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ABSTRACT

The independence equations employed by Castles et al. (2006) and McDougall et al. (2005), have been used to provide evidence for a dual route model of reading.  However, such reports have been limited to basic naming tasks.  To test the robustness of previous claims, we examined the utility of the independence equation in predicting the regular word reading ability of normal reading adults in a lexical decision task. Participants were asked to read regular words (REGs; e.g., hint), exception words (EXCs; e.g., pint), non-words (NWs; e.g., bint) and pseudohomophones (PHs; e.g., pynt) and push a button based on whether the stimuli sounded like a real word. Both reaction time and accuracy rates were measured. Regression analyses were used to evaluate variance accounted for in actual REG reading performance given a predicted REG performance that was calculated from PHs and EXCs performance and the application of the independence equation. Results showed that both reaction time and accuracy measures could be used in the independence equation to accurately predict REG reading performance. This study provides further evidence for the mathematically independent relationship between the sight vocabulary and the phonetic decoding systems and support for the Dual Route Model of reading.
INTRODUCTION

Dual Route Model of Basic Reading

The process of reading has been studied extensively by researchers for many years. The dual route model (DRM) of basic reading suggests that readers have two systems that operate in parallel when reading various stimuli aloud (see Figure 1). The phonetic decoding (PD) system (or sublexical route) is used when reading stimuli that conform to a typical grapheme – phoneme correspondence. As such, reading stimuli with unfamiliar spelling patterns such as non-words (NWs; e.g., bint) or pseudohomophones (PHs; e.g., pynt) can be used as a measure of the PD system. The sight vocabulary (SV) system (or lexical route) is specialized in reading stimuli via lexical (whole-word) orthographic representations. Thus, reading exception words (EXCs; e.g., pint), which have atypical spelling-to-sound patterns can be used as a measure of the SV system. Regular words (REGs; e.g., hint) can be read successfully using either system, PD or SV, given that these stimuli contain both typical grapheme and phoneme correspondence and whole-word orthography.

[Insert figure 1 about here]

Sight Vocabulary and Phonetic Decoding

Evidence for the distinction between SV and PD systems has been provided using both basic naming and lexical decision tasks and from both normal and impaired readers. A hallmark finding that is often used to support the notion of separable systems (i.e., DRM) is the frequency by regularity interaction.  This interaction is a finding which suggests all high frequency/familiar words (both EXC and REG words) are processed via the SV system resulting in similar naming latencies however when word frequency is low, EXC words have slower naming latencies than REG words because they are differentially processed by the PD and SV systems respectively. Therefore, in the DRM, latencies for high-frequency words should be similar because the SV route is much faster with high frequency words. The SV route is so fast that inconsistent output from the PD route (e.g., with EXC words, pronouncing pint as rhyming with mint) is activated too late to have an effect on naming. However, when word frequency is low, EXC words should be named slower than REG words because the SV route cannot work fast enough with low-frequency words to override activation of incorrect EXC word output from the PD route. Visser & Besner (2001) had skilled readers take part in a basic naming task in which they had to name aloud high and low frequency REG and EXC words that were repeated, determining the validity of the frequency x regularity effect. In addition to replicating the frequency by regularity effect they found that repetition (e.g., increasing familiarity with the stimuli) served to decrease the reaction times for stimuli most reliant on the SV system (e.g., low frequency EXC words) supporting the notion that the two systems (e.g., SV and PD) are operating in parallel. If there were only one route, and the naming latency for low frequency EXC words were not a product of interference for the PD system, then repetition should serve to decrease reaction times from all stimuli in a similar fashion (e.g. maintain the frequency x regularity interaction). However, Visser & Besner’s (2001) study showed that repetition priming did eliminate or minimize the frequency x regularity interaction, allowing low frequency EXC words to rely more heavily on SV processing and thus minimize the impact of the PD system. Similarly, Martensen et al. (2005) used a lexical decision task, where skilled readers classified stimuli as either a word or a non-word, in which they instructed half of the subjects to accept pseudohomophones (activate the PD system) and the other half to reject pseudohomophones (ignore the PD system).  Those instructed to reject pseudohomophones, and accept only real words spelt correctly, responded slower and less accurately when responding to the pseudohomophones (than the regular or non-words) but responded faster than the other participants overall. The participants instructed to accept the pseudohomophones, and ignore the spelling of the stimulus items, responded significantly slower and less accurately overall. This study showed that the SV system is harder to ignore than the PD system. Both the lexical decision task and the basic naming tasks described above provide evidence of two separate reading pathways operating in parallel.
Dyslexia

Perhaps the strongest support for the distinction between the SV and PD systems in the DRM come from studies of individuals with two subtypes of dyslexia - phonological and surface dyslexia. According to the DRM, phonological dyslexia is characterized as an impairment of the PD system. This is based on findings that individuals with phonological dyslexia have difficulty reading stimuli such as NWs and PHs since these stimuli require access to the PD system in order to read them accurately. However, individuals with phonological dyslexia are still able to read REGs and EXCs because they have an intact SV system. In contrast, the DRM accounts for surface dyslexia by characterizing it as an impairment in the SV system. In this case, individuals have difficulty reading EXCs but maintain the ability to correctly read REGs, NWs and PHs since these stimuli can be processed via the PD system (Castles & Coltheart, 1993; Cestnick & Coltheart, 1995; McDougall et al., 2005).
Independence Equation

Recent work by Castles et al. (2006) and McDougall et al. (2005) proposed a mathematical independence equation to provide further quantifiable evidence for separate SV and PD routes. The researchers proposed that this equation could predict REG reading performance (which can be accomplished via SV or PD processing) based on measurements of SV (EXC word performance) and PD (NW or PH performance) processing. Subsequent research has been successful at implementing these equations in predicting reading ability in varying populations (e.g., children and adults with impaired and normal reading ability) and for varying dependent measures (e.g., accuracy, reaction time, hemodynamic measures; Castles et al., 2006; Cummine et al., 2008; McDougall et al., 2005; Coltheart et al., 2000). The independence equation, as developed by Castles et al. (2006) and McDougall et al. (2005), is as follows:

a) REG = PD + SV – (PD x SV)

or

b) REG = PH (or NW) + EXC – [PH(or NW) x EXC]

In addition, the independence equation can help us to further understand how language develops in children and the affect that different forms of dyslexia can have on a child’s reading ability (Castles et al., 2006; Coltheart et al., 2001; Castles and Coltheart, 1993).

The effectiveness of the independence equation has only been tested using a basic naming task. The generalization of this equation under other task demands, such as the lexical decision task (LDT), has yet to be established. As the LDT is used extensively in the evaluation of SV and PD systems, it is important to establish the utility of the independence equation for this task. The LDT presents letter strings (NW, REG, PH, EXC) and participants are required to make a word/non-word judgment. This judgment maximizes lexical representation whereas a basic naming task maximizes phonological representations as the individual is providing an overt response (Hino & Lupker, 2000). Both lexical and phonological representations are significant aspects of the DRM. Therefore, it is imperative to determine the accuracy of the independence equations using the LDT to support the theory of separate SV (lexical) and PD (sublexical) paths.

Summary

Based on the results of numerous research studies there is strong evidence to support the DRM and separate SV and PD pathways. The strongest evidence comes from dyslexia studies where the DRM has been found to successfully describe subtypes of both developmental and acquired dyslexia. To provide quantifiable evidence for separate SV and PD pathways, an independence equation has been proposed (above) that can predict REG reading performance (Castle et al., 2006; McDougall et al., 2005) given measurements of the SV and PD systems. The accuracy of this equation has been established with various populations (normal and impaired) on varying dependent measures (accuracy, reaction time, etc.) using basic naming tasks. Based on this evidence we expect the results of the equation will generalize to a LDT, thus providing further support for distinct PD and SV systems.

METHODS

To evaluate the equation of mathematical independence with a LDT we utilized four types of stimuli (e.g., REGs, EXCs, NWs, and PHs). To maintain consistency in response (e.g., evaluating ‘yes’ responses), participants were asked if the stimulus sounds like a real word, effectively ensuring ‘yes’ responses to REGs (as a measure of both SV and PD), EXCs (as a measure of SV) and PHs (as a measure of PD) and ‘no’ responses to NWs.

Participants:

University undergraduate students (N=46; males=14, females= 32; mean age=20.17; 43 right handed) were presented with REGs, EXCs, PHs, and NWs in a lexical decision task.  They were instructed to press ‘1’ (left click of the mouse) if the stimulus sounded like a real word and ‘2’ (right click of the mouse) if the stimulus did not sound like a real word.  The stimuli consisted of 18 REGs, 18 EXCs, 18 PHs and 54 NWs for a total of 108 items. Stimuli were matched for frequency, length and initial phoneme (McDougall et al., 2005). All participants had English as a first language. The experiment was conducted in compliance with the University of Alberta Ethics Committee.

Materials:

The experiment was conducted on a Dell desktop computer using the EPrime program (http://www.pstnet.com/) in a secluded testing area. Stimuli were presented to the center portion of the screen in 18 point black font on a white background.

Procedure:

Participants came to a testing room and were seated in front of a computer.  They were given the details of the experiment to read over and asked to sign a consent form. Researchers then went through the procedures with the participants individually to ensure full understanding of the task. Participants were instructed to read the stimuli presented on a computer screen and to respond as quickly and as accurately as possible to determine whether or not the stimuli sounded like a real word. Emphasis was placed on the sound of the word and not the orthography of the word in order to force a “yes” response to PH’s which contrasted with the “no” response of NW’s. Further clarification and expectations were given to participants by providing them with the following examples of each type of stimuli and expected responses: “yes” responses for REG – hint, EXC –pint, PH – pynt and “no” responses for NW – bint (Note: these example stimuli did not appear in the actual testing stimuli.). Lastly participants were instructed on how to use the mouse to give a yes or no response (Left click= YES, Right click=NO).

RESULTS

Reaction time and accuracy rates for each stimulus were recorded via the button press provided by the participants. Using the independence equation, two predicted regular word reading scores (accuracy and reaction time) were computed using measurements of the corresponding EXC (SV system) and PH (PD system) performance. Regression analyses were conducted to evaluate the extent to which we could account for variance in actual REG performance (the dependent measure) using the corresponding predicted REG performance (the independent measure). All responses <250ms were removed from the analysis and therefore not included in the results. 

Accuracy

Individual accuracy scores were derived for each participant and analyzed using a simple linear regression. All participants were skilled readers of English and were allotted unlimited time to respond to the presented stimulus. As such, the results showed a high level of accuracy in their responses for all word types. 
Overall mean accuracy responses for each stimulus type were: REG = 99.5%,EXC = 99% and PH = 74% (NW responses were not recorded since these stimuli were only used to force participants to make a choice and were not used in the independence equation). A simple linear regression analysis was conducted to determine the extent that actual REG reading accuracy could be accounted for given predicted REG reading accuracy as derived from the independence equation with PHs. This result was significant: t(45) = 2.539, p < 0.01. The adjusted R-squared value indicated that the predicted REG reading performance accounted for 11% of the variance in actual REG reading accuracy. The regression equation derived from this model for accuracy is as follows:

Actual REG accuracy = 0.438 + 0.559(Predicted REG accuracy)

This equation shows that for every one unit increase in predicted REG accuracy there is a 0.559 increase in actual REG accuracy. The standardized co-efficient that relates predicted REG accuracy to actual REG accuracy shows that for every one standard deviation increase in predicted REG accuracy there is a 0.357 standard deviation increase in actual REG accuracy. The standardized regression equation for accuracy therefore is as follows:

Actual REG accuracy = 0.357(predicted REG accuracy)

Reaction Time

We also addressed if the independence equation could accurately predict REG reading performance via reaction time. In addition to removing responses <250ms, we also removed incorrect responses for analysis of reaction time (0.09% of responses were removed). In order to utilize the independence equations for reaction time the data had to be transformed into a scale ranging from 0-1. To transform the data all reaction times were divided by the maximum reaction time of 3000 ms. 

Overall mean reaction times for each stimulus type were: REG = 773 ms, EXC = 809 ms and PH = 1458 ms (NW reaction times were not recorded since these stimuli were only used to force participants to make a choice and were not used in the independence equation). A simple linear regression analysis was conducted to evaluate the extent to which actual REG reading reaction time could be accounted for given predicted REG reading reaction time as derived from the independence equation with PHs. This result was significant: t(45) = 5.741, p<0.05. The adjusted R square value indicated that the predicted REG reading reaction time accounted for 41.5% of the variance in actual REG reading reaction times.  The regression equation derived from this model for reaction time is as follows:

Actual REG reaction time = 0.068 + 0.308(Predicted REG reaction time)

This equation shows that for every one unit increase in predicted reaction time there is a 0.308 increase in actual REG reaction time. The standardized coefficient that relates predicted REG reaction time to actual REG reaction time shows that for every one standard deviation increase in predicted REG reaction time there is a 0.654 standard deviation increase in actual REG reaction time. The standardized regression equation for reaction time therefore is:

Actual REG reaction time = 0.654(Predicted REG reaction time)

Figure 2 visually depicts the linear relationship found between actual REG reaction time (dependent variable) and the predicted REG reaction time (independent variable) according to these equations.

[Insert figure 2 about here]

DISCUSSION

Both predicted REG reading accuracy and predicted REG reading reaction times, as derived from the independence equation with PH’s, were significant in predicting actual REG reading measures for skilled readers. These results confirm our hypothesis that the independence equation will generalize to a LDT, providing further support for distinct PD and SV systems.

Although both accuracy and reaction time results were significant, when comparing the results, reaction time measures accounted for greater variance (41.5% of the variance) than accuracy measures (11% of the variance) in actual REG reading performances. The greater variance accounted for by reaction time suggest that reaction time measures were more reliable than accuracy measures in predicting actual REG reading performance. These results are expected given that the LDT allows for a larger range in reaction times than it does accuracy scores.  For example, stimuli requiring encoding using the PD system (PH’s) take longer to read since you have to phonetically decode each letter and search the mental lexicon to make a decision as to whether the stimuli sounds like a real word or not. Stimuli that require recruitment of the SV system do not require as much time since these stimuli (EXC) involve recognition of the stimuli as a whole-word and you do not have to phonetically decode and search the mental lexicon to make a decision. 

One explanation for the lower variance accounted for by accuracy measures could be due to a high ceiling effect that was found for accuracy measures. Most participants had very high accuracy scores (100%). This result may be due to the unlimited time participants were given to make a choice as to whether or not the word sounded like a real word. These results could also be an effect of using skilled readers as participants. Adult skilled readers of English have enough experience with the language to accurately decide what does and does not sound like a real word (especially when given unlimited time to do so).

Reading Acquisition

Accuracy rates may prove to have a higher predictive value when you consider populations other than skilled adult readers who are very familiar with the language. For example, children learning to read who are still developing a dual route system make more errors in reading different stimuli as they become skilled readers and place more reliance on either the SV or PD routes. Castles et al. (1993) provide evidence for quantitative stages that children go through as they learn how to read. These stages suggest that initially children rely heavily on the PD system and gradually become more reliant on the SV system as they build their sight vocabulary and acquire new words until eventually they develop a dual route system of reading (more adult-like system). The study by Castles et al. (2006) with the basic naming task found that accuracy rates using the independence equations could predict REG reading accuracy for children learning to read using a basic naming task. More research is needed to determine the extent to which reaction time measures and the LDT can account for regular word variance in a younger population. 

Dyslexia

Another population in which accuracy measures may have more predictive value is with individuals with impaired reading systems. Individuals with developmental dyslexia would be more likely to make more errors in one system than the other depending on what type of dyslexia they had (surface or phonological). This difference across systems would create more variation in responses (not always 100% accurate) and eliminate the ceiling effect found with skilled readers.  Because generally developmental dyslexics have both systems, with one system more developed than the other, we would expect to find a discrepancy between the types of errors made, with more errors attributed to either the SV or PD system in some readers (Castles & Coltheart, 1993). 

The DRM provides suggestions for considering the early reader and the developmental dyslexias (Coltheart et. al, 2001).   A child that is learning to read is in the process of acquiring the two systems for reading, SV and PD.  Someone with developmental dyslexia would also have two separate systems with some level of impairment in the SV system, the PD system or both.  According to the DRM, since either system can accurately read REG words, we should be able to apply the independence equation in the same way (Coltheart et. al, 2001).  System specific deficits may be identified, where those with significant errors on EXCs relative to other PHs may be identified as having surface dyslexia, and those with significant errors on PHs identified as having phonological dyslexia.   Castles and Coltheart (1993) used the linear relationship they found between reading accuracy for EXCs and NWs in typically developing children to differentiate system specific deficits in those with developmental dyslexia.  They found that 85% of those tested with developmental dyslexia showed system specific deficits, with a dissociation found between their EXCs accuracy and their NWs accuracy scores.  In many developmental dyslexics there is some overlap where there are deficits in both systems, neither system is fully developed, and therefore accuracy is low for both EXCs and PHs (Coltheart et. al 2001).   Individuals with developmental dyslexia could then be subtyped according to their system-specific deficits.  Classification of individuals with developmental dyslexia provides further insight into questions of etiology and may improve remediation strategies that could be targeted at specific dyslexic subtypes (Edwards & Hogben, 1999). The independence equation has also been applied to people with developmental dyslexia using the basic naming task (Coltheart et. al, 2001).  They found a high level of correlation between predicted REG reading accuracy and actual REG reading accuracy.  This confirmed the ability for the independence equation, and the DRM to be applied to this population.  Therefore, although developmental dyslexics generally have deficits in both systems, acquisition of each system is independent (Coltheart et. al 2001). Further research is needed to investigate the usefulness of the LDT, when applied to the independence equation, for this population.

A recent study by Bergmann and Wimmer (2008) attempted to distinguish between surface and phonological dyslexia using the LDT. They found evidence for slowed reaction times in REG and EXC words consistent with an impairment in the SV system for surface dyslexics. Additionally, slowed reaction times for NWs and PHs were found for individuals with phonological dyslexia consistent with an impairment in the PD system. A significant number of pure surface dyslexia cases (impairments in the SV system with no impairment in the PD system) were found which provided further support for the DRM. This study has shown that LDT can distinguish between the two types of dyslexia. The experiment we conducted showed that the independence equation was found to be significant in predicting actual REG reaction times in a LDT. The combined results from our experiment and Bergmann and Wimmer’s (2008) experiment provide further support for a DRM. In addition it can be hypothesized that the independence equation can be used to determine the type and extent of the impairment for individuals with acquired dyslexia as well as their current reading abilities. 


Similarly, research conducted on acquired phonological and surface dyslexia has shown that individuals present with symptoms representing an impaired PD system or impaired SV system, as described above. (Holmes, J.M., 1973; Coltheart et al., 1996; Coltheart et al., 1983; Vliet et al., 2004). Due to the similarities that have been documented between developmental and acquired dyslexias, several researchers have examined the validity of the DRM in describing both types of acquired dyslexias. They found the model to be as successful in describing subtypes of acquired dyslexia as it is in describing subtypes of developmental dyslexias and skilled readers (Coltheart et al. 2001; Castles & Coltheart, 1993; Castles et al., 2006). Research in developmental and acquired dyslexia research has shown evidence of two separate routes of processing reading based on where the reading impairment lies (i.e. EXCS or PHs) favouring the conclusion of a dual route model of reading.

The LDT proved to be a useful task for predicting REG word reading ability in skilled readers.  The predicted REG reading accuracy and reaction times were both significant in accounting for variance in actual REG reading performance for skilled readers.  This confirmed that the LDT can be applied to the independence equation to predict REG reading ability. Research using the LDT with other populations especially children learning to read, those with developmental dyslexia, and those with acquired dyslexia are still needed.  Although differences in reaction times accounted for the most variability with skilled readers, accuracy rates may prove more useful with other populations that obtain lower levels of accuracy. The basic naming task has been used with the independence equations for these populations and proven useful.  As such, the LDT with those with acquired or developmental dyslexia may also distinguish between deficits in the SV or PD system, and lead to a classification of either phonological or surface dyslexia.
Conclusion:


We provide further evidence in support of the separability of the SV and PD systems using the independence equations in a LDT. Our results suggest that although reaction time and accuracy measures could significantly predict actual REG reading performance when using the independence equation, reaction time may be a better measure of reading ability in skilled adult readers. Overall, our findings support the dual route model of reading where two pathways, SV and PD, are necessary for basic reading. The extent to which the lexical decision task and reaction time measures are useful in other populations (e.g., children and individuals with reading impairments) remains to be seen and further research is needed. 
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[image: image2.png]Figure 2: Predicted Reaction Times (via Independence Equations) vs.
Actual Reaction Times (as a percent of 3, 000 ms) on Regular (REG) words
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