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Abstract

Besides difficulties in mastering literacy, dyslexic children also show poor postural control that
might be related to how sensory cues coming from different sensory channels are integrated and
trigger proper motor activity. The purpose of this study was to review the body of literature about
the functioning of the postural control system in dyslexic children and understand how they use
sensory information to produce motor actions. It has been demonstrated that dyslexic children
sway more than non-dyslexic ones. Studies have shown that although manipulation of vision and
somatosensory information provided by a moving room and a moving touch bar, respectively, in-
duced correspondent body sway in dyslexic children, their postural responses to such manipula-
tions were less coherent as compared to non-dyslexic children. When dyslexic children applied
higher force on the moving bar, however, coherence between body sway and sensory manipula-
tions was similar for dyslexic and non-dyslexic children. Finally, in the absence of peripheral visu-
al cues, induced body sway in dyslexic children was temporally delayed regarding visual stimulus.
Taken together, these results indicate that poor postural control in dyslexic children is related to
impairments in the manner sensory information is acquired and used to produce postural res-
ponses. The need of dyslexic children to apply more force on the touch bar to improve coherence
between sensory stimulus and body sway, together with the fact that in conditions in which visual
cues were less informative, dyslexic children took longer to process sensory stimuli and produce
motor responses, suggests that dyslexic children are more dependent on the quality of sensory
cues.
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1. Introduction

It has been noticed for many years that dyslexic children also show signs of poor performance in motor skills.
However, the underlying mechanisms shared by sensorimotor deficits and literacy problems in dyslexic children
remain to be uncovered. Nicolson, Fawcett and Dean (2001) suggested that the apparent underpinning causes for
both motor control and reading difficulties in dyslexia may be due to a mild impairment of development and
functioning of the cerebellum. This theoretical explanation suggests that a cerebellar dysfunction in dyslexia
impairs not only motor control and coordination, but also limits the extent to which cognitive skills such as
reading can be mastered.

The mild cerebellar insult, which would impair the ability of acquiring behavioral automaticity, would require
that dyslexic individuals have to put more efforts consciously while reading, writing, and performing other tasks
such as reaching and maintaining a desired and stable postural orientation (Fawcett & Nicolson, 2004). Based
upon this assumption, we have further suggested that poor performance in postural control shown by dyslexic
individuals might be related to how sensory cues, coming from different sensory channels, are integrated and
trigger proper motor activity (Barela, Dias, Godoi, Viana, & Freitas Jr., 2011). Hence, the systematic investiga-
tion of the sensorimotor coupling could lead to a better understanding of the genesis of dyslexia. Therefore, the
aim of this study was to examine the functioning of the postural control system in dyslexic children and to ex-
plore how they use sensory information to produce motor actions.

2. Postural Control and Dyslexia

Many studies have shown that dyslexic children and adults perform worse than non-dyslexic peers in postural
control tasks (Brookes, Tinkler, Nicolson, & Fawcett, 2010; Fawcett & Nicolson, 1999; Fawcett, Nicolson, &
Dean, 1996; Moe-Nilssen, Helbostad, Talcott, & Toennessen, 2003; Patel, Magnusson, Lush, Gomez, & Frans-
son, 2010; Pozzo et al., 2006; Rochelle, Witton, & Talcott, 2009; Stoodley, Fawcett, Nicolson, & Stein, 2005;
Vieira, Quercia, Michel, Pozzo, & Bonnetblanc, 2009). The commonest task employed to examine postural con-
trol system performance is to stay as steady as possible in upright stance for a certain period of time and the in-
dication of worse performance in dyslexic children than non-dyslexic ones is based on the fact that dyslexic
children and adults sway with larger magnitude than their normal reader’ peers. However, a larger body sway in
dyslexic than non-dyslexic children is not always observed (Patel et al., 2010; Rochelle et al., 2009; Stoodley,
Fawcett, Nicolson, & Stein, 2006). Thus, the opinion that dyslexic children present an altered postural control
system is not unanimous and is motive of debate (Fawcett, 2011; Viholainen et al., 2011). Looking at a different
perspective, we would like to suggest that, as observed for older adults (Prioli, Cardozo, de Freitas Jr., & Barela,
2006), different results might be due to different assessment procedures employed, such as the task and the per-
formance variables used to quantity stability or balance during a postural task.

Despite of the possible methodological and procedural differences used to examine postural control in dys-
lexic children, we would like to suggest that such task might constitute an important strategy to explore the un-
derlying mechanisms determining poor reading performance in dyslexic children. In order to control the balance
of a multi-segmented body in a specific orientation, one needs to sustain a close relationship between sensory
information and motor activity (Horak & Macpherson, 1996). Sensory cues coming from multiple sources need
to furnish a complete and accurate identification of the relative position of the many body segments in the envi-
ronment and the forces acting on them. Based upon these sensory cues, the central nervous system elaborates a
frame of reference, regarding the desired and the real body position and, finally, produces specific and appropri-
ate muscle activation in order to adjust body orientation.

The required interplay between sensory information and motor activity in postural control is not trivial. For
instance, children take several years to achieve adult-like performance (Barela, Sanches, Lopes, Razuk, & Mo-
raes, 2011; Figura, Cama, Capranica, Guidetti, & Pulejo, 1991; Godoi & Barela, 2008; Rinaldi, Polastri, & Ba-
rela, 2009), mostly because of the sensory integration required to perform such task (Godoi & Barela, 2008; Pe-
terson, Christou, & Rosengren, 2006). Moreover, performance deterioration is also observed due to the aging
process affecting sensory integration (Toledo & Barela, 2014). Finally, postural control performance not only
requires an intricate relationship between sensory information and motor activity (Barela, Jeka, & Clark, 2003),
but also that such relationship happens automatically as people have a short period of time to identify the rela-
tive body segment position and the forces acting on the body in order to produce activation of specific muscles
to achieve or to maintain a desired position. We would like to suggest that, taking all the appropriate cautions,
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reading and writing shared much of the above described mechanism. Reading and writing are also sensorimotor
tasks in such way that one needs to acquire precise information regarding the letters and produce correspondent
and appropriate muscle activation in order to control the vocal cords to produce the sound or the hand to write
the letters (Berninger, Nielsen, Abbott, Wijsman, & Raskind, 2008; Sumner, Connelly, & Barnett, 2014). If this
is the case, dyslexia also is related to sensorimotor integration as most of our daily live activities.

3. Vision and Touch Manipulation in Postural Control

One strategy to carefully examine the relationship between sensory information and motor action is to manipu-
late a specific channel or source of sensory information and observe the motor consequences of it (Schoner,
Dijkstra, & Jeka, 1998). One ingenious way of doing so in postural control is to manipulate the optical flow, as
first used by Lee and collaborators (Lee & Aronson, 1974; Lishman & Lee, 1973), while the remaining sensory
cues are kept unaltered. We and many others have employed a moving room in order to manipulate visual in-
formation and induce corresponding body sway in infants (Barela, Godoi, Freitas Jr., & Polastri, 2000; Berten-
thal, Rose, & Bai, 1997), children (Rinaldi et al., 2009; Schmuckler, 1997), and adults (Barela, Barela, Rinaldi,
& Toledo, 2009). More importantly, this corresponding and coherent body sway is induced without deliberate
knowledge regarding the postural oscillation (Stoffregen, Hove, Schmit, & Bardy, 2006) and if such knowledge
is provided, the coupling established between visual information and body sway is altered (Barela et al., 2009;
Barela et al., 2014; Freitas Jr. & Barela, 2004).

Such strategy was recently considered as unique in order to examine the relationship between visual informa-
tion and body sway in dyslexic children (Barela, Dias et al., 2011). We have showed that dyslexic children are
influenced by visual manipulation as their peers. For instance, Figure 1 depicts a typical time series of the mov-
ing room displacement and body sway of a dyslexic child during a 60-second trial (Figure 1(a)). As it can be
observed, induced body sway was correspondent to the visual manipulation: as the moving room oscillated back
and forward, body sway also occurred back and forward. Based upon these results, we suggested that dyslexic
children use visual information to postural control with the same underlying process as non-dyslexic children
(Barela, Dias et al., 2011).

Despite the similarity in the underlying process of using visual information to control posture, dyslexic child-
ren differed from non-dyslexic ones in several aspects (Barela, Dias et al., 2011). First, without any visual ma-
nipulation and during the maintenance of upright stance, dyslexic children swayed with larger magnitude than
non-dyslexic children. Second, with visual manipulation, dyslexic children still swayed more than non-dyslexic
ones, and they showed a less coherent and more variable relationship between visual information and body sway
than non-dyslexic children. Based upon these results, we suggested that dyslexic children despite employing the
same underpinning mechanisms in using visual information to postural control, they could not perform as well
as non-dyslexic children with the relationship between visual information and body sway. Dyslexic children are
capable of using visual information to control posture, but they show poorer and more variable performance that
is related to how sensory cues are integrated into motor activity (Barela, Dias et al., 2011).
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Finally, because the relationship between vision and sway in controlling posture in the moving room is
achieved without an active and conscious sensorimotor involvement, with participants swaying with the visual
manipulation without knowing about it, we suggested that dyslexic children would have difficulties in becoming
skillful due to difficulties in automatically integrating sensory information into motor action even in an everyday
task as standing upright (Barela, Dias et al., 2011). Again, dyslexic children can perform the required task of
standing upright, but they do it not as well as their peers do.

The above results and explanation seem to be appropriated to shed light into an intriguing issue related to
dyslexia causes. However, it is well-known that visual impairments might be related to dyslexia cause (Facoetti,
Paganoni, & Lorusso, 2000; Facoetti, Turatto, Lorusso, & Mascetti, 2001; Qian & Bi, 2014; Stein, 2003). For
instance, difference in the use of visual information to control motor activity could be due to different reasons.
Thus, further investigation related to how sensory cues, other than visual ones, would be useful and thoughtful
in order to examine if these observed differences were specific to vision or applicable to any other sensory mod-
ality. Jeka and colleagues (Jeka, Oie, Schoner, Dijkstra, & Henson, 1998; Jeka, Ribeiro, Oie, & Lackner, 1998;
Jeka, Schoner, Dijkstra, Ribeiro, & Lackner, 1997) have developed an experimental paradigm that mimics the
moving room manipulation by asking individuals to touch lightly (less than 1 N of applied force) a moveable
plate using their fingertips while maintaining upright stance. Similarly to the moving room, the moving touch
bar induces body sway coherently to bar movement (Jeka, Oie et al., 1998; Jeka, Ribeiro et al., 1998; Jeka et al.,
1997). Moreover, body sway due to light touch might also be induced without any participant’s conscious in-
volvement.

Employing the light touch moving paradigm, we investigated how dyslexic children not only use sensory cues
from the fingertip, but also how sensory conflicting cues, vision and somatosensory, were resolved and used to
control posture (Viana, Razuk, Freitas J., & Barela, 2013). Dyslexic children and non-dyslexic children were
able to couple to the sensory cues coming from lightly touching a moving bar, displaying coherent and corres-
pondent body sway (Figure 1(b)). Body sway induction due to light touch in non-dyslexic children had pre-
viously been observed (Barela et al., 2003), but this study was pioneer regarding assessing dyslexic children. As
observed in other condition, dyslexic children swayed with larger magnitude than non-dyslexic children in all
the conditions employed in the study. Such result is in agreement with many other studies (Brookes et al., 2010;
Moe-Nilssen et al., 2003; Pozzo et al., 2006; Stoodley et al., 2005), showing that dyslexic children show poor
postural control. Moreover, again less coherent and more variable relationship between sensory cues, vision and
fingertip somatosensory, and body sway were observed. Such results suggested that dyslexic children might
have difficulties in coupling sensory cues coming from different modalities and motor action, specially in mul-
tisensory conditions, resulting in a postural control that is characterized by larger sway magnitude and more va-
riability (Viana et al., 2013).

Interestingly, more variable performance in dyslexic children is not only observed in posture, since visuomo-
tor processing in isometric force exertion visually guided by feedback is also characterized by similar variability
and poorer performance when compared to non-dyslexic children (de Freitas, Pedao, & Barela, 2014). Again,
the functioning structure of hand force coordination was not different comparing dyslexic and non-dyslexic
children, but only the fine and precise adjustments, which are dependent of precise visual cues, were affected in
dyslexic children. Thus, based upon the observed results regarding postural control and visually guided force
control, it was suggested that multisensory information integration is slightly affected in dyslexic children when
performing motor tasks.

4. Dyslexic Performance and Quality of Sensory Information

An intriguing observation coming from few studies is that dyslexic children seem to be more affected by the
quality of the available sensory cues. For instance, bigger letters and larger inter-letter spacing attenuate reading
differences between dyslexic and non-dyslexic children (Zorzi et al., 2012). Similarly, shorter lines in which
words are displayed facilitate reading in dyslexic children in which they increase the reading speed and reduce
the number of regressive saccades (Schneps et al., 2013). Such striking results, at least for us, indicate and pro-
vide meaning for an important issue regarding possible underlying processes related to dyslexia. If dyslexic in-
dividuals can have their performance improved, reducing the difference to non-dyslexic children, this means that
they have the underpinning structure to produce similarly to non-dyslexic the required behavior. Such sugges-
tion corroborates previous suggestion that dyslexic children, for example, show the underlying mechanism to
use visual information to control body sway (Barela, Dias et al., 2011; Viana et al., 2013) and to produce force
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accurately (de Freitas et al., 2014). Similarly, dyslexic children also are capable to read and write, indicating that
the basic mechanisms required to perform such tasks are there, but their performance is still slightly different
(Stoodley & Stein, 2011, 2013). Again, dyslexic children can perform the required task (read, stand upright, use
visual cues, etc.) and if they are affected by the quality of available sensory cues, we can explain how sensory
cues are integrated into the motor activation required to perform the task.

Several studies have showed that dyslexic children display different eye behavior (Kapoula & Bucci, 2007;
Kapoula, Gaertner, & Matheron, 2012) while performing, for example, postural tasks. Employing the light touch
paradigm to examine the use of sensory cues to postural control in dyslexic children (Viana et al., 2013) also al-
lowed us to observe that dyslexic children, in using cues from the fingertip touching the bar, need to applied a
slight higher amount of force than non-dyslexic children (Viana et al., 2013). Although children were instructed
and allowed to apply up to 1 N of force on the bar, average applied force level was around 0.4 N, as it can ob-
served in Figure 2, which were similar to other children’s study (Barela et al., 2003). More important, however,
is that applying a slight higher force level, dyslexic children perform similarly to non-dyslexic children. There-
fore, dyslexic children require better sensory cues to enhance the quality of sensory information furnished by
these cues and, in doing so, improve their behavioral performance.

If the above suggestion is correct, then we could also affect dyslexic children performance by degrading the
quality or structure of sensory cues, worsening dyslexic children’s performance. Recently, Razuk and Barela
(2014) manipulated visual stimulus characteristics, during upright stance, which led to changes in the dyslexic
children’s postural control performance. Specifically, removing peripheral visual cues when the scenario was
stationary led to more detrimental performance in the postural control of dyslexic compared to non-dyslexic
children (Razuk & Barela, 2014). Furthermore, in the moving room condition and with no peripheral visual cues,
dyslexic children still displayed correspondent body sway but, again, with a much weaker coupling compared to
non-dyslexic children. Taken together, these results indicate that dyslexic children are more dependent than
non-dyslexic children on peripheral visual cues in order to control upright stance. Thus, if sensory cues are ma-
nipulated in order to enhance sensory information, dyslexic children improve their performance (Schneps et al.,
2013; Viana et al., 2013; Zorzi et al., 2012), but if the opposite occurs, dyslexic children are affected the most
(Razuk & Barela, 2014).

5. Sensory Integration Dynamics

Adaptation is a signature of flexible and skillful behavior even in simple daily tasks. To stand still, cues from
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Figure 2. Mean vertical fingertip forces applied for dyslexic and non-dys-
lexic children when the moving room and the moving bar were moved si-
multaneously, in the same direction (congruent) and in opposite direction
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J. A. Barela et al.

visual, vestibular, and somatosensory systems must be integrated to properly furnish knowledge about the rela-
tive body position and the forces acting on the body (Horak & Macpherson, 1996), which is constantly changing.
Many studies have established that such changes are partially driven by adaptively re-weighting sensory infor-
mation (Horak & Macpherson, 1996; Oie, Kiemel, Barela, & Jeka, 2005; Peterka, 2002; Polastri, Barela, Kiemel,
& Jeka, 2012) in such way that one needs to identify coherent relationship between the acquired inputs and the
action performed but also to skillfully modify this relationship as the environmental conditions and demands
change.

It seems that dyslexic children have difficulties in dealing with such changes in the available sensory cues
(Barela, Dias et al., 2011; Razuk & Barela, 2014; Viana et al., 2013) and, therefore, have difficulties in getting
accustomed to slight changes in sensory cues. It is important to mention that such suggestion does not mean that
dyslexic children are not capable of adapting but that they might have a slight impairment in such mechanism.
An intriguing result from our recent study (Razuk & Barela, 2014) supports this suggestion. Figure 3 depicts the
relative phase between the moving room position and body sway of dyslexic and non-dyslexic children. Dyslexic
children presented a temporal delay between the moving room position and the induced body sway in the central
vision condition (no peripheral visual cues) which differs from the non-dyslexic children who did not show such
temporal delay between the full and central vision conditions. Basically, relative phase values around zero de-
gree indicate that children are oscillating with the moving room with virtually no time delay. In the central vi-
sion condition, dyslexic children lagged behind the position of the moving room approximately 250 milliseconds,
differently than the full vision condition and then non-dyslexic children (Razuk & Barela, 2014).

Lagging behind the position of the room, in this case, is an indicative that dyslexic children needs longer time
to process the available visual cues, but only in the condition of central vision, in which no peripheral cues were
available, since not such difference was observed in the full vision condition. In taking longer to process the
available and changed sensory cues, dyslexic children might be compromised in quality, more variability and
not as precise as other may perform. This suggestion is very important as it may be directly related to the read-
ing problems experienced by dyslexic children. Dyslexic children need longer time to process the available sti-
muli coming from multiple sensory channels and, consequently, their reading and writing fluency is compro-
mised. Such problem may become more evident in conditions in which the sensory cues do not convey strong
sensory information. When sensory cues are improved and information is enhanced, performance might be im-
proved. It is interesting that difficulty in processing sensory cues has also been suggested to underlie some of the
possible difficulties in children with developmental coordination disorder (\Woei-Nan, Kiemel, Jeka, & Clark,
2012).

Despite the fact that much more is needed to uncover the possible causes and the underlying mechanisms
of dyslexia, it seems that the sensorimotor relationship understanding might shed some light into these is-
sues. Stoodley and Stein (2011) acknowledge that successful reading involves the integration of sensory
cues (visual and auditory) and, motor activity and that dyslexic can accomplish it, but not as accurate and
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adaptably as non-dyslexic. We might add that this is the case regarding postural control and other motor task as
well, in which dyslexic children just perform slightly different due to difficulties in accommodating and pro-
cessing quickly the available sensory cues in order to obtain complete information of the environment furnishing
an appropriate basis for precise and accurate motor action.
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