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Abstract 
This study examined the differences in processing between typical and dyslexic readers in a 
lexical decision task in different modalities (visual, auditory, and cross modality). In general, dys- 
lexics exhibited slower reaction times and made more mistakes when performing the task. The 
biggest gap between the two groups of readers was found on the visual task. However, the dyslexics 
benefited from the cross modality presentation, with differences between the two groups mini- 
mized. The results of this study indicate that the slowness characteristic of dyslexics’ stems mainly 
from slow processing of visual linguistic information and that supporting both processing systems 
relevant to reading will assist inter-sensory integration and may ease the word decoding process 
among dyslexics. 
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1. Introduction 
Dyslexia, as suggested by the British Psychological Society, “is evident when accurate and fluent word reading 
and/or spelling develops very incompletely or with great difficulty” (p. 18). In other words, this definition as- 
sumes that reading failure among dyslexic readers stems not only from inaccurate word reading (see Compton & 
Carlisle, 1994, for a review), but from dysfluent word decoding as an independent factor (see Wolf, 2000; Brez-
nitz, 2006, for a review). Reading is an example of a cognitive activity that requires time-constrained informa- 
tion processing. Skilled reading of printed material requires rapid identification of written language representa- 
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tions, as well as time-coordinated cross modal of visual, auditory, and semantic information (Breznitz, 2006; 
Seidenberg, 1990). The aim of this study is to investigate whether the slowness in one of these systems (visual, 
auditory, and cross modality) has a crucial effect on word decoding accuracy and fluency. 

The Parallel Distributed Processing (PDP) model (Seidenberg & McClelland, 1989) describes the word rec- 
ognition process as reliant upon three processors: phonological, orthographic, and semantic. The reading process 
begins with visual recognition of the written grapheme code. Each written grapheme representation has a pho- 
nemic representation stored in the brain, which is processed when necessary by phonological mechanisms. The 
semantic processor relies on the mental lexicon.  

According to the PDP model (Seidenberg, 1990), there is a flow of relevant information between different 
cerebral systems during word recognition. The amount of activity in each of these systems is different and based 
on the reader’s needs and level of reading efficiency. Precise word recognition occurs when the phonological, 
orthographic, and semantic representations relevant to the decoding unit are evoked simultaneously (Breznitz, 
2002a; Plaut et al., 1996). Precise word decoding demands that the information from these processors be inte-
grated to produce the appropriate output (Breznitz, 2006). 

Recent studies (Breznitz, 2001, 2006; Breznitz & Misra, 2003) have identified an additional factor contribut-
ing to precise word decoding that is related to processing speed and synchronization between the visual-ortho- 
graphic and auditory-phonological systems. As each sensory system has its own processing speed (see Breznitz, 
2006 for review), a large speed of processing (SOP) gap between these systems may cause the “asynchrony” 
phenomenon, which disrupts the quality of integration of the relevant information necessary for decoding the 
word pattern, thereby causing word decoding failure (Breznitz, 2006). 

For years, researchers have attempted to determine why 10% - 15% of the population is unable to acquire 
reading skills, despite the presence of sufficient intelligence, motivation, and learning opportunities and the ab- 
sence of visual, auditory, mental, or primary motor impairment (Vellutino, Fletcher, Snowling, & Scanlon, 
2004). Most of the research on adult dyslexics indicates that children diagnosed as dyslexic in childhood remain 
so throughout their lives and can be classified into groups of compensated and non-compensated dyslexics 
(Lefly & Pennington, 1991). It is customary to divide the population of adult dyslexics into two groups. The first 
group is the compensated dyslexics, whose reading is good enough to permit them to continue to learn in higher 
educational institutions. The second group is the non-compensated dyslexics, whose reading has stayed poor and 
therefore experience difficulties in their studies and many even do not finish high school (Pennington et al., 1986). 

Research evidence has indicated that compensated dyslexics can, to some extent, overcome their word de- 
coding difficulties but still remain slow readers. That is, word decoding remains a slow process which impairs 
the reading comprehension among this population (Ben Dror, Pollatsek, & Scarpati, 1991; Bruck, 1992, 1998; 
Brunswick et al., 1999; Gallagher, Laxon, Armstrong, & Frith, 1996; Lefly & Pennington, 1991; Shaywitz et al., 
1999). However, the source of their continued reading failure has not yet been fully identified. 

Many researchers have suggested that the main source of dyslexics’ word decoding deficit lies in difficulties 
with the phonological system (Bruck, 1992, 1998; Elbro, Nielsen, & Peterson, 1994; Flowers, 1995; Gottardo, 
Siegel, & Stanovich, 1997; Leong, 1999; Shaywitz, 1996; Shaywitz et al., 1999; Snowling & Nation, 1997; 
Snowling, Nation, Maxham, Gallagher, & Frith, 1997). Phonological processing is the ability to use information 
on the sound structure of language for processing written and spoken language. Evidence has shown that pho- 
nological processes, especially phonological awareness and segmentation ability, are crucial for the develop- 
ment of precise reading, and that without phonological decoding (converting the visual letter into its sound), 
readers are unable to learn the alphabetic principle (Rayner et al., 2001; Share, 1994; Treiman, 2000). 

Additional studies have indicated that another source of reading difficulty among dyslexics is related to or- 
thographic processing failure. Orthographic knowledge is related to the visual information of a word, specifical- 
ly the letters that comprise lexical patterns and their order in a word, which contributes to spelling ability as well 
as the ability to identify the visual pattern of a word (Corcos & Willows, 1993; Wagner & Barker, 1994). Indeed, 
one of the main characteristics of adult dyslexia is a spelling deficit. It has been claimed that spelling errors and 
letter order confusion stem from processing difficulties and a lack of orthographic knowledge (Brunswick et al., 
1999; Elbro, Nielson, & Peterson, 1994; Shaywitz et al., 1999). 

Recent studies have indicated another important dimension associated with word decoding, namely, reading 
fluency. The fluency factor is an additional component of the accuracy of word decoding processes and is an in- 
separable aspect contributing to the quality of word decoding. Word decoding fluency is expressed by rapid de- 
coding (Torgesen et al., 2000) and as such serves as a measure of decoding quality. Decoding speed is measured 
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by the number of words that a person reads correctly within a limited time (Breznitz, 2001; Compton & Carlisle, 
1994; Greene & Royer, 1994). The claim that decoding speed leads to reading fluency stems, among others, 
from a general ability related to speed of information processing (Kail & Hall, 1994) and to the systems relevant 
to the decoding process in reading (Breznitz, 2002a).  

The entire cognitive processing time relies on the SOP of each of the factors and processes active during the 
performance of a particular task (Kail, 1991). It has been suggested that a number of factors contribute to SOP, 
including stimulus complexity and modalities, the differential SOP of each processing stage in the information 
processing system (Kail, 1991), and the basic SOP of the information processor (Hale, 1990). 

Numerous studies have indicated that some dyslexics' exhibit a visual processing difficulty and in particular a 
variance in non-linguistic visual processing between typical and dyslexic readers. Dyslexics have been found to 
experience problems performing visual tasks that require rapid temporal processing of information (Lovegrove 
et al., 1996). Research findings point to a scarcity of magno-type visual cells among dyslexics as the cause of 
their slow processing of visual information (Lovegrove & Slaghuis, 1989; Stein & Walsh, 1997; Willows, Kruk, 
& Corcos, 1993). Anatomy studies have shown that in the thalamic nucleus (LGN), where the visual information 
arrives, the cells of dyslexics are 30% smaller than those of typical readers (Galaburda & Livingstone, 1993). In 
addition, evidence has been found for structural deficits (anatomical differences) in the transitive visual system 
among dyslexics (Livingstone et al., 1991). 

A number of research studies have indicated deficits among dyslexics in the visual-orthographic processing 
system as well. These deficits are also expressed in accuracy and slow reaction time on tasks examining ortho- 
graphic skills. For example, evidence was found indicating a positive connection between word recognition dif- 
ficulties and problems with orthographic processes (Bowers et al., 1994; Reitsma, 1989). Zecker (1991) found 
that dyslexics were slower than typical readers when using orthographic information. When they were required 
to decide whether two words were orthographically similar or different, rhymed or not, typical readers respond- 
ed more quickly when there was orthographic similarity while there was no difference in response time among 
dyslexics. 

According to Wolf, Vellutino, and Gleason (1998), the general visual form of a given word is perceived 
within 60 - 80 msec from onset. In a study that examined word recognition, the stimuli were presented to the 
subjects for 60 msec in order for them to process the orthographic information. Adult dyslexics managed to rec- 
ognize 14 out of 52 words at an average reaction time of 1161 msec, whereas the control group recognized 34.4 
words with an average reaction time of 690 msec (Leinonen, Leppanen, Aro, Ahonen, & Lyytinen, 2001). 

Many studies have examined auditory processing among dyslexics as compared to typical readers (Stein & 
McAnally, 1995). Findings show brain damage in Perisylvian locations in the temporal and frontal cortex, 
mainly in the left hemisphere. This tissue is involved in both the primary auditory cortex and the area related to 
associative activity (Galaburda, 1993; Galaburda, Sherman, Rosen, Aboitiz, & Geschwind, 1985). The most ex- 
tensive damage was found in the anterior areas (Hynd & Semrud-Cli, 1989). 

It seems that these neuroanatomical studies support the view that a number of forms of dyslexia have a com- 
plex neurological basis, involving various senses and associative areas of the brain. In an MRI study, Leonard et 
al. (1993) found abnormal anatomical patterns, among others, a change in the left plenum temporal (in the pa- 
rietal lobe), as well as a structural change including longer sylvian fissures in the left hemisphere and additional 
supermarginal gyrus relative to the norm. 

It has been claimed that young dyslexic readers have specific difficulty with rapid temporal processing of au- 
ditory information (Eden, Stein, Wood, & Wood, 1990; Shapiro, Ogden, & Lind-Bald, 1993; Tallal, Miller, & 
Fitch, 1995). Some researchers go even further, claiming that the temporal processing deficit among dyslexics 
exists in all modalities, not only auditory. For instance, Farmer and Klein (1995) and Merzenich, Schreiner, Jen-
kins, and Wang (1993) have suggested that dyslexics suffer from a general sensory difficulty in temporal pro- 
cessing.  

In light of the plethora of evidence indicating that the phonological channel is impaired among dyslexic read- 
ers, it is possible that the failure to read phonemic units is based, among other things, not only on inaccuracy but 
on slow processing in the phonological channel. Efficient cognitive processing containing information from 
several cerebral systems necessitates informative serial temporal coordination (Kolers & Brewster, 1985). This 
type of processing constitutes a component of linguistic processing (Robinson, 1977), memory (Neisser, 1967), 
and perception (Friedes, 1974). 

The entire reading process requires information processing, starting with a stimulus that enters the system, 
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passes the perception and encoding stage, enters short-term memory under the correct circumstances and from 
there to long-term memory. In order for the reading process to be performed efficiently, cross modal integration 
between the different stages is required, with precise timing of stimuli arriving from the visual and auditory sys- 
tems. A stimulus that is not speedily and efficiently perceived and encoded in short-term memory is removed 
from the system as if never perceived. Cognitive activity of all kinds requires precise scanning processes as sti- 
muli enter the system one after the other (auditory stimuli) or as a complete unit (visual stimuli). Slow process- 
ing of one stimulus may inhibit or prevent processing of the next (Stigler, Nusbaum, & Chalip, 1988). 

Reading is a task requiring translation of the visual code into an auditory one (Freides, 1974). In the 1960s 
and 1970s, a theory emerged explaining reading impairment in terms of an inter-sensory cross modal failure, 
and this assumption was investigated in numerous studies examining the extent to which information transferred 
from one sensory modality becomes available to another (Birch & Belmont, 1964, 1965; Blank & Bridger, 1966; 
Muehl & Kremenak, 1966). Birch and Belmont (1964) developed a theory according to which deficient readers 
have difficulty with integrating information arriving from different sensory modalities. They tested this theory 
by comparing typical and impaired readers’ ability to judge the correlation between simple rhythm patterns (au- 
ditory) and dot patterns (visual). Many researchers attempted to replicate their experiments and obtained similar 
results (Beery, 1967; Muehl & Kremenak, 1966; Sterritt & Rudnick, 1966). 

In the past few years, research into the cross modal theory has returned to the fore following construction of 
the PDP theory as well as the emergence of evidence related to intra-sensory temporal processing as a central 
factor in the reading process. The focus of this research deals with the cross modal between the auditory-phono- 
logical and visual orthographic modalities as well as with the cross modal within each of these as a measure of 
the quality of the reading process. For instance, Bowers and Wolf (1993) hypothesized that deficits in process- 
ing speed, as measured by rapid automatic naming (RAN) naming tests, may be a “marker” for disturbances in 
the timing ability and automaticity when processing orthographic codes and their phonological representations. 
According to these researchers, impaired orthographic patterns develop when phonological units are not availa- 
ble in time for cross modal with letter sequences. Moreover, they also maintain that skilled readers must visually 
process each letter in a word and match them to their phonological representation, with slow encoding of single 
letters and/or complex patterns of words affecting the reading rate of words and pseudowords.  

Yap and Van der Leij (1993a) also confirmed the claim that dyslexic readers have difficulty in coordinating 
between visual and auditory stimuli presented to them. They also found that the ability to coordinate stimuli 
among these readers was impaired during the visual and auditory presentation of simple stimuli, which requires 
automatic processing (digits). The researchers claimed that dyslexic children have a problem with temporal dis- 
crimination within and between sensory modalities, with their main difficulty being parallel processing of sti- 
muli. 

An additional study conducted by Rose, Feldman, Janowski, and Futterweit (1999) examined the cross modal 
ability of dyslexics using pair judgments of non-linguistic stimuli, with both stimuli being either from the same 
modality or from one visual and one auditory modality. It was found that these measures significantly explained 
the differences in reading ability between subject groups and that the dyslexics were less accurate and slower on 
all task types.  

Recent research studies using imaging and cerebral activity examination techniques found that the left area of 
the angular gyrus, which is responsible for combining orthographic, phonological, and semantic information, is 
connected to dyslexia. One hypothesis is that the connections between this area and other regions in the cortex 
among dyslexic readers are less efficient than among typical readers (Poldrack, 2001). It has been claimed that 
dyslexics have greater difficulty in transferring or receiving information accurately to and from the left angular 
gyrus and other areas in the brain.  

Furthermore, it has also been claimed that the reading process, which involves different sensory systems, is a 
cerebral activity dispersed across different brain regions (Demb, Poldrack, & Gabrieli, 1999), thus highlighting 
the importance of the cross modal process for communication and transfer of information between the different 
areas involved in the reading process. Further evidence pointing to problems of the angular gyrus area among 
dyslexics was found in studies that compared blood flow between typical and dyslexic readers. The studies iden- 
tified a reduced blood flow in this area among dyslexics (Rumsey et al., 1994) and found that the connections 
between primary sensory areas and integrative regions are different between these two groups (Hayes, Warrier, 
Nicol, Zecker, & Kraus, 2003). In addition, postmortem structural evidence has demonstrated differences be- 
tween dyslexics and typical readers in this area of the brain (Humphreys, Kaufmann, & Galaburda, 1990). 
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In sum, consistent evidence has validated the claim that dyslexics have a problem with basic lower level 
processing in the visual, auditory and cross modal stimuli (Harrar, Tammam, Perez-Bellido, Pitt, Stein, & 
Spence, 2014). It has been claimed that this failure stems, among others, from impaired brain structures which 
are necessary for activity related to visual, auditory and inter-sensory cross modal (Bolmert, 2011). The ques- 
tions which  arise from theses finding are do these difficulties play a role in higher level linguistic processing 
of these modalities while processing words and pseudo words, an additional question is  whether the inter- 
sensory cross modal deficit in these level also stems from a larger SOP gap between the visual-orthographic and 
auditory phonological systems. This gap may provide deficient information to the cerebral areas responsible for 
inter-sensory cross modal and thus disrupt word decoding accuracy in reading. 

Word decoding relies on the processing within and between different modalities (visual and auditory) and, 
among others, on the precise cross modal of this information. Therefore this study examines the SOP and the 
accuracy of processing in the relevant modalities of reading, including visual, auditory and cross modal, by us- 
ing stimuli presented to each channel separately and to both channels simultaneously, all among the same sub- 
jects as compared to previous studies which usually examine only one channel. It is assumed that differences 
will be found between dyslexic and typical readers in terms of SOP during the processing of a lexical decision 
task in all the modalities, in addition it is expected to find a different prolife of processing in the three different 
modalities among adult dyslexic readers as compared to typical readers which we assume will do well in all 
modalities. 

2. Method 
2.1. Subjects 
The experimental group consisted of 20 dyslexic university students, aged 20 - 27 who had been diagnosed as 
dyslexic in childhood and as adults approached the university to accommodate them on the basis of their reading 
deficit. All students scored at least one standard deviation below average on word decoding measures (criterion 
for the definition of dyslexia, NICH, 2001; Ministry of Education Report, Breznitz, 2002b). The control group 
consisted of 20 typical reading university students, chronologically age-matched to the experimental group. All 
subjects exhibited average reading ability and above. The experimental and control groups were matched not 
only for age, but also for gender, IQ, and socio-economic status. They were all right-hand dominant, native 
speakers of Hebrew, with normal hearing and vision, and without known neurological problems or history of 
developmental attention disorder. None of the subjects were taking prescribed medications and all were paid 
volunteers 

2.2. Measures 
2.2.1. Group Validation Measures 

1) Background measures: 
A battery of tests was administered in order to validate the subjects’ allocation to the experimental or control 

groups, as follows: 
a) General Ability: Raven Standard Progressive Matrices (Raven, 1965). 
b) Attention: D2 test (Brickenkamp & Zillmer, 1995). 
2) Reading Measures: 
Reading measures included decoding and comprehension. The measures were scored for accuracy and per- 

formance time. 
3) Decoding accuracy: 
a) One-minute tests of reading words and pseudowords (Shatil, 1997).  
b) Reading text in context (The National Center for Evaluation, 2000).  
c) Comprehension: Comprehension during silent and oral reading (The National Center for Evaluation, 2000). 

The subjects read two texts, one silently and one orally. They were then required to answer multiple choice ques- 
tions for each passage. Total comprehension score for each sub-test ranged from 0 - 5.  

2.2.2. Experimental Measures 
This study used behavioral measures of accuracy and reaction time for each experiment. 
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In order to examine the various synchronization processes during word decoding, a lexical decision task was 
used in which the subject was required to decide whether a sequence of letters presented (visual/auditory) con- 
stituted a real word in spoken language or a pseudoword. Distinguishing words from pseudowords reflects word 
decoding ability as a measure of reading quality (Perfetti, 1994). 

Based on the lexical decision paradigm, the research tasks were comprised of sub-tasks according to the sen- 
sory modalities in which the stimuli were presented. Each subtest consisted of 120 stimuli, half of which were 
words and half pseudowords. All of the stimuli were comprised of 2 - 3 syllables (4 - 6 letters) representing the 
sounds in the language. The words were names of objects with medium frequency in the Hebrew language (tak- 
en from Frost, 2001). The pseudowords were based on the real words by replacing a letter or syllable and creat- 
ing a new meaningless stimulus. 

The stimuli were presented visually, aurally, and simultaneously. The visual stimuli presented on the comput- 
er screen were 3 cm in height and 4 - 5 cm in length. The subjects were seated at a distance of 1/2 meter in front 
of the computer. The auditory stimuli were recorded in stereo 44 kHz, 16 bits by a professional announcer in a 
recording studio and were presented to the subjects via headphones. All the stimuli, words and pseudowords, 
were presented randomly, and the ISI between stimuli was 2000 msec (approximate time for stimulus decay). 
Subjects were instructed to press a joystick button when the stimulus was a word and another button when it was 
a pseudoword, and the reaction time and accuracy of each subject was measured in response to these tasks.  

1) Visual lexical decision 
Examination of the rate and accuracy of processing within the visual channel was carried out by the presenta- 

tion of each stimulus for 200 msec to the center of the computer screen. Time was selected by a pilot test.  
2) Auditory lexical decision 
Examination of the rate and accuracy of processing within the auditory channel was carried out by the audi- 

tory presentation of each stimulus via headphones for 500 msec word (play range was between 450 - 550 msec).  
3) Cross modal task 
Each word was presented to the subject via headphones for 500 - 550 msec and was displayed on a computer 

screen simultaneously for the same time duration.  

2.3. Procedure 
The testing procedure was administered to each participant over two sessions in the Laboratory for Neurocogni- 
tive Research at the University of Haifa. The study was carried out in a sound attenuated room. Each session 
lasted approximately 1.5 to 2 hours. In the first session, reading level was tested and only those subjects deemed 
suitable were included in the sample. The behavioral tests were then administered. In the second session, the 
subjects performed the different experimental tasks. 

3. Results 
3.1. Validation of Experimental Groups 
General Ability Tests: The general ability tests were administered in order to validate that the subjects possessed 
an average IQ or above and that there was no difference between the groups in terms of IQ.  

Reading Tests: Significant differences were found for all reading measures. The dyslexics read words and 
pseudowords out of context slower and with more errors than the typical readers. Moreover, their silent and oral 
text reading was slower and with more errors as compared to the typical readers. No significant reading com- 
prehension differences were found between the dyslexics and the typical readers. These results can be seen in 
Table 1 which shows the means, standard deviations, and t-test scores for the reading measures. 

3.2. Results of the Behavioral Measures (Reaction Time and Task Accuracy) 
The means, standard deviations, and t-test results for the various lexical decision tasks are presented in Table 2 
it can be seen that there were differences between the two groups only in the visual and cross modal tasks. 

3.2.1. Visual Lexical Decision 
When the stimulus was presented to the visual field, the reaction time of the dyslexics was longer than that of 
the typical readers. In addition, the pseudo word recognition accuracy of the dyslexics was lower than that of the  
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Table 1. Means and standard deviations for reading measures.                                                          

Measure 
Typical readers (N = 20) Dyslexic readers (N = 20) 

T 
Mean S.D. Mean S.D. 

Words per minute 

Correct words 110.8 12.61 73.00 23.19 −6.40*** 

No. errors 0.85 1.26 2.05 1.76 2.44** 

Pseudowords per minute 

Correct pseudowords 70.95 20.56 35.20 13.27 −6.15*** 

No. errors 3.45 4.78 10.55 9.05 3.10** 

Oral text reading 

Reading time (sec) 92.01 12.36 129.21 33.2 4.69*** 

Reading errors 0.75 0.96 5.55 3.57 5.79*** 

Correct of 5 4.15 1.30 3.95 0.94 −0.55 

Silent text reading 

Reading time (sec) 84.04 40.70 119.93 51.46 2.45* 

Correct of 5 3.00 1.16 3.00 1.25 0.00 
*p < 0.05; **p < 0.01; ***p < 0.001. 
 
Table 2. Means, standard deviations, and t-test for the lexical, auditory, and cross modal lexical decision tasks.                       

Measure 
Typical readers (N = 20) Dyslexics (N = 20) 

T 
Mean S.D. Mean S.D. 

Visual Lexical Decision 

Word Accuracy Percentage 96.51 2.11 93.00 6.50 −1.46 

Word Reaction Time 617.10 39.51 691.38 55.97 3.24** 

Pseudoword Accuracy Percentage 98.35 1.45 87.80 12.57 −2.34* 

Pseudoword Reaction Time 685.10 58.97 814.25 127.26 2.67** 

Auditory Lexical Decision 

Word Accuracy Percentage 95.58 5.54 94.15 4.21 −0.92 

Word Reaction Time 1042.03 114.25 1071.21 112.16 0.81 

Pseudoword Accuracy Percentage 91.01 5.59 88.36 8.54 −1.15 

Pseudoword Reaction Time 1115.64 115.40 1149.67 124.73 0.89 

Cross Modal Lexical Decision 

Word Accuracy Percentage 96.56 4.30 91.53 10.11 −1.99* 

Word Reaction Time 760.68 125.68 813.92 109.75 1.39 

Pseudoword Accuracy Percentage 96.72 4.41 91.53 9.70 −2.12* 

Pseudoword Reaction Time 823.61 120.06 861.51 219.42 0.66 
*p < 0.05; **p < 0.01; ***p < 0.001. 
 
typical readers. 

3.2.2. Auditory Lexical Decision 
No significant differences were found between the two groups in accuracy and reaction time on the auditory task. 
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3.2.3. Cross Modal Lexical Decision 
When the stimuli were presented simultaneously in the visual and auditory modalities, the dyslexics were less 
accurate at recognizing words and pseudowords as compared to the typical readers. No differences in reaction 
time were found between the two groups. 

3.3. Differences between Presentation Modalities (Visual, Auditory, and Cross Modal) on 
the Lexical Decision Task 

In order to determine whether the presentation modality affected accuracy or reaction time during the lexical de- 
cision task, the data were processed using Repeated Measures MANOVA (3 × 2) 3 levels of stimuli presentation 
(visual, auditory and cross modal) among both groups (dyslexics vs. typical readers). 

Accuracy: A significant effect was found across groups for presentation channel (visual, auditory, and cross 
modal) (F(2,31) = 9.88, p < 0.001). The greatest accuracy was for cross modal (simultaneous visual and auditory 
presentation) (94.2%), followed by visual presentation (92.5%), and the lowest accuracy was for auditory pres-
entation (92%). The differences stemmed from the gap in accuracy between the visual and auditory modalities 
and the integrative presentation in both modalities. In addition, an effect of group across presentation modalities 
was found (F(2,33) = 3.18, p = 0.05), with lower accuracy for the dyslexic readers (90.2%) than for the typical 
readers (95.5%) in the three presentation fields. No significant interaction was found between groups for pres-
entation field.  

Reaction time: A significant effect was found across groups for presentation channel (F(2,31) = 84,87, p < 
0.001). The fastest reaction time was for visual presentation (745 msec on average), followed by cross modal 
(815 msec on average), and the slowest reaction time was for auditory presentation (1097 msec on average). The 
differences stemmed from the gap in reaction time between the three presentation methods (Figure 1 and Fig- 
ure 2). 

4. Discussion 
The current study was aimed at comparing the speed and accuracy of the different modalities involved in word 
decoding between dyslexic readers and typical readers. Using behavioral measures, we examined the speed and 
timing of information processing in the visual, auditory, and cross modal channels. The basic research task was 
that of lexical decision (words and pseudowords), which is accepted as being indicative of orthographic-seman- 
tic processing (words) and phonological processing (pseudowords). It is also accepted as distinguishing between 
typical and dyslexic readers (Perfetti, 1994). The subjects in this study were “compensated” adult dyslexics and 
a control group of age-matched typical readers. In general, the results of this study validate previous findings as 
to the existence of slow reading and information processing at the linguistic level among dyslexics. 

 

 
Figure 1. The differences in accuracy among typical and dyslexic readers in words and 
pseudo word processing in the three different modalities.                            
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Figure 2. The differences in reaction time among typical and dyslexic readers in words 
and pseudo word processing in the three different modalities.                        

4.1. SOP in the Visual Channel 
Most of the differences between the two groups in this study focused on the consistent slowness found among 
the dyslexic readers as compared to the typical readers in the SOP of the visual channel. In the visual lexical de-
cision task, the dyslexics were slower at decoding words and pseudowords and were also less accurate at recog-
nizing pseudowords as compared to the control group. These results provide support for the literature on adult 
dyslexics, which indicates that most of the difficulty in this population focuses on slow reading (Bruck, 1990) 
and phonological failure (Bell, McCaullum, & Cox, 2003; Bruck, 1990; Ransby & Swanson, 2003). Assuming 
that pseudoword reading is representative of phonological processing, it can be seen as an explanation for the 
dyslexic group’s inaccuracy when decoding pseudowords (see Breznitz & Misra, 2003; Miller-Shaul & Breznitz, 
2004; Schiff & Ravid, 2004). 

The slowness observed among the dyslexics during visual processing of reading representations may be ex- 
plained by the notion that these readers rely not only on the visual-orthographic channel, but also on the acous- 
tic-phonological channel. In other words, for these readers, the visual pattern is also subject to sound correspon- 
dence. Based on the assumption that the stored orthographic pattern in the lexicon of these readers is impaired 
and therefore not readily accessible and automatically retrievable, as is probably the case among typical readers, 
dyslexics appear to process the written word pattern in two processing channels. 

4.2. SOP in the Auditory Channel 
No significant differences were found between the two groups on the auditory lexical decision task for accuracy 
or reaction time. These results are not surprising, given that the research tasks at this stage were based only on 
pseudowords. Thus, for both groups of readers, listening to the stimuli was akin to hearing speech structures. If 
we accept that the impairment characteristic of dyslexics relates to reading written language, then it would not 
be plausible to assume that they also have difficulty in relation to spoken language. It is true that reading in- 
volves some of the same processes and sources of information that are associated with speech; however, reading 
is also an independent activity. Processing speech is carried out in a biological perceptual system, while reading 
depends on a biological mechanism that initially served a different function in humans (such as spoken language) 
(Catts, 1986). 

In the early 1990s, the definition of dyslexia was based on the gap between reading comprehension and lis- 
tening comprehension. Aaron (1991) and Padget (1996) both described the dyslexia phenomenon as a difficulty 
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with reading written words. There was an expected gap in reading comprehension and listening comprehension. 
Over the years, studies have presented evidence that dyslexics, especially adults, do not in fact have a listening 
comprehension problem (Bruck, 1990; Conners & Olson, 1990; Katzir et al., 2004; Lefly & Pennington, 1991; 
Ramus et al., 2003; Van Daal & Van Der Leij, 1999). It is important to note, however, that these same studies 
reported on a listening comprehension weakness among dyslexics (Ransby & Swanson, 1993). It was claimed 
that the dyslexics’ phonological deficit was the cause of their listening comprehension difficulty rather than a 
listening comprehension deficit per se. 

Moreover, the present study used stimuli containing simple words with medium frequency in the Hebrew 
language, and as such, there was no reason to assume that a Hebrew-speaking adult would have difficulty un- 
derstanding these words, especially as they were presented to the subject via the auditory channel. It is accepted 
that dyslexics’ comprehension is mainly impaired when reading complex and lengthy texts and not at the level 
of words or single sentences. It is therefore not surprising that the results of this study do not point to differences 
between groups on the auditory tasks. 

4.3. Cross Modality 
The rationale behind the presentation of stimuli to two sensory channels was based on the assumption that play- 
ing the stimuli to dyslexic readers as support for visual processing of the written symbol would ease their infor- 
mation processing, which would be expressed in accuracy and faster SOP. As a result, it was expected that the 
differences between the dyslexic readers and the typical readers would decrease. Indeed, a certain benefit to the 
dyslexics under the inter-sensory cross modal condition is suggested by the results showing that the reaction 
times of the dyslexics were similar to those of the typical readers on these tasks. 

However, relative to the typical readers, the dyslexics made more word and pseudoword decoding errors un- 
der the cross modal condition. A comparison of accuracy under the visual, auditory, and cross modal conditions 
within the dyslexic group indicates a certain advantage of processing information in the cross modal condition 
rather than a single channel, as reflected by the higher percentage of correct answers. Nevertheless, a compari- 
son of accuracy under the cross modal condition between groups shows that presentation to the two modalities 
simultaneously creates a disturbance of some kind that causes dyslexics to err more than typical readers. This 
finding may be explained by the assumption that despite having all of the information (visual and auditory) ne- 
cessary for precise decoding, the dyslexics erred more due to impulsivity (speed/accuracy trade-off) and the 
burden on their system of receiving simultaneous stimuli in two processing channels. 

These results are in line with recent brain research studies which have found that the dyslexic readers have 
difficulties in creating audiovisual constructs which can be used automatically and generate fluent reading 
(Blomert, 2011). In this study when information was given together and correctly in both modalities the dyslexic 
readers did not need to use these constructs and performed as well as the typical readers. 

4.4. Differences between the Three Presentation Modalities (Visual, Auditory, and Cross  
Modal) 

An examination of the differences between groups on the research tasks showed that the greatest accuracy in 
both groups was for the cross modal task and that no significant differences were found between the visual and 
auditory modalities. Thus, it is possible that simultaneous presentation of the information to both channels in 
both groups contributes to a more accurate performance of the task. An examination of reaction time on this task 
shows that the fastest performance was on the visual task, followed by the cross modal, and the slowest perfor- 
mance was on the auditory task. 

These findings are consistent with the type of processing carried out in the various modalities, based on the 
characteristics of these sensory systems. It is known that the visual processing of words is holistic, meaning that 
each word is perceived as one pattern, and takes place faster than auditory processing, which is sequential 
(Breznitz, 2002a). The present findings are in line with this fact and show that visual recognition of a word is 
faster than its auditory recognition. In addition, the reading process begins in the visual channel, and as such, 
this channel has another advantage in terms of processing rate (Adams, 1990). Ben Artzi and Marks (1995) also 
demonstrated that when two stimuli are presented simultaneously, there is preference for the visual over the au- 
ditory modality. They found that subjects relate more to visual than to auditory information when two stimuli 
are presented simultaneously in the two modalities. The subjects erred less and responded more quickly when 
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judging a sequence of stimuli according to the visual rather than the auditory stimulus. 

5. Conclusions and Future Research 
In conclusion, the results of this study support the claim that the basic failure in reading among compensated 
adult dyslexics, even after years of exposure to printed material, can generally be attributed to the visual channel 
and specifically to the speed of information processing within this channel. A disruption in the timing between 
the two processing channels begins in the perceptual stage and accumulates up to the completion of processing 
the linguistic stimulus. As the SOP timing is essential to the grapheme/phoneme conversion process used for 
precise decoding, this general slowness and its various stages contribute to the disruption of precise decoding. 

Taking into consideration the limitations of the information processing system, which pertain to the decoding 
activity as well, the decoding process among dyslexics is lengthy and is not synchronized in terms of speed. 
Consequently, this process is not economical in cerebral processing terms and makes it difficult for this popula- 
tion to create precise patterns in the mental lexicon. The results of this study strengthen the claim that supporting 
these processing systems, which provide inter-sensory cross modal, may ease the difficulty and even failure ex- 
perienced by dyslexic readers. Recent research has indicated that the human brain is flexible to change following 
training. As the present study suggests the importance of SOP and its synchronization to the quality of decoding, 
it is possible that a program could be developed to train the brain to process information more rapidly and the- 
reby enable more efficient inter-channel synchronization and a more precise decoding process.  

Based on the results of this study, future research should focus on the performance of various reading func- 
tions and not only on lexical decision tasks. It is also necessary to control the type of phonological and ortho- 
graphic processing by using tasks that examine this processing directly. 
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