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ABSTRACT—The diagnosis of letter-by-letter (LBL) dy-

slexia is based on the observation of a substantial and mono-

tonic increase of word naming latencies as the number of

letters in the stimulus increases. This pattern of perfor-

manceis typically interpretedas indicatingthatwordrecogni-

tion in LBL dyslexia depends on the sequential identifica-

tion of individual letters. We show, in 7 LBL patients, that

the word-length effect can be eliminated if words of differ-

ent lengths are matched on the sum of the confusability

(visual similarity between a letter and the remainder of the

alphabet) of their constituent letters. Additional experi-

ments demonstrate that this result is mediated by parallel

letter processing and not by any compensatory serial

processing strategy. These findings indicate that parallel

processing contributes significantly to explicit word rec-

ognition in LBL dyslexia and that a letter-processing im-

pairment is fundamental in causing the disorder.

In modern society, the cognitive faculty of reading is clearly a do-

main of expertise. The average English reader will have read more

than 100 million words at 25 years of age (Geisler & Murray,

2003). This practice allows people to extract the diagnostic visual

information (Gosselin & Schyns, 2002) needed to identify words

in less than 250 ms (McCandliss, Cohen, & Dehaene, 2003) and

to read words of different lengths at an invariant rate (approxi-

mately 530 ms for words of three to six letters; Weekes, 1997); this

stability of latencies across word lengths suggests that skilled

readers have the capacity to recognize several letters simultane-

ously. However, a lesion within the temporo-occipital region of the

left hemisphere can impair this parallel processing of letters and

dramatically affect reading capacities (Binder & Mohr, 1992;

Damasio & Damasio, 1983). The resultant reading impairment,

called pure alexia or letter-by-letter (LBL) dyslexia, was described

for the first time by Dejerine in 1892 (Bub, Arguin, & Lecours,

1993; Dejerine, 1892) and is characterized by an abnormally large

effect of length on word reading latencies (frequently more than

300 ms per letter). This abnormally large word-length effect is

usually taken to indicate that reading in LBL dyslexics is based on

sequential letter processing (Warrington & Shallice, 1980).
Despite 100 years of investigation, there is still no clear and

coherent functional account of why patients abandon parallel

letter processing to use a sequential strategy. In the present ar-

ticle, we uncover a fundamental factor, namely, the visual simi-

larity among letters, that almost completely accounts for the

word-length effect that is diagnostic of LBL dyslexia (see Arguin,

Fiset, & Bub, 2002, for prior evidence regarding the particular

sensitivity of LBL dyslexics to this factor). We also show that this

factor influences performance only under conditions permitting

parallel letterprocessing and that it hasno impact onsingle-letter

processing. The abolition of the word-length effect under the

appropriate conditions provides definitive evidence for residual

parallel letter processing in these patients.
There is prior evidence suggesting that parallel letter pro-

cessing still occurs in LBL dyslexics (Arguin et al., 2002;

Howard, 1991; Osswald, Humphreys, & Olson, 2002). For
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example, such individuals can read more efficiently when words

are presented letter by letter than when all the letters appear

simultaneously (Osswald et al., 2002). This suggests that parallel

letter processing may be disruptive. Other evidence, however,

points to a favorable contribution of parallel processing to word

recognition in LBL patients (Arguin & Bub, in press; Arguin

et al., 2002; Fiset, Arguin, & McCabe, in press). The positive

contribution of parallel processing appears to occur with words

made of letters with low confusability (based on the visual sim-

ilarity between a target letter and the remaining letters of the

alphabet—see the General Method section for further details),

but not with words made of letters with high confusability

(Arguin & Bub, in press; Fiset et al., in press).

In the present article, we examine whether letter confusability,

through its apparent impact on parallel processing, is the cause of

the protracted word-length effect that is diagnostic of LBL dys-

lexia. Indeed, as word length increases, so does the sum of the

confusability of constituent letters. If letter confusability acts

upon the probability of effective parallel processing, this prob-

ability should normally decline as word-length increases be-

cause of longer words’ increased summed letter confusability.

This hypothesis implies, however, that the effect of word length

would be canceled if one were able to equate summed letter

confusability across word lengths. In contrast, effects based on

length per se would remain.

In Experiment 1, we compared the reading of words that were

matched on the average confusability of their constituent letters

(the situation that occurs spontaneously when letter confusability

is left uncontrolled) and words that were matched on their sum-

med letter confusability. There should be a substantial effect of

word length on reading latency when words are matched for the

average confusability of their letters, because the summed

confusability will increase with word length. However, the word-

length effect may be eliminated when summed letter confusa-

bility is equated across word lengths. Indeed, note that the av-

erage confusability of all the letters in a word must decline when

the summed confusability of letters is matched across word

length. Experiments 2 and 3 are control studies showing that

matching for summed letter confusability eliminates the word-

length effect only when a parallel processing mode is adopted.

These results rule out the possibility that performance in Ex-

periment 1 can be explained by effects on serial letter identifi-

cation.

GENERAL METHOD

Case Reports

Six of the 7 patients described here have taken part in other

published or submitted studies. Table 1 reports the localization of

the patients’ lesions, as well as the patients’ word-length and

letter-confusability effects, and indicates the publications to

which readers can refer for additional clinical details.

Stimuli

Two word lists were created for use in Experiments 1, 2b, and 3.

Both were made of five-, six-, and seven-letter words (for L.H., 60

items/condition; for I.H. and W.R., 50 items/condition; for the

other patients, 40 items/condition) matched across lengths on

bigram and lexical frequencies and on orthographic neighbor-

hood size. In addition, in one list, words of different lengths were

matched on the average confusability of their constituent letters

(so that summed confusability increased linearly with word

length), whereas matching for the other list was based on summed

letter confusability. Letter confusability was determined from

empirical letter-confusion matrices obtained in previous studies

with neurologically intact observers (Gilmore, Hersh, Car-

amazza, & Griffin, 1979; Loomis, 1982; Townsend, 1971; Van Der

TABLE 1

Short Description of the 7 Patients

Patient

Word-length
effect

(ms/letter)
Letter-confusability

effect (ms)a Localization of the lesion
Publication reporting details

on patient

D.K. 400 280 Left occipital lobe (CT scan) Behrmann, Plaut, & Nelson (1998)

D.M. 410 500 Left medial and inferior occipitotemporal

gyrus (magnetic resonance imaging)

Osswald, Humphreys, & Olson (2002)

E.L. 405 480 Left peristriate infero-temporal, postero-lateral

temporal, and dorsal parietal cortices (CT scan)

Montant & Behrmann (2001)

H.J.A. 600 1,300 Inferior temporal, lateral occipitotemporal, fusiform,

and lingual gyri, all affected bilaterally magnetic

resonance imaging

Humphreys & Riddoch (1987)

I.H. 550 500 Left temporo-occipital area (neurosurgery report) Arguin, Bub, & Bowers (1998)

L.H. 550 600 Left temporo-occipital encephalomalacia

(magnetic resonance imaging)

Fiset, Arguin, & McCabe (in press)

W.R. 750 850 Left temporo-occipital area

(neurological examination)

No publication

aThis effect was measured for four-letter words.
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Heijden, Malhas, & Van Den Roovaart, 1984) and ranged from

.24 (letter L) to .73 (letter B), with an average of .48.

EXPERIMENT 1

Method

In Experiment 1, subjects were required to read aloud the words

from the lists. They were asked to read as rapidly as possible

while avoiding errors. On each trial, a fixation star appeared for

500 ms at the center of the computer screen and was followed by a

word, which remained visible until the subject responded. All

stimuli appeared in black against a white background and were

printed in Geneva 24-point bold font (Courier New 24-point bold

for L.H.). The experimenter registered each response and trig-

gered the next trial by a key press. Each reaction time (RT) was

measured from stimulus onset by a voice key triggered by the

subject’s oral response. The two word lists (one with words

matched for average confusability and one with words matched

for summed confusability)were intermixed ina single list to avoid

any effects of strategic control that might mediate reading per-

formance.

Results

Theresults foreachpatientwereanalyzedindividually.Allpatients

showed a significant interaction of word length and matching

condition (average vs. summed confusability)—D.K.: F(2, 221) 5

4.2, p < .05; D.M.: F(2, 227) 5 4.3, p < .05; E.L.: F(2, 217) 5

16.1, p< .001; H.J.A.: F(2, 215) 5 6.8, p< .005; I.H.: F(2, 258)

5 4.6, p< .05; L.H.: F(2, 318) 5 13.9, p< .001; W.R.: F(2, 262)

5 7.7, p < .005. An analysis of simple effects revealed a strong

word-length effect in all patients when matching was based

on average confusability—D.K.: F(2, 221) 5 31.1, p < .001,

slope 5 369 ms/letter, r2 5 .95; D.M.: F(2, 227) 5 11.4, p< .001,

slope 5 462 ms/letter, r2 5 .90; E.L.: F(2, 217) 5 25.7, p< .001,

slope 5 846 ms/letter, r2 5 .97; H.J.A.: F(3, 215) 5 6.0, p< .005,

slope 5 621 ms/letter, r2 5 1.0; I.H.: F(2, 258) 5 10.6, p< .001,

slope 5 620 ms/letter, r2 5 1.0; L.H.: F(2, 318) 5 20.4, p< .001,

slope 5 566 ms/letter, r2 5 .97; W.R.: F(2, 262) 5 14.0, p< .001,

slope 5 1,035 ms/letter, r2 5 1.0. However, 6 of the 7 patients

showed no significant effect of word length when summed con-

fusabilitywascontrolled—D.M.:F(2,227)<1;E.L.:F(2,217)<1;

H.J.A.: F(2, 215) 5 1.6, n.s.; I.H.: F(2, 258)< 1; L.H.: F(2, 318)<

1.0; W.R.: F(2, 262)< 1.0. Only D.K. showed a significant effect of

word length in this condition, F(2, 221) 5 3.8, p < .05, slope 5

165 ms/letter, r2 5 .99, and this effect was substantially weaker

than the effect when words were matched on average confusability.

Average response latencies across patients in Experiment 1

are shown in Fig. 1a. On average, the slope of the word-length

effect was 645 ms/letter when words of different lengths were

matched on average letter confusability and was reduced to a

nonsignificant�4 ms/letter when words of different lengths were

matched on summed letter confusability.

Discussion

The results of Experiment 1 show that the word-length effect

diagnostic of LBL dyslexia was abolished in 6 out of 7 patients

and greatly diminished in the remaining case when words of

different lengths were matched on the summed confusability of

their constituent letters. The abolition of the word-length effect in

these patients indicates that they can process letters in parallel.

However, the probability that parallel letter processing can

support overt word recognition in LBL dyslexia is strongly de-

termined by the summed letter confusability of a word. When

summed confusability is not controlled, it increases with longer

words, and this generatesa word-length effect that is diagnosticof

the disorder.

Alternatively, the results of Experiment 1 could be construed

as being consistent with word recognition in LBL dyslexia

Fig. 1. Average reaction times for all patients in Experiment 1 (a), Experiment 2b (b), and Experiment 3 (c) as a
function of word length.
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always being performed in a strictly LBL manner. This would be

possible if the rate of serial letter processing is a direct linear

function of the confusability of the individual letters. Matching

words of different lengths on average letter confusability would

mean the sequential letter processing rate would remain the same

across word lengths, and therefore RTs would increase linearly

with word length. Conversely, matching words of different lengths

on their summed letter confusability would make the average

confusability of letters in the words decrease with increasing

word length. This could speed individual letter recognition,

counteracting effects due to the increased time needed to read

more letters in longer words. The net outcome would be invariant

reading latencies across word lengths. We tested this alternative

account directly in three control experiments. In these control

experiments, the effect of letter confusability was assessed in

tasks involving the identification of single letters shown in iso-

lation or within a word context and in a task requiring the iden-

tification of words shown in a distorted format that prevented

parallel processing.

EXPERIMENT 2

Method

If the outcome of Experiment 1 resulted from an impact of letter

confusability on the rate of serial letter identification, then sin-

gle-letter identification should be sensitive to letter confusabil-

ity. This possibility was tested in Experiment 2 using tasks

requiring the identification of single letters shown either in iso-

lation or in a word context. In Experiment 2a, the procedure was

the same as in Experiment 1 except that the target was a single

letter. The letters of the alphabet were presented 10 times each in

a random order. In Experiment 2b, the fixation star (again pre-

sented for 500 ms) was followed by an arrow that appeared just

above the location of the target letter to follow and remained

visible until the subject responded. Aword appeared 500 ms after

the onset of the arrow, and the subject’s task was to name the letter

indicated by the arrow as rapidly as possible while avoiding er-

rors. Each RT was measured from stimulus onset by a voice key

triggered by the subject’s oral response. Only one letter was

probed on each trial, and the position of the probe varied ran-

domly across trials. Words were repeated until all the letters in

each word had been probed.

Results

Experiment 2a: Single-Letter Naming

The correlation between letter confusability and the time re-

quired for identification failed to reach significance in every

patient—D.K.: r 5�.03, n.s.; D.M.: r 5 .07, n.s.; E.L.: r 5 .09,

n.s.; H.J.A.: r 5 .04, n.s.; I.H.: r 5 .07, n.s.; L.H.: r 5 .06, n.s.;

W.R.: r 5 .01, n.s. Even in a comparison of the RTs for the five

letters with the highest confusability and the RTs for the five

letters with the lowest confusability (mean RTs of 826 and 810

ms, respectively), no patient showed a significant confusability

effect—D.K.: F(1, 96)<1; D.M.: F(1, 92)<1; E.L.: F(1, 93)<1;

H.J.A.: F(1, 95)< 1; I.H.: F(1, 93)< 1; L.H.: F(1, 87) 5 1.8, n.s.;

W.R.: F(1, 91) < 1. These observations are incongruent with an

account of the results of Experiment 1 based on a modulation of

serial processing rate by letter confusability.

Experiment 2b: Letter Naming in a Word Context

Total RT for each word was calculated by adding the RT for each

of its letters. The results of each patient were analyzed individ-

ually. No interaction of word length and matching condition

(average vs. summed confusability) was found in any patient—

D.K.: F(2, 216) < 1; D.M.: F(2, 220) < 1; E.L.: F(2, 219) < 1;

H.J.A.: F(2, 219) 5 1.7, n.s.; I.H.: F(2, 258) < 1; L.H.: F(2,

319)< 1; W.R.: F(2, 257)< 1. Indeed, a significant word-length

effect was obtained on these summed RTs in all patients and for

both word lists (Fig. 1b). The average slope of the word-length

effect was 879 ms/letter when words were matched on average

letter confusability and 774 ms/letter when words were matched

on summed confusability. Most important, no patient showed

a word-length effect that varied significantly across the two

forms of matching.

Discussion

The results of Experiments 2a and 2b indicate that single-letter

identification is impervious to letter confusability in LBL dys-

lexics. It could be argued that the conditions of Experiment 2a do

not relate to how letters are identified within a word context be-

cause individually presented letters, unlike letters presented in

strings, do not suffer from lateral masking caused by neighboring

letters. This argument is fully countered,however,byExperiment

2b, which showed no letter-confusability effect in single-letter

recognition even within a stimulus context favorable to lateral

masking. The findings of Experiment 2 therefore fail to support an

account of the results of Experiment 1 based on a modulation of

the rate of sequential letter processing by letter confusability.

One possible shortcoming of Experiments 2a and 2b is that

they involved static recognition, whereas, by definition, the se-

quential LBL strategy implies a dynamic process. It is thus

possible that a letter-confusability effect occurs in the letter

identification of LBL dyslexics only when the rapid sequential

processing of letters is required. The following experiment as-

sessed this possibility.

EXPERIMENT 3

Method

Experiment 3 assessed word recognition under conditions that

minimized the likelihood of parallel processing in order to de-

termine whether the results of Experiment 1 are attributable to

serial processing. The procedure and the words used were the

same as in Experiment 1, but this time the consecutive letters of

words were displayed on alternating lines (e.g., for the word
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‘‘baker,’’ ‘‘b k r’’ would be on the top line and ‘‘a e’’ on the line

below). This stimulus format breaks the normal visual letter se-

quence in a word, thereby disrupting parallel processing and

encouraging sequential, LBL processing.

Results

The results of each patient were analyzed individually. No patient

showed a significant interaction of word length and matching

condition (average vs. summed confusability)—D.K.: F(2, 216)

5 1.9, n.s.; D.M.: F(2, 218) 5 1.5, n.s.; E.L.: F(2, 216) < 1;

H.J.A.: F(2, 224)< 1; I.H.: F(2, 258)< 1; L.H.: F(2, 263) 5 1.8,

n.s.; W.R.: F(2, 262)< 1. The average slopes for the word-length

effect were 628 ms/letter and 732 ms/letter for words matched on

average versus summed letter confusability, respectively (Fig.

1c). These findings indicate that the rate of serial letter

processing in the recognition of our visually altered words is

resistant to the manipulation of letter confusability. As was the

case for Experiment 2, the results fail to support an account of

Experiment 1 that implies that the rate of sequential letter

processing in LBL dyslexia is (even partially) determined by

letter confusability.

GENERAL DISCUSSION

The present findings falsify the classical view that the word-

length effect in LBL dyslexia is caused by the number of letters in

a word, and thus exclusively reflects serial letter identification. In

fact, Experiment 1 demonstrated that the word-length effect is an

artifact of the summed confusability of the constituent letters of a

word, which happens to increase regularly with word length if it is

left uncontrolled. Thus, if words of different lengths are matched

on summed confusability, the diagnostic criterion of LBL dys-

lexia is abolished. This influence of letter confusability on

reading performance is not normal because this factor has ab-

solutely no effect in neurologically intact readers (Arguin et al.,

2002). Moreover, the impact of letter confusability in LBL dys-

lexia is restricted to conditions that may involve parallel letter

processing. Thus, LBL dyslexics show no impact of letter con-

fusability in tasks that require the processing of single letters,

either individually (Experiments 2a and 2b) or in a sequence

(Experiment 3).

Given these considerations, we propose a new theory of LBL

dyslexia to account for the summed-letter-confusability effect

that is responsible for the diagnostic sign of increasing RTs with

word length. This theory assumes that patients initially attempt to

recognize words through the parallel processing of letters, which

is the normal default mechanism for word recognition. Past work

by Howard (1991) has demonstrated that this process may oc-

casionally be successful in LBL patients. However, the proba-

bility that parallel processing will allow overt word recognition is

markedly diminished in LBL dyslexics relative to normal read-

ers. Moreover, in LBL dyslexics, this probability decreases

monotonically with increasing summed letter confusability

(hence with increasing word length if summed confusability is

left uncontrolled), whereas normal readers are entirely imper-

vious to letter confusability (Arguin et al., 2002; Fiset et al., in

press). In our theory, these two limitations in LBL dyslexics are

assumed to result from an abnormally low signal-to-noise ratio for

letter identification when visual attentional resources are spread

over the entire surface of the target word, as is necessary with

parallel processing. We propose that this is the core deficit re-

sponsible for LBL dyslexia, which might be more appropriately

relabeled ‘‘letter confusability dyslexia.’’

At the letter identification level, a signal-to-noise ratio that is

too low will effectively prevent word recognition because it be-

comes impossible to discriminate between the constituent letters

of the target and other, visually similar letters (see Arguin & Bub,

1995, and Arguin et al., 2002, for relevant evidence and dis-

cussion). We propose that it is this signal-to-noise ratio that is

controlled by summed letter confusability. If the summed con-

fusability is low, the signal-to-noise ratio for letter identification

will be high, and overt word recognition based on parallel

processing will be possible. In contrast, if summed confusability

is too high, parallel processing will fail to identify the target word

because the signal-to-noise ratio at the letter level is too low. In

the latter case, an alternative, compensatory processing mode

may be required to permit word recognition. We propose that this

compensatory mode involves serial focused attention on indi-

vidual letters, which is known to be associated with an increased

signal-to-noise ratio (Yeshurun & Carrasco, 1998). Thus, the

letter-confusability effect is eliminated when the task involves

the recognition of individual letters (Experiments 2a and 2b) or

when parallel letter processing is prevented in a word recognition

task (Experiment 3).

This theory accounts for the results of Experiment 1 as re-

flecting differential probabilities that parallel letter processing is

sufficient for overt word recognition and proposes that these

probabilities are directly determined by summed letter confus-

ability. The elimination of the impact of summed confusability in

Experiments 2a, 2b, and 3 resulted from the particular conditions

of these experiments, which involved focused attention at the

letter level (Experiments 2a and 2b) or made it impossible to

effectively process letters in parallel because of their irregular

relative positioning.

The proposed theory is also congruent with past observations

showing that high-level effects, including effects of orthographic

(Arguin & Bub, 1996; Arguin et al., 2002; Montant & Behrmann,

2001) and phonographic (Fiset et al., in press) neighborhood size,

lexical frequency, and imageability, occur in LBL dyslexia,

but only with words having low letter confusability (Arguin et al.,

2002; Fiset et al., in press). In particular, we (Fiset et al., in press)

have shown that these effects occur with words that have low,

but not high, letter confusability when they are displayed

normally. However, these effects are abolished, as is the letter-

confusability effect, when words are presented incrementally,
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one letter at a time, to prevent parallel processing. These ob-

servations demonstrate that high-level effects, as well as the

impact of letter confusability, are exclusive to parallel pro-

cessing and that high letter confusability can effectively block

access to the high-level representations mediating the neighbor-

hood-size, lexical-frequency, and imageability effects. Finally,

the initial attempt by LBL dyslexics to read words in a parallel

processing mode may account for the implicit-reading phenom-

ena reported in a number of patients (Coslett & Saffran, 1989;

Coslett, Saffran, Greenbaum, & Schwartz, 1993; Shallice &

Saffran, 1986; see Saffran & Coslett, 1998, for an overview).

An appropriate test of the latter proposal, which has yet to be

conducted, would be to examine whether implicit reading may be

blocked or diminished by high summed letter confusability.

Apoint that still needs tobeclarified is thecriterion forpatients’

switch from a parallel to a sequential letter-processing mode. We

propose that this criterion may be a joint function of the signal-to-

noise ratio for letter identification via a parallel process and of the

time elapsed since target onset. For instance, a severely impaired

patient may have such difficulty obtaining a proper signal-to-

noise ratio that he or she may rapidly decide to switch to a serial

letter processing, except on some rare occasions when the target

has an especially low summed letter confusability. In contrast, a

less impaired patient may maintain a parallel processing mode for

a longer duration and switch to serial processing only if the signal-

to-noise ratio remains too low after some criterion duration or if its

rate of increase becomes too low for the patient to expect a suc-

cessful outcome. This switch to serial processing does not nec-

essarily imply a slavish left-to-right processing of each letter in

the word, as LBL is often described. Instead, it is possible that

serial letter processing through focused attention concerns only a

subset of the letters whose identity has been especially difficult to

resolve using the initial parallel process. In other words, the serial

mode may take the form of a guided search aimed to complete the

partial letter-identity information that may have been obtained by

the parallel mode. Future studies should be conducted to assess

this possibility.

We conclude that the word-length effect that is diagnostic of

LBL dyslexia is an artifact of summed letter confusability. This

factor affects reading performance by modulating the signal-to-

noise ratio at the level of letter identification, a ratio that is ab-

normally low in LBL dyslexics. This core letter-processing deficit

is responsible for the low probability of overt word recognition

based on parallel processing that characterizes the disorder, as

well as for the fact that this probability is controlled by the sum of

the confusability of the letters making up the target word.
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