to make
use of statistical information from the senses in an optimally weighted pattern, such that individual senses are relied upon
for spatial representations in accordance with how reliable their sensory information is for a given situation or task (e.g.,
Ernst & Banks, 2002).

Recent findings indicate that, early in childhood, children use sensory cues in a more separate fashion for sensorimotor
performance than do adults, for instance by relying on one source of sensory input, rather than a combination of cues
(Bremner & de Fockert, 2016; Gori, Del Viva, Sandini, & Burr, 2008; Nardini, Begus, & Mareschal, 2013; Nardini, Jones,
Bedford, & Braddick, 2008). One phenomenon which is often reported in early childhood is referred to as ‘‘visual dominance”,
in which visual cues are more strongly weighted relative to those arising from proprioception. Greater visual weighting is
often seen in adults, where visual cues in many contexts are more reliable for a given task, but such visual reliance can
be greater in early childhood (Cowie, Makin, & Bremner, 2013; Cowie, Sterling, & Bremner, 2016; Sparto et al., 2006;
Warren & Pick, 1970) and is not necessarily explained by the poorer reliability of the other senses (Gori et al., 2008).

Another group of individuals who are thought to overly depend on visual inputs are children with developmental coor-
dination disorder (DCD). DCD is a neurodevelopmental disorder characterized by an impairment in movement in relation to
the level that would generally be expected on the basis of a child’s chronological age and intellectual ability, and which neg-
atively affect activities of daily living or academic achievement, in the absence of a neurological or intellectual impairment
(APA, 2013). Children with DCD can be hyper- or hypo-sensitive to individual sensory inputs (such as sound or touch)
although this is by no means unique to the disorder, and is found across atypically developing populations (Cascio, 2010;
Hill et al., 2012). In unisensory deficit accounts of the disorder, difficulties processing information from individual sensory
channels such as vision (e.g., Lord & Hulme, 1987) or proprioception (e.g., Laszlo, Bairstow, Bartrip, & Rolfe, 1988) have been
argued to be instrumental in the difficulties with motor control which children with DCD experience. However, given that
the senses do not operate in isolation either in adulthood (e.g., Spence & Driver, 2004), or in early life (Bremner et al., 2012), it
is almost certain that they impact upon and are impacted by each other during development. As such, an early unisensory
impairment could lead to downstreammultisensory impairment. Furthermore, an early multisensory impairment could lead
to downstream unisensory deficits (Hill et al., 2012). It is clear that the difficulties faced by children with DCD should be
considered in a multisensory context.

Considerable progress has been made in the field in terms of examining multisensory processes which occur during the
performance of sensorimotor tasks in DCD. Evidence for problems with the tuning of multisensory inputs in DCD arises from
investigations utilising multisensory experimental tasks (e.g., von Hofsten & Rösblad, 1988; see below) as well as from inves-
tigations concerning the reliance on various sensory inputs for more generalized motor performance: for example, children
with DCD rely on visual information disproportionately for sensorimotor control of gross motor tasks like walking, balance
and reaching (Deconinck et al., 2006; Wann, Mon-Williams, & Rushton, 1998). Moreover, the swinging room task which
measures the interaction of visual and proprioceptive cues aiding balancing indicates that illusory visual cues to self motion
are not appropriately moderated by veridical proprioceptive cues, leading to a greater negative impact of the swinging room
on the balance of a subset of children with DCD who had postural control difficulties compared to typically developing (TD)
controls (Wann et al., 1998).

The interaction of visual and proprioceptive cues in reaching tasks has been examined in a task developed by von Hofsten
and Rösblad (1988). This task presents children with a spot on a tabletop that could be either seen (visually – by looking), felt
(proprioceptively – by touching), or both (by looking and touching), and asked them to stick a pin underneath the table in the
same position as the spot. Children with DCD have been found, in several studies (e.g., Mon-Williams, Wann, & Pascal, 1999;
Schoemaker et al., 2001), to perform worse than their peers in general at the task. However, poorer performance on the
visual condition by the DCD group was found by Mon-Williams et al. (1999), suggesting that there is a particular impairment
in DCD concerning the ability to link visual information (on top of the table in this task) to proprioceptively controlled reach-
ing (under the table in this task). Thus, across a range of sensorimotor tasks, children with DCD seem to show atypicalities in
the ways in which visual and proprioceptive cues interact to form representations of the layout of their limbs and bodies.

Rather than focusing on the visual-proprioceptive processes which are so central to most sensorimotor tasks in the
literature, in this study we examined body representations in DCD in a more perceptual context. We assessed tactile local-
ization – the ability to locate specific touches on the body. A number of studies now demonstrate that tactile localization is a
fundamentally multisensory process. Although locating a touch on the body surface could theoretically be achieved simply
through registering that touch with respect to a somatosensory body map, in many situations we also locate touches to
places in the external spatial environment (Medina & Coslett, 2010). Many studies now demonstrate that visual, propriocep-
tive and even auditory cues contribute to localizing touches in external space in adults (e.g., Pavani, Spence, & Driver, 2000;
Rigato et al., 2013; Tajadura-Jiménez et al., 2012), and even in infants (Begum Ali, Spence, & Bremner, 2015; Rigato, Begum
Ali, Van Velzen, & Bremner, 2014).

With the use of tactile temporal order judgement (TOJ) tasks, it has been possible for researchers to measure participants’
use of an external reference frame for tactile localization (Heed & Azañón, 2014). In these tasks, participants are typically
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