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a  b  s  t  r  a  c  t

Consistent  with  the  temporal  ventriloquism  effect,  synesthetic  correspondence  between
the  features  of  visual  size  and  auditory  pitch  has  been  shown  to  modulate  the  performance
of visual  temporal  order  judgment  (TOJ) in  typical  adults.  Here  in the  two  main  experiments
we  recruited  seventeen  dyslexic  children  and  twenty  typically  developing  children  to  per-
form  a visual  TOJ  task  and  measured  their  ability  of  synesthetic  correspondence  between
visual  size  and  auditory  pitch.  In  Experiment  1, participants  were shown  two  consecutively
presented  visual  discs  that  were  temporally  flanked  by two  synesthetic  congruent  or  incon-
gruent auditory  beeps.  In  Experiment  2, participants  received  a crossmodal  matching  test
(visual-size  vs.  auditory  pitch).  The  results  showed  that  compared  to  the  typically  develop-
ing group,  dyslexic  children  benefited  more  from  cross-modal  synesthetic  correspondence
to partially  compensate  for their  deficiency  in  visual  TOJ  task. The  multisensory  facilitation
for timing  performance  was  correlated  with  reading  ability  (Exp.1).  Moreover,  dyslexic  chil-
dren  formed  intact  “congruent”  matching  of  visually  larger  shapes  to lower  auditory  pitch,
and  visually  smaller  shapes  to higher  auditory  pitch,  as  did  their  typically  developing  peers
(Exp 2).  The  results  of our  present  study  suggested  general  deficits  of  temporal  processing
in dyslexic  children,  However,  with  relatively  intact  ability  of auditory  pitch-visual  size
matching,  dyslexic  children  could  separate  visual  events  using  auditory  cues.  The  current
study also  indicates  a feasible  way  to improve  the  reading  ability  by  exploiting  temporal
ventriloquism  effect,  modulated  by appropriate  crossmodal  synesthetic  associations.

©  2016  Elsevier  Ltd.  All rights  reserved.

1. Introduction

Developmental dyslexia is a specific learning disability of reading and spelling which cannot be attributed to low intel-
lectual ability or inadequate schooling, and affects roughly five to ten percent of school children (Demonet, Taylor, & Chaix,

2004; Shaywitz, Shaywitz, Fletcher, & Escobar, 1990). Many reading disabilities, especially that of developmental dyslexia, are
characterized by audiovisual deficits especially in a context of naturalistic speech and word-like stimulation (Shaywitz et al.,
1990) and processing deficits in temporally related tasks, such as temporal order judgments (TOJs), sensory-motor synchro-
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Table 1
Demography information and relevant screen tests (raven, reading fluency and character recognition) for typical developing group (TD) and developmental
dyslexic group (DD).
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xample, , /wei2/, -great; /tian2/, -farm) within forty minutes. Performance was  measured by the total number
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To quantify the cross-modal benefits of the visual TOJ as well as the interaction effect between factors of experiment
and audiovisual conditions, we calculated delta values as the average differences of: (1) Differential JNDs for the congruent
condition and the visual-only condition; and (2) Differential 
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Fig. 5. Auditory pitch-visual size matching task. Value 1 denotes the selection of the smaller circle, Value 2 selection of the medium circle, and Value
3  selection of the large circle. The black bars depict the average matching score of visual size corresponding to the high-pitch tone.The gray bars depict

the  average matching score of visual size corresponding to the medium-pitch tone, and the white bars depict the average matching score of visual size
corresponding to the low-pitch tone.

for low, medium, and high pitches. The interaction between experimental condition and group was  not significant,
F(2,40) = 0.563, p = 0.574�2

p = 0.027.
We also analyzed the reaction time (RT). Generally, RT in the TD group (1310 ± 66 ms)  was  slower than the one in DD  group

(1259 ± 66 ms), F(1, 20) = 5.182, p < 0.05. The mean RTs for low pitch, medium pitch, and high pitch to corresponding visual
sizes were 1062 ± 52 ms  (standard error), 1310 ± 69 ms  and 1086 ± 67 ms  for low pitch (300 Hz), medium pitch (2300 Hz),
and high pitch (4300 Hz), F(2,40) = 6.828, p < 0.01, �2

p = 0.255. Bonferroni corrected comparisons showed the RT in medium
pitch condition was slower than the RTs in other two conditions, ps< 0.05. p < 0.05, �2

p = 0.206. In the TD group, the mean
RTs were 953 ± 74 ms  (standard error), 1213 ± 98 ms  and 973 ± 95 ms  for low pitch (300 Hz), medium pitch (2300 Hz), and
high pitch (4300 Hz). In the DD group, the mean RTs were 1171 ± 74 ms,  1408 ± 98 ms,  and 1199 ± 95 ms  for low, medium,
and high pitches. The interaction between experimental condition and group was not significant, F(2,40) = 0.023, p = 0.977,
�2
p = 0.001.

Therefore, the reaction times of cross-modal matching were slower in DD group than the ones in the TD peer group,
suggesting that dyslexics have difficulty in shifting their attention between modalities when carrying out the cross-modal
matching task (Hari & Renvall, 2001; Harrar et al., 2014). For both groups, the medium pitch condition led to increased
reaction times, indicating condition of medium pitch is not distinct enough to be discerned (compared with the low and
high pitches).

4. General discussion

The current findings are in agreement with previous studies that tapped into the temporal aspects of visual processing
in dyslexia (Laasonen, Service, & Virsu, 2001; Tallal, Miller, & Fitch, 1993), in which the dyslexic groups had difficulties in
performing the TOJ task as compared to the participants in the control groups. However, dyslexics gained more benefits in
judging the order of visual stimuli that were flanked by temporally close beeps, although the DD group still had larger JNDs
in audiovisual condition than TD group (de Boer-Schellekens & Vroomen, 2012; Hairston et al., 2005). Our data replicated
the findings of Parise and Spence (2008). The congruent auditory pitch-visual size pair indeed improved the performance
of visual TOJ beyond that of the incongruent pair. For the congruent conditions, the visual disc was  more readily attracted
by the temporal proximate auditory stimulus, leading to a stronger ventriloquism effect and with decreased JNDs, as shown
in the typical developing adult subjects (Burr et al., 2009; Shi et al., 2010). In contrast, for the incongruent condition, the
feature association between auditory pitch and visual size was  not closely correlated, which lead to a shadowed auditory

capture effect on visual events, and hence a weaker temporal ventriloquism effect (higher JNDs than those in the congruent
condition). This finding suggests that the facilitation effect of auditory events upon visual events (mainly via the mechanism
of temporal ventriloquism) is a wide-spread multisensory illusion occurring in both typically and atypically developing
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ndividuals. The result pattern also suggests that dyslexics may  be able to partially compensate for their visual timing
ifficulties by using more efficiently the temporal information conveyed through auditory inputs.

Indeed, the dyslexic group have been revealed to show the deficits in visual related perceptual processing, including
he temporal order judgment. Recent theoretical survey of the underlying neuro-cognitive mechanisms for developmental
yslexia has shown three potential leading theories: (1) the phonological theory (Paulesu et al., 2001; Shaywitz et al., 2002;
haywitz et al., 1998); (2) the cerebellar theory (Nicolson, Fawcett, & Dean, 1995) and 23) the magnocellular theory (auditory
nd visual) theory (Livingstone, Rosen, Drislane, & Galaburda, 1991; Stein, 2001; Stein & Walsh, 1997) and 3) the cerebellar
heory (Nicolson et al., 1995). Ramus et al. (2003) summarized with large volume of data to support the phonological theory
with specific impairment in the representation, storage and/or retrieval of speech sounds). The cerebellar theory, on the
ther hand, argued that the presence of additional sensory and motor disorders in certain dyslexia individuals. The present
tudy shows that dyslexia group have demonstrated common deficits in perceptual sensory processing (with relatively
arge JNDs even in visual both uni- and multi-sensory TOJ performance), suggesting the magnocellular theory plays a role
n accounting for the general perceptual deficits in visual temporal order judgments for dyslexic children.

It is of note that the crossmodal benefits for visual timing were larger for the dyslexic group than for the typically
eveloping group. This finding was consistent with the inverse-effectiveness principle revealed in recent literature (Stein
nd Stanford, 2008), in which initial temporal window size serves as a strong predictor of the outcomes for temporal training
nd multisensory integration effects (Powers, Hillock, & Wallace, 2009; Stevenson, Wilson, Powers, & Wallace, 2013). In our
ase (as observed in Fig. 3), for the dyslexia group, the initial larger JNDs (i.e., which larger temporal window size) for visual
OJs, predict a large improvements of sensitivities of TOJ in the presence of auditory beeps (with large decrease of the absolute
alues of JNDs). To put in another way, the larger JNDs (corresponding to the ‘weak’ condition) in visual-only condition for
he dyslexia group provide a good stand point for the larger effect by audiovisual condition to be easily observable, while
or the typical developing group, those trends are relatively less obvious. This finding suggests that although the dyslexic
roup showed a general deficiency in processing time information (Farmer and Klein, 1995; Hairston et al., 2005; Laasonen
t al., 2001; Laasonen et al., 2002), they were capable of exploiting crossmodal cues (auditory signals) to facilitate their visual
OJs. Nonetheless, it would not have been definitive to eliminate the gap between two  groups with such a strategy, for the
yslexic children were still less sensitive to the temporal discrepancies between two  visual events enclosed by sounds, as
ompared with their control peers.

The present study, however, revealed a more complex picture for the crossmodal processing in dyslexia group. With
he main task of TOJ, what we found was that the reaction times of both dyslexia group and typical developing group
ere comparable to those of typically developing group, but the former were with larger JNDs, in performing the TOJ

Experiment 1). In Experiment 2, both groups were equivalent in the ability of associating high (low) pitch to small (large)
isual-size, although the reaction times of this matching was  slower for the dyslexic group. Dyslexia group seemed to have
ounterbalance deficits between sensitivity and speed in crossmodal synaesthetic integration. On one hand, they preserved
he faculty to match crossmodal stimuli and use their combination to guide perception. On the other hand, they were hardly
killed to perform well in limited time. Due to the lack of proficiency in crossmodal integration, there would be much more
ifficulties in letter-speech sound mapping, which presumably leads to deficits in orthographic-phonological binding (with

ess automatic binding) among those poor readers. This argument backs up the potential general deficits in audiovisual
ntegration for most existent studies (for a review, see Hahn et al., 2014).

Moreover, as recent studies elucidated the crossmodal binding of letter and speech sound turned out to show
ross-linguistic differences. There was a variable and unreliable relationship between the orthography and phonological rep-
esentations, due to varied features across languages (Holloway, van Atteveldt, Blomert, & Ansari, 2015). English (dyslexic)
earners had low automatic letter-speech binding, given its opaque nature of orthographies in English. We speculate that
or Chinese readers, the building of the letter-speech association might impose a greater cognitive challenge for dyslexic
eaders, as the Chinese characters might be visual-spatially more complex and non-transparent than the characters in other
anguages (since the correspondence between phonology and orthography is relatively arbitrary). The characteristic features
f dyslexia lie in the reduced automaticity and deficits in robust multisensory representation of the association between

etter-speech sound (Hahn et al., 2014). Therefore, for most dyslexic children as well as dyslexic adults, as long as letter-
peech sound pairs have not developed into automatically integrated audiovisual objects, the speed of reading (reading
uency) will remain constrained (Blomert & Willems, 2010; Froyen, Willems, & Blomert, 2011).

With the connection through orthographic-phonological binding, the sensitivity for TOJs was closely linked with individu-
ls’ linguistic reading scores. These findings echo previous studies that have shown that extracting phonological information
uring both text reading and character naming depends on the temporal organization of the information available (Talcott
t al., 2000; Witton et al., 1998). Previous studies indicated that dyslexic children showed reduced letter-sound integration,
nd the degree of severity of the reading impairment seems directly related to the ability to identify and process letter-
peech sound pairs as unique audiovisual objects (Blau et al., 2010; Blomert, 2011; Foxe et al., 2015; Hahn et al., 2014; de
elder and Vroomen, 1998). Together with the evidence from literature, the present results indicate that dyslexia group
ad low efficiency in crossmodal synaesthetic binding, which thus impaired their ability to associate letter form and speech

ound, and eventually hindered the development of literacy

The relatively intact audiovisual synesthetic correspondence (in terms of accuracy) suggests a feasible way to launch a
emediation training program to improve the reading skills. As we  have shown, the dyslexia group leave room for improve-
ent of the auditory pitch-visual size matching task, by reducing the reaction time (i.e., elevated automaticity) and improved
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rates of ‘congruent’ mapping (such as low auditory pitch with large visual size). The current study therefore suggests, it is
likely that young dyslexics can improve their timing ability via a sufficient training protocol/optimized intervention that
uses cross-modal correspondence, including that of synesthetic correspondence between auditory pitch and visual size
(Franceschini et al., 2013; Powers et al., 2009). 
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