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Learning to read involves discriminating between different written forms and establishing
connections with phonology and semantics. This process may be partially built upon visual
perceptual learning, during which the ability to process the attributes of visual stimuli pro-
gressively improves with practice. The present study investigated to what extent Chinese
children with developmental dyslexia have deficits in perceptual learning by using a texture
discrimination task, in which participants were asked to discriminate the orientation of target
bars. Experiment l demonstrated that, when all of the participants started with the same
initial stimulus-to-mask onset asynchrony (SOA) at 300 ms, the threshold SOA, adjusted
according to response accuracy for reaching 80% accuracy, did not show a decrement over
5 days of training for children with dyslexia, whereas this threshold SOA steadily decreased
over the training for the control group. Experiment 2 used an adaptive procedure to
determine the threshold SOA for each participant during training. Results showed that both
the group of dyslexia and the control group attained perceptual learning over the sessions in
5 days, although the threshold SOAs were significantly higher for the group of dyslexia than
for the control group; moreover, over individual participants, the threshold SOA negatively
correlated with their performance in Chinese character recognition. These findings suggest
that deficits in visual perceptual processing and learning might, in part, underpin difficulty in
reading Chinese. Copyright © 2014 John Wiley & Sons, Ltd.
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INTRODUCTION

Efficient reading involves automatically recognizing printed symbols, and accessing
associated phonological and semantic information, after repeated exposure to written
materials. However, individuals with developmental dyslexia fail to achieve this
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automaticity in reading, even after extensive reading practice (Nicolson & Fawcett,
1990; Nicolson & Fawcett, 2007). Two major frameworks have been presented to
account for the origin and mechanisms of developmental dyslexia. The first, the
linguistic framework hypothesis, postulates that deficits in accessing and manipulating
phonological information account for developmental dyslexia (Ramus et al., 2003;
Studdert-Kennedy, 1997; Studdert-Kennedy & Mody, 1995; Wagner & Torgesen,
1987). The second, the nonlinguistic framework hypothesis, proposes that phono-
logical and other deficits at the linguistic level may stem from more fundamental
deficits in sensory information processing, including acoustic–auditory, auditory tem-
poral processing (Frith, 1996; Tallal, 1980; Tallal, Merzenich, Miller, & Jenkins, 1998;
Walker, Hall, Klein, & Phillips, 2006; Witton et al
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METHODS

Participants

In this study, 38 Chinese-speaking children, 19 with dyslexia and 19 typical
readers, in grades four, five and six, were selected according to the procedures
described in the following text. None of the participants had a history of neurolog-
ical disease or psychiatric disorders. In particular, the DSM-IV ADHD Scale
(American Psychiatric Association, 1994) was used to exclude children with
ADHD. All of the participants were right-handed and had normal or corrected-
to-normal vision. Informed consent was obtained from each participant and his
or her parents. This study was approved by the Ethics Committee of the Depart-
ment of Psychology, Peking University.

b
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Figure 1. Experimental stimuli displays. [a] TDT stimuli frame and [b] mask frame.
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Within each group, 10 were assigned to Experiment 1 and nine to Experiment
2. Participant screening was based on a Chinese written vocabulary test and read-
ing fluency test (see in the following text and in Table 1).

Pretests

The Standardized Chinese Character Recognition Test (Wang & Tao, 1996) involved
210 characters, divided into 10 groups on the basis of reading difficulty level.
Participants were asked to write down a compound word on the basis of a constit-
uent morpheme provided on the sheet. Performance was measured by the total
number of correct characters (morphemes) that the participants could utilize in
word compositions. Participants had to know morpheme combination rules to
form a compound word. The scores from this test formed the index of the partic-
ipants’ Chinese character recognition performance.

The Reading Fluency Test was composed of 95 sentences. Each sentence
was paired with five multiple-choice pictures. Participants were asked to read
each sentence and select, from five pictures, the one that best illustrated the meaning
of the sentence. Children were encouraged to complete as many paragraphs as
possible within a 10-min period. The total number of sentences that the participants
could understand determined the performance score. This task required rapid
retrieval and retention of lexical information and construction of sentential
representation.

Additionally, Raven’s Standard Progressive Matrices were used to measure the
children’s nonverbal IQ. Scoring procedures were based on the Chinese norm
(Zhang & Wang, 1985).

Children were placed in the group of dyslexia if their scores on the character
recognition test were at least 1.5 grades below the norm and if reading fluency test





Procedures

The procedure of each trial is as follows. First, a white cross was presented at the
centre of the black background screen for 250 ms, followed by a 300 ms blank
screen, and then the stimuli were displayed for 12 ms. After an interval of stimu-



participants and training session was also significant [F(4, 72) = 14.33, p< 0.0001].
Further intra-group pairwise comparisons observed significant learning effects in the
first four sessions of training (ps< 0.001) for the control group, whereas the com-
parison between the fourth and the fifth sessions did not reach significance (p> 0.1).
In contrast, the pairwise comparisons of threshold SOA within the group of dyslexia
did not obtain any significant effect (ps> 0.1, Bonferroni adjustments for multiple
comparisons).

It is clear that the control group benefi



at 600 ms. If the response for one trial was correct, then SOA of the next trial was
decreased by 58 ms; otherwise, it was increased by 58 ms. For each participant,
the average SOA of the last 20 trials was set as his or her initial threshold SOA.

Then, each participant underwent five sessions of training on five consecutive
days, with one session per day. Each session included five blocks with 40 trials each.
In each block, there were five kinds of SOA (initial threshold SOA, initial threshold
SOA ± 58 ms, initial threshold SOA ± 116 ms), which were repeated eight times. A
Weibull function was fitted to the percent of correct responses for each session.



had similar learning patterns across five sessions of perceptual learning. Further intra-
group post hoc analysis, by comparing the SOA of the first session with the SOA of
the last session, showed that both groups of children achieved significant improve-
ment (p< 0.01, Bonferroni adjustments for multiple comparisons). These data
suggest that, when started with an initial SOA in line with their processing abilities,
children with dyslexia can also attain perceptual learning during day-to-day practice.
Compared with normal readers, children with dyslexia need longer threshold SOA
across all of the training sessions, indicating that children with dyslexia might have
deficits in visual perceptual processing and learning.

In order to evaluate the perceptual learning rates of the two groups of children,
the comparative learning rate (CR) was calculated by subtracting the last SOA (B)
from the first SOA (A) and dividing it by the first SOA (A); therefore, CR is repre-
sented as CR = (A�B) / A. The results showed that CR of the dyslexia group
(M= 0. 41, SD= 0.17) was significantly lower than that of the control group
[M= 0.74, SD= 0.94; F(1, 16) = 10.773, p< 0.01].

We then investigated whether the threshold SOA in TDT correlated significantly
with the children’



(300 ms), Chinese children with dyslexia did not achieve as high of a perceptual
learning level as those in the control group. Further investigation with an adaptive
threshold SOA for each individual in Experiment 2 revealed that the group of
dyslexia could achieve a certain degree of improvement in perceptual learning. How-
ever, as predicted, their threshold SOAs throughout all of the learning sessions were
much higher than those of the control children, and their perceptual learning rates
were lower than those of the controls. Additionally, over all of the participants in
the experiments, the threshold SOA in TDT was negatively correlated with perfor-
mance in Chinese character recognition. These results demonstrate that Chinese
school children with developmental dyslexia have deficits in visual perceptual pro-
cessing and learning.

The finding that children with dyslexia have deficits in very basic visual perceptual
learning supported our prediction that individuals with dyslexia have basic visual per-
ceptual learning difficulty, apart from previously reported difficulties in procedural



Consistently, research on the neural basis of visual perceptual learning has
supported the aforementioned observation. Gibson (1963, p. 29) defined perceptual
learning as ‘[any] relatively permanent and consistent change in the perception of a
stimulus array, following practice or experience with this array’. The mainstream
view suggests that cortical changes occurring in the early visual cortex, such as the
primary visual cortex, (V1) underlie behavioural changes in visual perceptual learning
(Karni & Sagi, 1991; Pourtois, Rauss, Vuilleumier, & Schwartz, 2008; Schoups, Vogels,
Qian, & Orban, 2001; Schwartz et al., 2002; Walker, Stickgold, Jolesz, & Yoo, 2005;
Yotsumoto et al., 2008). However, recent psychophysical studies have also suggested
that perceptual improvements might be related to changes outside of the visual
cortices (Zhang & Li, 2010; Zhang, Xiao, et al., 2010; Zhang, Zhang, et al., 2010):
Perceptual learning could be a result of refinement of processing in the decision-
making and attentional systems. This idea is supported by neuroimaging studies
showing that only the activity pattern in the anterior cingulate cortex tracks changes
during perceptual learning (Kahnt, Grueschow, Speck, & Haynes, 2011).

For developmental dyslexia, it has been proposed that defects may exist anywhere
along the dorsal visual stream (Vidyasagar & Pammer, 2009), and the deficits at differ-
ent levels of the magnocellular pathway are associated with impaired performance in
different aspects of reading (Kevan & Pammer, 2008). The higher threshold SOAs for
children with reading impairment observed in the present study might, in fact, be
indicative of deficiency in higher-level visual cortex or in the neural network respon-
sible for top-down control, including attention and decision-making. Although such
deficiency can be compensated, to some extent, by extensive training, the results
of Experiment 2 suggested that deficits in basic perceptual processing may not be
completely reversed.

Of particular importance are the implications of the present findings for educational
curriculum design and reading remediation for developmental dyslexia. A comparison



Experiment 2. These findings revealed that children with dyslexia can benefit from long-



Fahle, M. (1994). Human pattern recognition: Parallel processing and perceptual learning. Perception, 23,
411–427.
Folia, V., Uddén, J., Forkstam, C., Ingvar, M., Hagoort, P., & Petersson, K. M. (2008). Implicit learning
and dyslexia.



McBride-Chang, C., & Chang, L. (1995). Memory, print exposure, and metacognition: Components
of reading in Chinese children. International Journal of Psychology, 30, 607



Siok, W. T., & Fletcher, P. (2001). The role of phonological awareness and visual-orthographic skills
in Chinese reading acquisition. Developmental Psychology, 37, 886–899.
Siok, W. T., Niu, Z. D., Jin, Z., Perfetti, C. A., & Tan, L. H. (2008). A structural-functional basis for dys-
lexia in the cortex of Chinese readers. Proceedings of the National Academy of Sciences, 105, 5561–5566.
Siok, W. T., Perfetti, C. A., Jin, Z., & Tan, L. H. (2004). Biological abnormality of impaired reading is
constrained by culture. Nature, 43, 71–76.
Song, Y., Peng, D. L., Lu, C. M., Liu, C. H., Li, X. L., Liu, P. P., … Ding, Y. L. (2007). An event-related po-
tential study on perceptual learning in grating orientation discrimination. Neuroreport, 18(9), 945–948.
Stefanics, G., Fosker, T., Huss, M., Mead, N., Szucs, D., & Goswami, U. (2011). Auditory sensory def-
icits in developmental dyslexia: A longitudinal ERP study. NeuroImage, 57, 723–732.
Stein, J. F. (1994). A visual defect in dyslexics? In A. Fawcett & R. Nicolson (Eds.), Dyslexia in children:
Multidisciplinary perspectives (pp. 137–156). Hemel Hempstead: Harvester Wheatsheaf.
Stein, J. F., & Walsh, V. (1997). To see but not to read: The magnocellular theory of dyslexia. Trend in
Neurosciences, 20, 147–152.
Stoodley, C. J., Harrison, E. P. D., & Stein, J. F. (2006). Implicit motor learning deficits in dyslexic
adults. Neuropsychologia, 44, 795–798.
Stoodley, C. J., Ray, N. J., Jack, A., & Stein, J. F. (2008). Implicit learning in control, dyslexic, and
garden-variety poor readers. Annals of the New York Academy of Science, 1145, 173–183.
Studdert-Kennedy, M. (1997). Deficits in phoneme awareness do not arise from failures in rapid auditory
processing. Paper presented at the international symposium on basic neural mechanisms in cognition
and language with special reference to phonological problems in dyslexia, Stockholm, Sweden.
Studdert-Kennedy, M., & Mody, M. (1995). Auditory temporal perception deficits in the reading
impaired: A critical review of the evidence. Psychonomic Bulletin & Review, 2, 508–514.
Tallal, P. (1980). Auditory temporal perception, phonics, and reading disabilities in children. Brain and
Language, 9, 182–198.
Tallal, P., Merzenich, M. M., Miller, S., & Jenkins, W. (1998). Language learning impairments: Integrat-
ing basic science, technology, and remediation. Experimental Brain Research, 123, 210–219.
Temple, E., Deutsch, G. K., Poldrack, R. A., Miller, S. L., Tallal, P., Merzenich, M. M., & Gabrieli, J. D. E.
(2003). Neural deficits in children with dyslexia ameliorated by behavioral remediation: Evidence from
functional MRI. Proceedings of the National Academy of Sciences, 100, 2860–2865.
Troia, G. A., & Whitney, S. D. (2003). A close look at the efficacy of Fast ForWord Language for
children with academic weaknesses. Contemporary Educational Psychology, 28, 465–494.
Vellutino, F. R., Steger, J. A., DeSetto, L., & Phillips, F. (1975). Immediate and delayed recognition of
visual stimuli in poor and normal readers. Journal of Experimental Child Psychology, 19, 223–232.
Vicari, S., Finzi, A., Menghini, D., Marotta, L., Baldi, S., & Petrosini, L. (2005). Do children with develop-
mental dyslexia have an implicit learning deficit? Journal of Neurology Psychiatry, 76, 1392–1397.
Vicari, S., Marotta, L., Menghini, D., Molinari, M., & Petrosini, L. (2003). Implicit learning deficit in
children with developmental dyslexia. Neuropsychologia, 41, 108–114.
Vidyasagar, T. R., & Pammer, K. (2009). Dyslexia: A deficit in visual-spatial attention, not in phonolog-
ical processing. Trends in Cognitive Sciences, 14, 57–63.
Vogels, R., & Orban, G. A. (1985). The effect of practice on the oblique effect in line orientation
judgments. Vision Research, 25, 1679–1687.
Wagner, R. K., & Torgesen, J. K. (1987). The nature of phonological processing and its causal role in
the acquisition of reading skills. Psychological Bulletin, 101, 192–212.
Walker, K., Hall, S., Klein, R., & Phillips, D. (2006). Development of perceptual correlates of reading
performance. Brain Research, 1124, 126–141.
Walker, M. P., Stickgold, R., Jolesz, F. A., & Yoo, S. S. (2005). The functional anatomy of sleep-
dependent visual skill learning. Cerebral Cortex, 15, 1666–1675.
Wang, R., Cong, L. J., & Yu, C. (2013). The classical TDT perceptual learning is mostly temporal
learning. Journal of Vision, 13(5): 9, 1–9.

Perceptual Learning and Developmental Dyslexia 295

Copyright © 2014 John Wiley & Sons, Ltd. DYSLEXIA 20: 280–296 (2014)



Wang, X. L., & Tao, B. P. (1996). Chinese character recognition test battery and assessment scale for
primary school children. Shanghai: Shanghai Education Press.
Witton, C., Talcott, J. B., Hansen, P. C., Richardson, A. J., Griffiths, T. D., Rees, A., … Green, G. G. R.
(1998). Sensitivity to dynamic auditory and visual stimuli predicts nonword reading ability in both
dyslexic and normal readers. Current Biology, 8, 791–797.
Wolinsky, F. D., Vander Weg, M. W., Howren, M. B., Jones, M. P., & Dotson, M. M. (2013). A
randomized controlled trial of cognitive training using a visual speed of processing intervention in
middle aged and older adults. PloS ONE, 8


