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Number Processing in Pure Alexia: The Effect of 
Hemispheric Asymmetries and Task Demands 

L. Cohen’.2 and S. Dehaene2 

’Service de Neurologie, Clinique Paul Castaigne, HBpital de la SalpQtriere, 47 Boulevard de I’HBpital, 75651 Paris Cedex 13 and 
2Laboratoire de Sciences Cognitives et Psycholinguistique EHESS, INSERM and CNRS, Paris, France 

Abstract 

The relative sparing of arabic numerals, in patients who fail to read words or even letters, is a classical feature of 
pure alexia originally observed by Dejerine (Comptes Rendus des Seances de la Societe de la Biologie 1892; 4 
61-90). We report a study of number processing abilities in two patients suffering from typical pure alexia. Our 
main finding was that number identification performance varied considerably with task demands. Both patients 
could name pairs of digits, when they were engaged in a simple naming task or for the purpose of magnitude 
comparison. In contrast, they frequently misidentified the very same digits when treating them as the components 
of multldigit numerals, or as the operands of addition problems. Wlth two-digit numerals, a similar dissociation 
was shown between excellent comparison and severely impalred reading aloud. Finally, the variation of 
performance with task demands was shown not to prevail with spelled-out numerals. These findings confirm that 
some patients with pure alexia are able to process up to a semantic level symbolic stimuli that they cannot read 
aloud. We speculate that both hemispheres possess effective diglt identification abilities, which are differentially 
called on depending on the task. 

Introduction 

Ever since Dejerine’s ( 1892) seminal description of pure 
alexia, i t  has often been reported that, in this condition, 
reading of arabic digits may be relatively spared as com- 
pared with reading of alphabetic characters. Although a 
few tentative explanations have been proposed for this 
observation (Alajouanine et al., 1960; Geschwind, 1965a), 
its empirical value has never been fully appreciated and 
exploited. In the present study, we revisit the neuropsycho- 
logical status of arabic numerals in pure alexia. We show 
that a detailed analysis of the processing of arabic numerals 
provides strong empirical constraints on both the 
architecture of number processing models and the under- 
standing of pure alexia. 

The canonical account of pure alexia 

Reading aloud a string of characters is a complex task that 
requires the collaboration of the visual and the linguistic 
systems. According to standard neuropsychological models 
of the reading process, the first compulsory step in word 
processing is the construction, by the visual system, of a 
representation of the words in a format appropriate for 

triggering linguistic processes. This representation, which 
has been termed the ‘visual word form’ (Warrington and 
Shallice, 1980) provides a structural analysis of the visual 
stimulus into a parsed string of identified characters. The 
visual word form is hypothesized to provide a common 
input to all subsequent linguistic processes such as lexical 
access or spelling-to-sound translation. 

This standard model of reading offers an obvious 
explanation for the word processing deficit of pure alexics. 
Their visual system would be unable to create an adequate 
visual word form, thereby impeding all subsequent pro- 
cessing of written material. Lesion evidence is generally 
consistent with this view. It has long been known that pure 
alexia results from left posterior cerebral lesions, while 
similar right-sided lesions leave reading abilities unim- 
paired (Damasio and Damasio, 1983). In cases of infarc- 
tion of the left posterior cerebral artery, the minimal lesion 
sufficient to yield pure alexia has been tightly localized to 
the left ventral temporo-occipital region (Binder and Mohr, 
1992). This localization fits well with brain imaging studies 
of normal subjects (Petersen et al., 1990; Posner and 
Raichle, 1994). 

C o r r i q m d i v m  to: L. Cohen. 

D
ow

nl
oa

de
d 

by
 [

la
ur

en
t c

oh
en

] 
at

 0
5:

51
 2

7 
N

ov
em

be
r 

20
15

 



122 L. Cohen and S. Dehaene 

The precise nature of the underlying visual deficit is 
still debated and may differ across patients. Available 
explanations include direct destruction of the visual word 
form area (Warrington and Shallice, 1980), visual deaffer- 
entation of this area in patients with right hemianopia and 
an additional callosal lesion (Dejerine, 1892; Damasio and 
Damasio, 1983), or subtle deficits in the processing of 
complex visual patterns (Farah and Wallace, 1991; Fried- 
man and Alexander, 1984). Regardless of the exact neuro- 
logical cause, however, it is consistently assumed that pure 
alexia is due to an inability to construct a structural 
representation of written words. 

Some empirical difficulties 

The classical framework outlined above provides no reason 
to expect any difference in performance between words and 
non-words, between words of various syntactic, lexical or 
semantic categories, or even between letters and digits. As a 
matter of fact. however, patients with pure alexia often 
show some degree of preserved reading abilities. These may 
include the ability to read single digits and single letters 
with reasonable proficiency, which is at the basis of the well 
known letter-by-letter reading strategy. Moreover, a body 
of recent studies has put to light an unexpectedly wide 
variety of residual reading abilities. Some patients perform 
much better in tasks that entail implicit word identification, 
such as lexical decision or semantic classification, than 
when attempting to read the same words aloud (for reviews, 
see Griisser and Landis, 1991; Coslett et al., 1993). In a 
letter identification task, some pure alexics may also show a 
word superiority effect, which implies at least some rudi- 
mentary form of lexical access (Bub rt al., 1989; Reuter- 
Lorenz and Brunn, 1990). 

This body of evidence has led to the suggestion that the 
word identification abilities of at least some patients with 
pure alexia may vary with the task or strategy in which they 
are engaged (Coslett c t  ul., 1993). Rapid word identification 
would be minimal when patients are asked to read aloud, 
but would improve in lexical decision with briefly presented 
words. We shall argue that the relative sparing of arabic 
numerals is but an additional instance of those residual, 
task-dependent, reading abilities, and should be interpreted 
within a unified framework. 

Possible accounts of task effects 

The residual abilities of some pure alexics are obviously 
incompatible with the classical view of a complete disrup- 
tion of the visual word form. Two alternative proposals 
have emerged, which largely parallel the now classical 
debate on the bases of reading in deep dyslexia (e.g. 
Coltheart, 1980; Shallice, 1988). 

The first hypothesis proposes that an incomplete impair- 
ment in building up the visual word form could preclude 
reading aloud while permitting above-chance performance 

in ‘simpler’ tasks such as lexical decision or semantic catc- 
gorization (e.g. Bub ct d., 1989; Farah and Wallace, 1991: 
Friedman ef d., 1993). An impaired visual word form might 
still transmit partial activation to the lexicon. This partid 
activation may be sufficient to perform better than chance 
in a lexical decision task. I t  might also permit the retrieval 
of some general semantic features necessary for scniantic 
classification tasks. Some reciprocal top-down activation 
from the lexicon could even account for an itdvantage 01‘  
words over non-words in letter recognition tasks. However-. 
this weak lexical activation would not be sufficient to single 
out the target word from its competitors in the lexicon. A 
necessary condition for reading i t  aloud. 

An alternative proposal postulates that the midual word 
identification abilities of pure alexics reflect the operation 01’ 
a second, independent, word processing system localized in 
the right hemisphere (Shallice and Saffran, 1986; Coslett 
and Saffran, 1989; Griisser and Landis, 199 I ;  Coslett e! (I/.. 
1993). Several lines of argument have been cited i n  support 
of this position. First, studies of split-brain or left 
hemispherectomized patients (e.g. Gazzaniga and Hillyard, 
1971; Patterson ef al., 1989) have shown that the right 
hemisphere may, to some extent, identify visually presented 
letters and words. Second, the same variables appear to 
affect the reading performance of pure alexics and of the 
isolated right hemisphere. The right hemisphere of split 
brains (Zaidel and Peters, 1981) and of left hemis- 
pherectomized subjects (Patterson e f  ol., 1989) is often only 
capable of processing nouns of high frequency and high 
imageability, in keeping with some tachistoscopic data 
obtained in normal subjects (e.g. Hines, 1977; Eviatar r i  ( I / . .  

1990). The very same variables of grammatical category. 
frequency and imageability have been shown to influence in 
a similar fashion the performance of patient:< with pure 
alexia (Coslett et al., 1993). Third, direct support in fitvour 
of the right hemisphere theory was obtained recently by 
Coslett and Monsul (1994). They showed that, in a patient 
with partially recovered pure alexia, oral reading was 
dramatically disrupted by magnetic stimulation of the right 
hemisphere whereas left stimulation had no effect whatso- 
ever. 

The right-hemispheric framework (see Fig. 1 provides ;i 
natural explanation for the influence of task demands on 
the word identification performance of pure alcxics. The 
intact right-hemispheric word identification system would 
be adequate for tasks that require neither phonological 
processing nor spoken production, such as lexical decision 
or  semantic categorization. These tasks would be preserved 
in pure alexia only inasmuch as the words used figure 
among the limited visual lexicon of the right hemisphere, 
and also provided that the right hemispherr: possesses 
representations adequate for the required decision (e.g. ;I 

representation of coarse semantic categories). However, the 
right hemispheric word identification system would not be 
able to provide sufficient inputs to phonological or  
articulatory processes necessary for reading aloud. This 
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Number processing in pure alexia 123 

may be because the right visual system does not perform the 
kind of structural analysis of words that is appropriate to 
activate phonological structures, or because the callosal 
connections that could feed the output of a right-hemi- 
spheric word identification system to the phonological/ 
articulatory processes of the left hemisphere are absent, 
insufficiently precise, or have been lesioned. 

The case of arabic numerals 

Reading arabic numerals is in many ways similar to reading 
words. Patients with pure alexia for words generally have 
difficulties reading multidigit numerals. It seems likely that 
both deficits reflect the same functional impairment in 
constructing a structured representation of strings of 
characters. In the case of numbers, this representation has 
been termed the visual number form, by analogy with the 
visual word form (Cohen and Dehaene, 1991). 

As in the case of words, an influence of task structure on 
number reading has been observed in pure alexia. Thus, in 
most such patients, error rates per digit are lower when they 
are reading aloud isolated arabic digits (e.g. 6-+'six') than 
when they are reading aloud multidigit numerals (e.g 
46+'forty-six') (Dejerine, 1892; Holender and Peereman, 
1987; McNeil and Warrington, 1994). It should be stressed 
that despite their apparent similarity, these two reading 
tasks show deep functional differences. Thus, reading aloud 
digits only requires the production of the number word 

Left Hemisphere Right Hemisphere 

/ system 

\ semantic 
system 

visual 
word 1 
form 

c, 

Fig. 1. Anatomo-functional model of the reading process incorporating a 
putative indirect semantic right-hemispheric route. Shaded areas represent 
examples of lesions that should impede the formation of a visual word 
form and therefore yield pure alexia. 

corresponding to the stimulus, a task very similar to object 
naming, at which patients with pure alexia can be quite 
good. Reading aloud multidigit numerals, on the other 
hand, requires the parsing of a string of digits and the 
construction of a syntactically complex sequence of number 
words (McCloskey et al., 1990). Hence, as for word reading, 
two alternative explanations may be proposed for the good 
reading performance with single digits. I t  may reflect the 
operation either of a partially defective left-hemispheric 
system, or of an alternative right-hemispheric reading route 
only able to deal with single digits. 

In the following study, we explore the numerical abilities 
of two patients suffering from pure alexia. We show that the 
visual identification of arabic numerals changes dramati- 
cally with the task. In particular, it can be fully preserved in 
some tasks, a finding which is hard to reconcile with an 
incomplete impairment of a single identification system. We 
propose that the results can only be accounted for by 
appealing to two number identification systems, possibly 
residing in different hemispheres, and which may be 
separately called upon depending on the task, 

Case descriptions 

Patient G. 0. D. 

Medical history 
The patient was a 71-year-old right-handed man with a 
history of arterial hypertension. Before retiring, he had 
been a radio and television technician. He was admitted to 
the hospital for atrial fibrillation. Just following cardio- 
version to a sinus rhythm with amiodarone, the patient 
presented moderate confusion and right homonymous 
hemianopia. Confusion receded rapidly, and neurological 
examination revealed, in addition to the hemianopia, severe 
alexia without agraphia, some word finding difficulties, and 
moderate right spatial neglect. There was no sensory or 
motor deficit. CT scan (see Fig. 2) showed an infarct in the 
peripheral territory of the left posterior cerebral artery, 
affecting the calcarine cortex, the lingual and fusiform gyri, 
and the underlying white matter. 

Neuropsychological evaluation 
The present study was carried out one month after onset. At 
that time, the patient was alert, oriented and cooperative. 
Oral speech production and comprehension were normal 
on clinical examination. Forward digit span was of five 
items. There was no more evidence of spatial neglect in a 
line bisection task or in description of complex pictures. In 
constructional tasks, the patient had some difficulties in 
accurately placing the parts of a drawing relative to one 
another. He reported seeing colours quite normally, but 
showed a mild colour naming defect, a disorder commonly 
associated with pure alexia (Damasio and Damasio, 1983). 
He could easily recognize and name famous faces. There 
was no visual agnosia for objects. The patient made only 
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124 L. Cohen and S. Dehaene 

1 

2 

1 

7 

Fig. 2. Mesial view of the left hemisphere and transversal sections of patient G.O.D.’s brain reconstructed on the basis of CT scan, using templates from 
Damasio and Damasio (1989). The left hemisphere is represented on the right side of transversal sections. 

two errors in naming a series of 40 line drawings of objects 
selected from the set in Snodgrass and Vanderwart (l980), 
including one visually plausible mistake. Reading and 
writing will be described below. 

Patient S. M. A. 

Mrrlicul history 
The patient was a 77-year-old right-handed retired 
diplomat. He had a history of diabetes, arterial hyper- 
tension and myocardial infarct. One evening, he suddenly 
presented right hemianopia, and was admitted to the 
hospital, where alexia without agraphia was diagnosed. 
Two days later, right-sided numbness and paraesthesias 
appeared, as well as some degree of confusion and dis- 
orientation. Neurological examination showed right-sided 
hypaesthesia and mild spastic hemiparesis. There was still a 
dense right homonymous hemianopia without sparing of 
the macula on Goldmann perimetry. The patient also had 
marked difficulties in reporting the chronological succes- 
sion of past public events. CT scan (see Fig. 3) disclosed an 
infarct in the territory of the left posterior cerebral artery, 
affecting the calcarine cortex as well as the lingual and 
fusiform gyri. The lesion had a smaller anterior and 
superior extension than in patient G.O.D. There was 
another infarct in the posterior part of the left thalamus. 

These two lesions probably corresponded to the first and 
second neurological episodes, respectively, the occipital 
lesion being obviously responsible for the alexi,a. 

Neuropsychological evaluution 
The present study was carried out one month after onset. At 
that time, the patient was alert and cooperative, but not 
perfectly orientated in time. Oral speech production and 
comprehension were normal on clinical examination. There 
was no spatial neglect, and no limb apraxia. Al l  construc- 
tional tasks, as well as writing, were notably impeded by 
clumsiness of the right hand. The patient reported seeing 
colours quite normally, but showed a mild colour naming 
defect. He could easily recognize and name famous faces. 
The patient made four errors in naming the series of 40 line 
drawings described before. A substantial mernory deficit 
was evidenced on formal testing. The patient had a verbal 
memory quotient of 76 (1.74 SD below the mean) on the 
Wechsler Memory Scale Revised, and a total recall of 15 
out of 48 (n>44) on the memory test of Grober rf u/ .  
(1988). 

Language assessment 

The patients were submitted to a French version of the 
Boston Diagnostic Aphasia Examination (Goodglass and 
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Number processing in pure alexia 125 

I 
2 21 

2 20 

Fig. 3. Reconstruction of patient S.M.A.’s brain on the basis of CT scan. 

Kaplan, 1972; Mazaux and Orgogozo, 1982). Spontaneous 
speech was normal, except for mild word finding difficulties 
in G.O.D. As shown in Table 1, the scores of the two 
patients were remarkably similar and will be commented 
on together. They performed at ceiling level in all subtests 
of fluency, automatic speech, repetition and writing. Owing 
to S.M.A.’s motor difficulties, a few written words were 
difficult to decipher, explaining his lower than perfect score 
on sentence dictation. Both patients also showed a lack of 
precision in placing words on a line, and occasional 
reduplications of strokes in such letters as ‘m’ or ‘n’ were 
noted. Auditory comprehension was very good, except for 
the difficult items of the complex ideational material 
subtest in patient G.O.D. Naming subtests were all 
correctly achieved. G.O.D.’s errors in confrontation 
naming included four errors in reading aloud arabic 
numerals, and one colour naming error, while S.M.A. 
made one error in each of these two categories. In contrast, 
both patients were severely and selectively impaired in the 
reading and reading comprehension subtests. G.O.D. 
could not correctly read aloud a single item, while 
S.M.A.’s scores were slightly higher on the word reading 
and word-picture matching subtests. The patients were 
rather good at identifying a given target among five written 
words (word recognition subtest), maybe relying on 
relatively preserved letter identification abilities (symbol 
discrimination subtest). 

Additionally, the patients were orally presented with a 
series of 30 nouns three to nine letters long, and asked to 
write them down (see Table 2). There were no spelling 
errors, except for occasional duplications of strokes or 
small letters. The patients were visually presented with the 
same list of words and asked to read them aloud. Reading 
was nearly impossible. G.O.D. produced one single correct 
response (‘ville’). He engaged in a series of perseverative 
responses with the word ‘tien’ (yours) and testing had to be 
discontinued before completion of the list. Patient S.M.A. 
read correctly only two out of 30 words (‘cas’ and ‘moyen’), 
and produced seven times the word ‘quand’ (when) as a 
response. The patients were visually presented with the 
letters of the alphabet in random order. G.O.D. and S.M.A. 
both named correctly 15 out of 26 letters, and errors were 
often perseverative (out of 1 1  errors, G.O.D. responded ‘K’ 
four times, and SMA responded ‘H’ six times). A list of 20 
words three to seven letters long were spelled out orally to 
patient S.M.A., who could accurately identify 19 out of 20 
items. This task was not proposed to patient G.O.D. 

In short, both patients showed typical pure alexia, in the 
absence of any other significant language disorder. Patient 
S.M.A.’s additional memory deficit was unrelated to the 
phenomena studied here and will not be mentioned any 
more. Both patients had equally typical lesions affecting the 
left inferomesial occipito-temporal region (Damasio and 
Damasio, 1983; Binder and Mohr, 1992). 
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126 L. Cohen and S. Dehaene 

Processing of arabic numerals 

As ;I prerequisite to the experimental study, we first tried to 
establish whether pure alexia affected arabic numerals in 
thc same manner as i t  affected alphabetic script. To this 
end, the patients were asked to read aloud 70 one-digit 
numerals and 46 two- to four-digit numerals, as well as to 
write down on dictation 20 two- to four-digit numerals (e.g. 
‘two-hundred-and-thirty-one’ was to be written down as 
231). Results are summarized in Table 2. 

The patients did not make a single error in number 
dictation. When reading aloud single digits, G.O.D. and 
S.M.A.  made 8.6% and 18.6% errors, respectively. As 
shown in Table 2, error rates were much higher with 
multidigit numerals (G.O.D.: 80.4%; S.M.A.: 67.4%). The 
patients produced almost exclusively substitution errors, 
that is, numbers comprising the same number of digits as 
the target, for instance reading 504 as ‘seven hundred and 
six’ (G.O.D.: 35 out of 37 errors [94.6%]; S.M.A.: 29 out of 

l a b l e  1. Boston Diagnostic Aphasia Examination 

I’utlcnt G.O.D. S.M.A.  

t,‘lucncy 
Articulation rating 
Phrnse length 
Verbal agility 

Atitonintic speech 
Automatized sequences 
Reciting 

Kcpet i t  ion 
Words 
H i gh - p roba hi 1 i t  y sentences 
Low-probability sentences 

Mechanics 
Serial writing 
Primer-level dictation 
Spelling to dictation 
Written confrontation naming 
Sentences to dictation 
Narrative writing 

Auditory comprehension 
Body-part identification 
Word discrimination 
Commands 
Complex ideational material 

Writing 

N ;I ni i ng 
Responsive naming 
Naming of body parts 
Confrontation naming 

Word reading 
Sentence reading 

Word picture matching 
Sentences and paragraphs 
Oral spelling 
Word recognition 
Syinbol discrimination 

Reading 

Reading comprehension 

717 
7/7 

14/14 

9i9 
212 

l O / l O  
Xi8 
Xi8 

213 
45/47 
l5jl5 
lOjl0 
s i l o  

12/12 
4i4 

19/20 
60172 
12/15 
4/12 

30130 
27/30 
s i j i o s  

0/30 
O j l O  

O / l O  
O j l O  

718 
6/10 

418 

7i7 
717 

14/14 

9i9 
I /2 

lOjl0 
818 
8 i8  

113 

15/15 
lOjl0 
9/10 
9/12 
314 

19/20 
60172 
l5jl5 
12/12 

30/30 
26/30 

891 I 05 

6/30 
O / l O  

7/10 
Oil0 
7/8 
618 
7/10 

31 errors [93.5%]). Frequent perseverations were noted. I n  
contrast with this poor performance, patient S. M.A. only 
made a single error when asked to name 20 complex arabic 
numerals two to four digits long that were spelled out to 
him (for instance, ‘eight, four, zero’ was named as ‘eight 
hundred forty’). Importantly, this latter observation 
confirms that the patients’ reading errors did not rcsult 
from a faulty production of verbal numerals, but only from 
an impaired visual identification. 

Thus, arabic numerals seemed affected just  like alpha- 
betic script. Writing was intact, contrasting with a severe 
number reading deficit, particularly evident with multidigit 
numerals. Furthermore, both patients were relatively good 
at reading single digits aloud, as was previously reported i n  
other pure alexics. Error rates were significantly lower f o r  
single digits than for single letters (G.O.D.: 8.6% versus 
42.3%, x’( 1) = 12.58, P = 0.00039, Yates’ correction 
applied; S.M.A.: 18.6% versus 42.3’/0, $ ( I )  = 5.70.  
P = 0.017). 

Interestingly, there was a striking discrcpiincy between 
error rates per digi? when the patients read single digits and 
when they read multidigit numerals (G.O.D.: 8.6% versus 
46.8%, ~ ’ ( 1 )  = 29.71, P <  lop6;  S.M.A.: 18.6% vcrsus 
34.4%, ~ ~ ( 1 )  = 5.47, P = 0.019). (The few trials on which 
the patients’ errors could not be considered as digit 
substitutions were excluded from this analysis.) Whatevcr 
process was involved in the identification of single digith, 
this process obviously became dysfunctional or unavailnblc 
for the identification of single digits within multidigit 
numerals. 

Reading aloud pairs of digits 

The variable rate of reading errors per digit in reading aloud 
complex numerals versus single digits could be explained i n  
two alternative ways. I t  may reflect differences in task 
structure, such as the fact that reading aloud multidigit 
numerals, but not single digits, engages complex word 
assembly processes. Alternatively, i t  may simply be due to 
the higher visual complexity of multidigit numerals. I n  
order to elucidate whether the major determinant o f  
reading performance was task structure or !stimulus com- 

Table 2. Error rates (YO) in reading and writing words, letters and arahic 
numerals on clinical testing 

Patient G.O.D. S.M.A 

Writing to dictation 
Words 
Multidigit numerals 

Words 
Multidigit numerals 
Letters 
Digits 

Reading aloud 

0130 (0.0) 0/30 (0 0) 
0120 (0.0) 0/20 (0.0) 

29/30 (96.7) 28/30 (93 .3)  
37/46 (80.4) 31/46 (67.4) 
11/26 (42.3) 11/26 (42.3) 
6/70 (8.6) 13/70 ( 1 X . h )  
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% reading errors 

loo 1 
60 *O I 
0" I I I , 

a 2-digit numeral two digits 
stimulus read as 

"fifty three" "five, three" 

15 31 - 
Fig. 4. Errors (per digit) in reading aloud digit pairs as two separate digits 
versus as a single two-digit number. 0.  Patient G.O.D.; A. patient 
S.M.A. 

plexity, the patients were presented visually with 20 pairs of 
two different digits, which were to be read aloud in two 
different ways. On a first presentation of the list (one-digit 
condition), the patients had to name each digit separately 
(for example, 2 4 was to be read 'two, four'). On a second 
presentation (two-digit condition), they had to name each 
pair as a single two-digit number (for example, 2 4 was to 
be read 'twenty-four'). The pairs of digits were presented 
horizontally, one at a time, in random order. 

The patients only produced names of one-digit numbers 
in the one-digit condition, and names of two-digit numbers 
in the two-digit condition. All errors could thus be con- 
sidered as digit substitutions. As shown in Fig. 4 and Table 
3, the response pattern was quite similar in both patients. 
Error rates per digit were significantly higher in the two- 
digit condition than in the one-digit condition (G.O.D.: 
~ ' ( 1 )  = 14.53, P = 0.00014; S.M.A.: & I )  = 10.77, 
P = 0.0OlO). Furthermore, many perseverations were noted 
in the two-digit condition only. Hence, it may be concluded 
that the higher error rate per digit for complex numerals 
than for single digits resulted from a difference in task 
demands rather than in stimulus complexity. Indeed, when 
the task was held constant, the visual complexity of the 
stimulus had no influence on performance. The patients 
performed at the same level in the present one-digit 
condition as when reading single digits on clinical testing 

(G.O.D.: 7.5% versus 8.6% errors; S.M.A.: 17.5% versus 
18.6% errors). 

Digit addition and digit comparison 

We further investigated the influence of task structure on 
the patients' performance by contrasting digit addition and 
digit comparison. Those two tasks were chosen because, 
although they appear superficially similar, a theory of 
number processing suggests that they involve quite different 
stages of processing (Dehaene, 1992; Dehaene and Cohen, 
1995). In the comparison task, arabic numerals must be 
transformed into a magnitude code, over which the com- 
parison routine is thought to operate (Dehaene et al., 1990). 
In the addition task, arabic digits must be translated 
directly into verbal labels, which are then used to retrieve 
the corresponding result from rote verbal arithmetic 
memory. In short, the model assumes that addition 
operates on a verbal representation of numbers, whereas 
larger-smaller relations are computed from a distinct 
magnitude code (Dehaene, 1992; see McCloskey. 1992, 
discussed below, for a different model). 

We therefore expected that patients with pure alexia, 
because of their difficulties in reading aloud, might have 
trouble computing the internal verbal representation 
required for arithmetic fact retrieval, and hence would 
perform poorly in an addition task. However, they would 
have no problem in number comparison, which does not 
involve the verbal representation. 

Here, the same pairs of digits used previously were 
presented either for addition or for larger-smaller 

Table 3. Dissociations between paired tasks with identical numerical 
stimuli 

Paticnt G.O.D. S.M.A. 

Reading aloud digits (error rates (YO) per digit) 

Reading aloud pairs of digits (see Fig. 4) 
As a two-digit numeral 18/40 (45.0) 21/40 (52.5) 
As two one-digit numerals 3/40 (7.5) 7/40 ( 17.5) 

Digit reading during addition and comparison (sec Fig. 6) 
Reading-and-addition task 18/40 (45.0) 28%0 (35.0) 
Reading-and-comparison task 4/40 (10.0) 12,'80 ( I  5.0) 

Addition verification and shift in reading mode (scc Fig. 7)  
Naming the operands 20148 (41.7) 
Naming the proposed sum 0/24 (0.0) 

Other tasks (error rates (YO) per trial) 

Digit addition and digit comparison (see Fig. 5) 
Addition 14/20 (70.0) 25 40 (62.5) 
Comparison 2/40 (5.0) 0:40 (0.0) 

Reading and comparing two-digit numerals (see Fig. 8) 

Reading aloud (all errors) 20/22 (90.9) 39/44 (88.6) 
Reading aloud (inversions only) 5/22 (22.7) 17/44 (38.6) 
Comparison 0/44 (0.0) 0144 (0.0) 
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128 L. Cohen and S. Dehaene 

comparison. In the comparison task, patients were asked to 
point to the larger digit of each pair. In the addition task, 
they were asked to produce verbally the sum of the two 
digits of each pair. For instance, the patients were expected 
to respond 'eight' on presentation of the pair 5 3 .  The 20 
pairs were presented once in each condition to patient 
G.O.D., and twice in each condition to patient S.M.A.  

In  the comparison task, responses were fast and accurate 
(see Fig. 5 and Table 3): out of 40 trials. G.O.D. made two 
errors (5.0%) and S.M.A.  not a single one. The error level 
was much higher in the addition task: G.O.D. made 70.0% 
and S.M.A. 62.5% errors. Most importantly, on auditory 
presentation of the same problems, G.O.D. did not make a 
single error out of 40 addition problems, and S.M.A. made 
two errors out of 20 addition problems. This contrast 
between visually and orally presented addition problems is 
of paramount importance, since it demonstrates that both 
mental arithmetic and the production of verbal numerals 
(as already suggested by clinical assessment) were intact. As 
;I consequence, the origin of the errors with visual addition 
problems should logically be found in the identification of 
the operands. Therefore we suggest that the dramatic 
difference in performance level between addition and 
comparison should be attributed to a difference in digit 
identification itself. 

% errors 

80 
loo I 
m I &  

" 
addition COmpi arison 

say "eight" point towards 5 

Digit reading during addition and comparison 

In order to evaluate more directly the hypothesis that digit 
identification was differentially impaired during addition 
and comparison tasks, the patients were simply asked to 
read aloud the operands before performing the two tasks. 
In the reading-and-comparison task, the patients were 
asked to read both digits aloud and then to name the larger 
one and point to it. In the reading-and-addition task, they 
again named both digits before producing the sum. For 
instance, on presentation of the pair 5 3, the patients were 
expected to respond 'five, three . . . five' in the reading-and- 
comparison task, and 'five, three . . . eight' in the reading- 
and-addition task. The 20 pairs were presented once in each 
condition to patient G.O.D., and twice in each condition to 
patient S.M.A.  

Note that in the reading-and-addition task, patient 
G.O.D. often reordered the operands and named the larger 
digit first, which is the canonical order in which addition 
facts are taught at school (reordering was also observed 
with auditorily presented problems). Patient S.M.A. ,  on the 
other hand, named the digits in their left to right order. For 
both patients, a conservative estimate of naming errors was 
computed by considering as correct all responses that could 
have resulted from a digit inversion. For instance, when 
presented with the pair I 7, G.O.D. said 'five and one 
makes six'. This was scored as a single naming error on 
digit 7. 

I n  the reading-and-comparison task, neither G.O.D. nor 
S.M.A.  made a single error in pointing to the larger digit 

Fig. 5. Errors (per trial) in adding versus comparing digit pairs. 0.  Patieni 
G.O.D.; A. patient S.M.A. 

(see Table 3). In the reading-and-addition task, they 
produced an erroneous sum in 15 out of 20 trials (75.0%) 
and in 21 out of 40 trials (52.5%) respectively. These error 
rates were similar to those reported in the previous section. 
suggesting that reading aloud the operands did not 
significantly alter the addition and comparison tasks. 

More importantly, as shown in Fig. 6 and Table 3, both 
patients made significantly more errors when reading aloud 
the very same pairs of digits in the context of addition 
problems than in the context of comparison problems 
(G.O.D.: ~ ' ( 1 )  = 12.29, P = 0.00046; S.M.A.: 
~ ' ( 1 )  = 5.94, P = 0.015). This demonstrates that the 
patients were not relying on the same digit identification 
procedure when solving addition problems and when 
performing larger-smaller comparisons. Impaired identif- 
cation, rather than poor calculation, was responsi t ie  for the 
high error rate in the addition task. Indeed, the patients 
produced the correct sum of the misread digits in all trials 
but one. For instance when presented with the pair 2 4, 
patient G.O.D. said 'four and six makes ten'. Thus, the 
addition routine itself was obviously intact. 

Patient G.O.D. was also asked to read aloud and solve 
some multiplication problems using the same digit pairs. 
His performance was remarkably similar to that observed 
with addition problems. He produced the wrong result i n  I I 
out of 20 trials (55%). All such errors were due to ;I 

misreading of one operand ( 1 1  errors out of 40 digits 
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80 

60 

% reading errors 
loo I 

- 

- 60 

8o I 
” 

addition comparison 

15 31 I3+1=9 I - I I 

Fig. 6. Errors (per digit) in reading aloud digit pairs for the purpose of 
adding versus comparing them. 0 ,  Patient G.O.D.; A, patient S.M.A.  

Fig. 7. Errors (per digit) in reading aloud the operands versus the proposed 
sum of addition problems. 

[27.5%]), an error rate higher than in the comparison task 
( ~ ~ ( 1 )  = 4.02, P = 0.045). Like in the addition task, he 
always produced the correct product of the misread digits 
(for instance, when presented with the pair 4 9, he 
responded ‘four times six makes twenty-four’). In contrast, 
he made only one error out of 20 when the same multi- 
plication problems were presented to him auditorily (he 
responded ‘one’ to the problem ‘seven times one’), further 
confirming that both mental arithmetic and verbal output 
were virtually intact. 

In brief, the above results showed that the patients’ 
accuracy in digit identification depended on the task. When 
engaged in arithmetic calculations, they made more 
frequent reading errors than when reading single digits or 
when performing a comparison task. 

Addition verification and shift in reading mode 

We then tried to establish how rapidly such reorganization 
could take place in cases where the two types of processing 
are mixed within a single task. To this end, we presented 
patient G.O.D. with an addition verification task. He was 
required to add two digits and to compare their sum to a 
proposed result. We expected that, within each trial, the 
patient would make numerous errors in the addition 
component, and at the same time perform accurately in 
the comparison component. 

We selected 24 pairs of digits whose sum was also a single 
digit. Each pair was presented as an addition problem, with 
a third digit as a proposed sum. The addition was correct in 
nine problems and incorrect in the other 15 problems. The 
patient was asked to read aloud the two operands, then to 
compute and produce verbally the sum, and finally to read 
aloud the proposed sum and to state whether the proposed 
result was correct or false. For instance, when presented 
with the problem 3 f l  = 9, the patient was expected to say 
‘three and one makes four ,  nine, it’s false’. 

Error rates differed widely across the successive stages of 
the task (see Fig. 7 and Table 3). When reading the 
operands, patient G.O.D. made 41.7% errors, a figure 
similar to the 45.0% error rate observed in the previous 
task. As before, he always produced the correct sum of the 
misread operands. In striking contrast with his poor 
reading of the operands, he did not make a single error 
out of 24 digits when reading aloud the proposed result. He 
was also perfect in deciding whether the proposed result 
and the result that he had computed himself were identical 
or different. In summary, the only errors occurred during 
the identification of the operands and were propagated 
through all further stages of the task. For instance when 
presented with 5 + 4 = 9, patient G.O.D. said ‘five and 
three makes eight, nine, it’s false’. 

These results indicate that patient G.O.D. could rapidly 
switch between different reading modes and made digit 
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YO errors 
100 1 

"forty seven, 
fifty two" point towards 52 

14752 1 
I I 

Fig. 8. Errors (pcr trial) in reading aloud versus comparing two-digit 
Illllllcl-ills. 

identification errors only in the context of additions but not 
i n  the context of sailleedifferent judgements. I t  seems 
somewhat paradoxical that the patient appeared to possess, 
nt  least in some situations, an adequate digit reading 
routinc, yet was not able to use it at all times. The switching 
between reading modes. however, appeared to be under 
partial attentional control. For instance, with the same 
problems. the patient was instructed to read aloud each of 
the three digits, disregarding the + and = signs, and then 
look up and mentally decide whether the operation was 
correct or not. In  this situation, he made only six reading 
errors out of 72 digits (8.3%). none of which entailed any 
verificatioti errors. Thus i t  was possible to induce him to 
read the component digits of addition problems as if they 
were isolated digits, but this was not his default strategy. 

Reading aloud and comparing two-digit numerals 

So far. the inlluence of task context was demonstrated only 
with single digits. We now examine if this effect generalizes 
t o  milltidigit numerals. We have seen that reading aloud 
inultidigit numerals was disproportionately impaired as 
cotnpnred to single digits. However, two-digit numerals 
were o n l y  studied i n  the context of a single task (reading 
aloud 1, and one may wonder whether they could be 
identified correctly i n  other contexts. We examined if the 

dissociation between reading aloud and comparison. 
already observed in several patients with large posterior 
left-hemispheric lesions (Cohen and Dehaenc. 199 I : 
Dehaene and Cohen, 1991; Cohen ci NI., 1994), could hc 
replicated in pure alexic patients. 

A list of 22 pairs of two-digit arabic numerals was 
constituted. The larger number was on the right in  half thc 
pairs and on the left in the other half. A second list of 22 
pairs was derived from the original list by simply inverting 
the right and left numerals in each pair. In the comparison 
condition, the patients were presented with bolh lists, ~ ind  
asked to point to the larger number of each pair. They were 
instructed to refrain from reading the stimuli aloud. I n  the 
reading condition, patient G.O.D. was presented with thc 
original list and patient S.M.A. with both lists, one pair at ;I 

time, and asked to read aloud the two numerals. For 
instance, the patients were expected to respond 'forty sevcii, 
fifty two' when presented with the pair 47 52. 

As shown in Fig. 8 and Table 3, the comparison task was 
extremely easy for both patients and did not yield a single 
error. In the reading task, by contrast, patient G.O.D. made 
at least one error on 90.9% of trials and S.M.A. on XX.6"/,, 
of trials. These errors affected 31 out of 4.4 (70.4%)) 
numbers in G.O.D., and 61 out of 88 numbers in S.M.A. 
(69.3%). A high rate of perseverations was observed. Both 
patients tended to repeat over and over again the same 
numbers regardless of the actual stimulus. For instance 
when reading the sequence of pairs 68 71, 39 4 2  32 29 and 
26 62, patient G.O.D. said '68 79 69 79 79 49 69 69'. 

The above difference in overall performance levd 
between comparison and reading aloud, although very 
suggestive in itself, does not strictly demonstrate thar 
stimuli were better identified in the former than i n  the latter 
task. More critical is the frequency of those reading errors 
that did not respect the relative magnitude cbf the two 
stimuli (for instance, patient G.O.D. read 78 76 ;is 'seventy 
eight, seventy nine'). I f  reading aloud rests on a less effectivc 
number identification procedure than comparison, this 
particular kind of reading error could be more frequent 
than comparison errors. In contrast, i f  the same identifica- 
tion procedure intervenes in both tasks, there should be no 
such difference. In the reading task, patient G.O.D. made 
22.7% errors that did not respect the relative magnitude of 
the stimuli, while patient S.M.A.  made 38.6"/0 errors of this 
kind (see Table 3). These error rates were significantly 
higher than the (null)  error rates observed in the 
comparison task (G.O.D.: ~ ' ( 1 )  = 7.82, P = 0.0052, Yates' 
correction applied; S.M.A.: x'( 1 )  = 21.07, P = 0.000004). 

In brief, this experiment provided perhaps the clearest 
evidence of contrasted identification abilities across tasks. 
Both patients performed very poorly when reading a l o u d  
two-digit numerals (as was already shown in previous scc- 
tions), but they were perfectly accurate in comp,.iring two 
such numerals. These results suggest that two-digit 
numerals, like single digits, may be identified by two dif- 
ferent systems, only one of which is impaired in pure alexiLi. 
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Number processing in pure alexia 131 

Reading spelled-out numerals 

The data described so far concerned only arabic numerals. 
As a final point. we investigated whether similar effects 
would obtain with alphabetically spelled-out numerals, 
using the same tasks as with arabic numerals. 

The patients were presented with pairs of spelled-out 
numerals, printed one word above the other. Stimuli were a 
translation of the list of digit pairs used in previous tasks. 
Four tasks were used. In the simple reading condition, the 
patients were asked to read aloud each word. In the 
reading-and-addition condition, they were asked to read 
both words aloud, and then to produce their sum. In the 
reading-and-comparison condition, the patients had to read 
both words aloud and then to name the larger one and 
point to it. For instance, on presentation of the pair FIVE/ 
THREE, the patients were expected to respond ‘five, three 
. . . eight’ in the reading-and-addition task, and ‘five, three 
. . . five’ in the reading-and-comparison task. Finally, in the 
silent comparison task, they simply had to point to the 
larger number without reading it aloud. In each condition, 
patient G.O.D. received the experimental list twice, and 
patient S.M .A. once. 

As shown in Table 4, and contrary to what was observed 
with arabic digits, task structure did not exert any influence 
on the naming of number words. The rate of naming errors 
was not different across the three conditions in which overt 
reading was required (G.O.D.: ~ ’ ( ( 2 )  = 1.64, P = 0.44; 
S.M.A.: ~ ‘ ( 2 )  = 0.55, P = 0.76). In the reading-and- 
comparison and the reading-and-addition tasks, the 
patients’ final answer was always in keeping with their 
naming of the operands. In the reading-and-addition task, 
they always produced the correct sum of the misread 
operands (except for one omission in patient G.O.D.). In 
the reading-and-comparison task, they always chose the 
larger number of the two that they had produced (for 
instance, when presented with the pair ‘two three’, patient 
G.O.D. said ‘six, three, it’s six’). 

In the silent comparison task, patients G.O.D. and 
S.M.A. made 12.5% and 15.0% errors, respectively. There 
was no difference in the rate of comparison errors between 
the silent comparison and the reading-and-comparison 
tasks. 

Pooling the naming data from the simple reading, the 
reading-and-addition and the reading-and-comparison 

Table 4. Error rates (YO) with alphabetically spelled-out numerals 

Patient G.O.D. S.M.A 

Word naming (error ratc (YO) per word) 
Simple reading 18/80 (22.5) 5/40 (12.5) 
Reading-and-addition 17/80 (21.2) 3/40 (7.5) 
Reading-and-comparison 12/80 (15.0) 4/40 (10.0) 

Reading-and-con1 parison 10/40 (25.0) 2/20 (10.0) 
Silent comparison 5/40 (12.5) 3/20 (15.0) 

Magnitude comparison (error rate (YO) per trial) 

tasks, patient G.O.D. made 19.6% errors, and patient 
S.M.A. 10.Oo/n errors. I t  may seem that both patients 
performed rather well considering the severity of their pure 
alexia. However, this relatively good performance can 
probably be attributed to a strategy of reading only the first 
few letters of each word. Such a strategy can be highly 
successful with spelled-out numerals because the set of 
possible stimuli is small and because the French numerals 
from one to nine start with a different letter, except for ‘six’ 
and kept’. When the set of stimuli was extended to all 23 
single-word numerals, both patients made significantly 
more reading errors (G.O.D.: 20 errors out of 46 [43.5%]. 
~ ’ ( 1 )  = 12.3, P = 0.00046; S.M.A.: 18 errors out of 46 
[39.1 YO], x’( I )  = 19. I ,  P = 0.00001 3). Many of these errors 
consisted of substitutions of words starting with the same 
letter (for instance, patient G.O.D. read ‘quatre’ [4] as 
‘quinze’ [I51 and ‘trente’ [30] as ‘treize’ [13]). 

In conclusion, with spelled-out numerals, the absence of 
any performance variation across tasks suggested that the 
same word identification procedure operated in all 
conditions. This contrasted sharply with the reading of 
arabic numerals, which showed a consistent influence of 
task structure. 

General discussion 

Summary of results 

We have explored the number processing abilities of two 
patients suffering from typical pure alexia. In most 
experiments, we used identical stimuli and examined the 
variations in performance as a function of task demands. 
We first showed that the patients were better at reading two 
digits as a pair than as a two-digit numeral. I t  appeared next 
that the patients performed perfectly when comparing two 
digits, but quite poorly when adding them, even though 
addition of spoken numerals was perfect. When asked to 
read aloud the operands while performing the addition and 
comparison tasks, the patients made many more reading 
errors during addition than during comparison. This 
suggested that their poor addition performance was due 
to a misidentification of arabic digits. This finding was 
extended to an addition verification task, in which addition 
and comparison processes were combined on each trial. A 
similar dissociation between excellent comparison and 
impaired reading aloud was documented with two-digit 
numerals. Finally, the variation of performance with task 
demands was shown not to prevail with spelled-out 
numerals. 

Models of number processing 
We first address the question of how our observations on 
number reading and calculation fit with available models of 
number processing. A currently influential model has been 
proposed by McCloskey and his colleagues (McCloskey et 
ul., 1985; McCloskey, 1992). This model assumes that when 
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calculation 0 mechanisms 

arithmetic 0 facts 

t 
1-1 f 

representation 

f-1 
McCloskey ’s model 

verbal numeral U production 

arabic numeral 
production 

comparison 0 - magnitude 
word frame representation 

arabic 
number form 

Dehaene ’s triple-code model 
Fig. 9. Schematic representation of McCloskey’s and Dehaene’s number processing models 

subjects are required to process arabic numerals, an arabic 
comprehension module comes into play which converts the 
input digit string into an amodal semantic representation of 
the number. The same semantic representation can also be 
evoked, via other specialized comprehension modules, by 
stimuli in other notations such as spelled-out numerals or 
spoken number words. All subsequent processes, such as 
addition, comparison or reading aloud, are assumed to 
operate exclusively on this central abstract representation 
(see Fig. 9). 

The present observations appear incompatible with 
McCloskey’s framework. Our patients made no errors in 
comparing arabic numerals, which in McCloskey’s model 
implies that the arabic comprehension module and the 
comparison procedure were preserved. Likewise both 
patients were perfect in producing orally the results of 
additions that were read aloud to them. This implies that 

the addition process itself, the spoken comprehension, and 
the spoken production modules, were intact. Finally, 
writing arabic numerals to dictation was perfect. indicating 
that the written production module was intact. One should 
therefore reach the paradoxical conclusion that the entire 
number processing system depicted in Fig. 9 was intact! As 
a matter of fact, however, addition and reading aloud of 
arabic numerals were severely affected. Our results 
demonstrate that the performance in identifying arabic 
numbers varies depending on the task, which is fundamen- 
tally at odds with McCloskey’s hypothesis of a task- 
independent comprehension module. 

More generally, our results appear difficult to reconcile 
with the hypothesis of a partial deficit affecting a single 
visual identification system (Bub et nl., 1989; Farah and 
Wallace, 1991; Friedman et al., 1993). Several re:iults seem 
difficult to account for in such a framework. First, i t  is not 
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Number processing in pure alexia 133 

clear why a partially disrupted visual number form should 
be sufficient to compare two arabic numerals or to name 
single digits, but not to perform mental arithmetic or to 
read aloud complex numerals. Both patients were essen- 
tially perfect in comparing arabic numerals differing by as 
little as one unit, a situation which prevailed in one-quarter 
of the digit comparison trials. Even though magnitude 
comparison may be considered as a kind of category 
judgement, it seems unlikely that it can be performed with 
such accuracy on the basis of a partially impaired identi- 
fication system that would generate numerous naming and 
calculation errors, sometimes on the very same trial. 
Second, the hypothesis of a partial deficit does not account 
for the performance variation in reading aloud, depending 
on the task in which patients were engaged. As an illustra- 
tion of this point, remember that, in the addition verifica- 
tion task, patient G.O.D. made more than 40% errors when 
reading the operand digits, but not a single error when 
reading the proposed sum. 

An alternative model of number processing has been put 
forward by Dehaene (1992; Cohen et ul., 1994). This triple- 
code model supposes that number processing is subserved 
by three distinct mental representations of numbers: a 
visual arabic code (the visual number form), an auditory 
verbal code, and a semantic magnitude code (see Fig. 9). 
Dedicated transcoding routines allow for a conversion 
between any two of these codes. Finally each elementary 
computation is assumed to operate over specified input and 
output codes. In particular, data from normal subjects 
suggested that number comparison operates only on the 

Left Hemisphere Right Hemisphere 

\ 
magnitude megnitude 

number 
\ form, 

Fig. 10. Model of number processing combining the main features of the 
anatomo-functional model of reading displayed in Fig. 1 and of the triple- 
code theory displayed in Fig. 9. 

analogue magnitude representation. whereas arithmetic 
fact retrieval relies on the verbal code. A somewhat similar 
framework has been proposed by Campbell and Clark 
under the name of encoding complex theory (Campbell and 
Clark, 1988; Clark and Campbell, 1991). 

I t  is possible to 'lesion' the triple code model in such a 
way as to account naturally for the main features of the 
present data. The deficit in reading arabic numerals can be 
attributed to a single lesion affecting the direct transcoding 
route linking the visual arabic code to the auditory verbal 
code. Such a lesion leaves intact the translation of arabic 
numerals to the magnitude code, thus explaining the 
excellent performance of patients in number comparison 
tasks. The sparing of the auditory verbal representation and 
its attached computations explains that all tasks involving 
only spoken numerals could be performed adequately. 

Anatomical implementation 

The triple code model was initially developed as a purely 
psychological construct. However, since it came to be used 
as a framework for the interpretation of neuropsycho- 
logical deficits, it seems desirable to specify as well as 
possible the cerebral implementation of its components 
(Dehaene and Cohen, 1995). 

There is clear evidence from commissurotomized patients 
that either hemisphere is able to identify visually presented 
arabic digits, as well as to decide accurately which of two 
digits is larger (Sergent, 1990; Seymour et ul., 1994). These 
observations suggest that the visual arabic code, as well as 
the magnitude code, are represented in both hemispheres in 
a duplicate form. In contrast, an isolated right hemisphere 
is unable to name digits aloud, and to perform even simple 
arithmetic calculations, while these two tasks are easy for 
an isolated left hemisphere (Gazzaniga and Hillyard, 1971; 
Gazzaniga and Smylie, 1984). In the context of the triple 
code model, verbal output and arithmetic computations are 
dependent on the auditory verbal code, which therefore 
appears to be restricted to the left hemisphere. This pattern 
of hemispheric specialization is further supported by the 
observation that patients with extensive left hemispheric 
lesions, while unable to solve any arithmetic problem, may 
none the less compare accurately one- or even two-digit 
numerals (Grafman et al., 1989; Dehaene and Cohen, 
1991). Thus, the triple-code model reduces to the large-scale 
cerebral network depicted on Fig. 10 (see Dehaene and 
Cohen, 1995, for further discussion). 

Within this model, a left infero-mesial occipito-temporal 
lesion, as observed in the two patients that we have 
described, would disrupt the left hemispheric visual number 
form itself, its afferents, or both. This would result precisely 
in the functional impairment proposed in the previous 
section. First, reading aloud arabic numerals should be 
impaired, due to an inability to transmit digit identities 
directly from the visual system to the verbal system. 
However, partial reading may in principle remain possible 
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134 L. Cohen and S. Dehaene 

through an indirect reading pathway involving the right 
hemisphere. As apparent on Fig. 10, numerals can be 
identified by the right hemispheric visual system, and then 
translated into a semantic representation specifying, in 
particular, the associated magnitude. This magnitude 
representation can be transferred to the left hemisphere, 
and eventually activate the verbal system, allowing for the 
production of a verbal response. Second, calculation 
impairments are also predicted. Assuming that mental 
arithmetic relies on verbal abilities, it follows that it should 
also be dependent on direct input from the left visual system 
(Dehaene, 1992). Accordingly, the patients made numerous 
addition errors resulting from a faulty identification of the 
operands. Finally, and in contrast with addition, number 
comparison should be preserved because the intact right 
hemisphere, by itself, possesses sufficient identification and 
magnitude processing abilities. 

Further details 

Although this framework appears to account naturally for 
the behaviour of the patients we have described, several 
aspects of their reading performance, particularly relating 
to the influence of task structure, deserve further discus- 
sion. 

First, why do patients with pure alexia generally have 
difficulties reading aloud multidigit numerals, but not single 
digits'? We see at least three explanations that are not 
mutually exclusive and that emphasize either the visual, the 
semantic, or the verbal differences between single digits and 
multidigit numerals. At the visual level, the intact right 
visual system is able to recognize simple symbols (which 
may be viewed as essentially equivalent to single objects), 
but i t  might be unable to compute a structural representa- 
tion for objects comprising multiple parts, such as words or 
digit strings (Farah, 1990). At the semantic level, each small 
number probably evokes specific semantic associations, 
including a precise magnitude estimate, which, when 
transmitted to the left hemisphere, may fully specify the 
adequate verbal response. Most large numbers, however, 
do not receive such a specific semantic interpretation. There 
may be exceptions, such as round numbers, famous dates, 
or brands of cars, and indeed we have observed a relative 
sparing of such numerals in a patient with deep dyslexia, 
whose reading was also presumed to rely on a right- 
hemispheric semantic route (Cohen et al., 1994). Finally, at  
the verbal level, reading aloud multidigit numerals requires 
assembling an elaborate sequence of words obeying 
language-specific rules. This is not unlike the phonological 
assembly required for naming non-words, and may demand 
specific visual number form information for input, rather 
than semantic information. By contrast, naming single 
digits only requires retrieving a single word, a process 
analogous to the naming of ordinary objects and which 
may be performed on the basis of semantic information 
provided by the right hemisphere. 

Secondly, why are single digits better read than single 
letters (Dejerine, 1892; Holender and Peereman, I987)? 
Again, several explanations may be proposed. A t  the visual 
level, digits and letters are equally simple visual objects, but 
letters are more numerous and may be more similar to one 
another. A similar argument can be made at the .verbal level 
since letter names often sound very similar (Alajouanine rt 
al., 1960). Finally, at the semantic level, contrary to digits, 
letters do not possess much intrinsic meaning that could 
help specify unambiguously their identity to the left 
hemisphere (Geschwind, 1965a; Holender and Peereman, 
1987). Whatever is the correct explanation, i t  is rioteworthy 
that a similar advantage of digits over letters has been 
observed with stimuli flashed to the isolated right hemi- 
sphere of six split-brain patients (Teng and Sperry, 1973). 
This observation is in good agreement with the idea that the 
discrepancy between digits and letters observed in pure 
alexics reflects a contribution of the right hemisphere. 

Thirdly, how can we explain the remarkable variation in 
reading aloud even single digits, depending on the task 
context? Our two patients made almost no er:rors when 
reading digit pairs in the context of a comparison task, 
whereas many reading errors occurred in the context of an 
addition task. Why were they unable to use their right- 
hemispheric reading route equally well in both taLsks? Only 
tentative solutions can be offered for this observation. We 
speculate that when subjects engage in a given cognitive 
task, a set of appropriate cerebral circuits is selected. There 
is good evidence from functional brain imagery in normal 
subjects that changes in task structure result in major 
reorganizations of active brain areas, even when stimuli are 
kept identical (e.g. Corbetta et al., 1990; Posner and 
Raichle, 1994). In the particular case of number processing, 
we have observed significant differences in regional blood 
flow during multiplication or  comparison of the same pairs 
of digits (Dehaene et a/., in preparation). Such task-related 
reorganization may affect reading processes. The cortical 
network for solving addition problems presumably involves 
only left-hemispheric structures, including the lesioned 
visual number form system. Thus the patients are not 
induced towards an optimal use of their intact right- 
hemispheric reading pathway. Conversely, number com- 
parison can be performed by either hemisphere, and 
electroencephalographic evidence indicates that i t  recruits 
bilateral posterior areas for digit identification and 
magnitude processing (Dehaene, 1995). In this situation, 
attentional resources are allocated to the right hernisphere. 
which can therefore contribute effectively to the reading 
process. Moreover, in the course of the comparison process, 
the right hemisphere is obliged to characterize as precisely 
as possible the magnitude of the target digits. It is 1 herefore 
not surprising that this refined analysis may increase thc 
accuracy of reading aloud. 

A related hypothesis has been put forward by Landis o r  
al. (1980; Regard et al., 1994) and by Cipolotti (1995). They 
suggest that right-hemispheric reading abilities are in- 
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hibited when the left-hemispheric linguistic system is 
actively functioning. According to this hypothesis, when 
subjects are engaged in an addition task, the right- 
hemispheric reading route would be repressed. 

Finally, why was there no influence of task demands on 
the naming of spelled-out numerals? Our personal obser- 
vations of a patient with a posterior callosal lesion suggest 
that the right hemisphere may not be able to recognize 
written number words, although we know of no published 
data on this topic. In agreement with this hypothesis, the 
two patients reported here seemed to rely on the 
identification of the first few letters in order to read aloud 
spelled-out numerals. Because this was their only available 
procedure for reading number words, we speculate that the 
patients were obliged to use it irrespective of the subsequent 
task. In general, number words seem to behave like 
abstract, infrequent, or grammatical words which the right 
hemisphere is unable to identify. With more concrete and 
imageable words, task effects on word identification can be 
observed, as reviewed in the introduction (Coslett et al., 
1993). 

Related findings in number processing 

Previous reports have already mentioned in passing that the 
identification of arabic numerals is generally preserved in 
pure alexics, and that performance may vary with task 
demands. Dejerine ( 1  892) noted that ‘the patient recognizes 
very well all digits’, while ‘he cannot recognize a single 
letter’. Dejerine also observed that multidigit numerals 
seemed not to enjoy the same advantage. In order to read 
aloud the numeral 112, the patient first had to name each 
digit in turn. Although most subsequent studies of pure 
alexia did not specifically consider the case of arabic 
numerals, a review of the relevant literature indicates that 
this pattern of behaviour seems to be the rule (Holender 
and Peereman, 1987). For instance. the patient described by 
Kreindler and Ionasescu (1961) could read aloud single 
digits, but produced many substitution errors similar to 
those of patients G.O.D. and S.M.A. when he was asked to 
name multidigit numerals. Moreover, there were some 
suggestions that this patient showed a dissociation between 
addition and comparison tasks reminiscent of the present 
observations. 

More recently, McNeil and Warrington (1994) have 
described a patient who shared several striking features 
with the present cases. Although he suffered from a bilateral 
brain tumour and also had nominal aphasia, the patient 
mainly showed severe alexia without agraphia. Just like 
patients G.O.D. and S.M.A., he could read single digits 
much better than digits embedded in complex arabic 
numerals, and his reading errors were all digit substitutions. 
Furthermore, he was severely impaired in adding or 
multiplying written numerals, while he was excellent in 
comparing them. Most importantly, he was excellent in 
solving the very same arithmetic problems on oral presenta- 

tion, suggesting that the identification of written digits 
operated differently during addition and comparison. 

Extension to pure alexia and optic aphasia 

Outside of the numerical domain, an influence of task 
structure on the identification of visual stimuli has been 
evidenced with various types of material other than written 
numerals, including words and even objects or pictures. As 
reviewed in the introduction, patients with pure alexia may 
display residual word identification abilities in tasks such as 
lexical decision or semantic classification (Coslett et al.. 
1993). Moreover, patients with the syndrome of optic 
aphasia are able to access specific information about objects 
or colours that they cannot name or even describe on visual 
presentation (Freund, 1889; Lhermitte and Beauvois, 1973; 
Coslett and Saffran, 1989). 

All such patients may be characterized by a selective 
naming deficit on visual presentation, with evidence from 
non-verbal tasks that the stimuli were properly recognized. 
Another common characteristic is the frequent occurrence 
of perseverations in naming. The patients reported here 
often produced the same response for many trials in a row 
when naming letters, words or arabic numerals. Similar 
perseverative behaviour has been reported in patients with 
optic aphasia (Lhermitte and Beauvois, 1973; Farah, 1990). 

A homogeneous framework can be proposed to account 
for these common characteristics of pure alexia (for words 
and for arabic numerals) and optic aphasia. First, the left- 
hemispheric verbal system does not receive normal inputs 
from regions of the visual system specialized for word, digit, 
object or colour recognition, and thus naming of such 
stimuli is affected. Perseverations may be considered as 
‘attempts to fill gaps in the information available to [the] 
speech area’ (Geschwind, 1965b, p. 590) when the verbal 
system is deprived of adequate inputs. This typically results 
from a lesion of left-hemispheric visual areas associated 
with a posterior interhemispheric disconnection. Second, 
the intact right-hemispheric visual system may remain able 
to identify and categorize some visual stimuli, allowing 
patients to show a variety of residual abilities. 

This interpretation is uncontroversial in the case of split- 
brain patients who fail to name stimuli presented in their 
left visual hemifield. In split-brains, because of the complete 
disconnection, stimuli in the left hemifield cannot gain 
access to the verbal system, resulting in left alexia and visual 
anomia with frequent perserverative errors. At the same 
time, accurate identification can be demonstrated when the 
patients are required to respond using their right hemi- 
sphere only (e.g. Gazzaniga, 1970). 

A similar interpretation may apply in the case of pure 
alexia and optic aphasia. It is, however, made more 
complex by the fact that the interhemispheric disconnection 
is only very partial and that therefore the two hemispheres 
can still exchange a substantial amount of information. In 
particular it seems likely that the right hemisphere can 
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136 L. Cohen and S. Dehaene 

extract and transfer to the left verbal system some semantic 
information about the stimuli. Such partial transfer has 
been proposed as the basis for the residual reading abilities 
and semantic errors in patients with deep dyslexia or pure 
alexia (Coltheart, 1980; Shallice, 1988; Cohen et al., 1994). 
In general, performance in any visuo-verbal task will 
therefore depend, first, on the competence of the isolated 
right hemisphere, and secondly, on whether sufficient 
information regarding the stimulus can be received and 
exploited by the left hemisphere. 
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Number processing in pure alexia: the 
effect of hemispheric asymmetries and task 
demands 

L. Cohen and S. Dehaene 
Abstract 
The relative sparing of arabic numerals, in patients who fail to read words 
or even letters, is a classical feature of pure alexia originally observed by 
Dejerine (Comptes Rendus des Seances de la Societe de Biologie 1892; 4: 
61-90). We report a study of number processing abilities in two patients 
suffering from typical pure alexia. Our main finding was that number 
identification performance varied considerably with task demands. Both 
patients could name pairs of digits, when they were engaged in a simple 
naming task or for the purpose of magnitude comparison. In contrast, 
they frequently misidentified the very same digits when treating them as 
the components of multidigit numerals, or as the operands of addition 
problems. With two-digit numerals, a similar dissociation was shown 
between excellent comparison and severely impaired reading aloud. 
Finally, the variation of performance with task demands was shown not 
to prevail with spelled-out numerals. These findings confirm that some 
patients with pure alexia are able to process up to a semantic level 
symbolic stimuli that they cannot read aloud. We speculate that both 
hemispheres possess effective digit identification abilities, which are 
differentially called on depending on the task. 

Journal 
Neurocase 1995; 1: 121-37 

Neurocase Reference Number: 
0 9  

Primary diagnosis of interest 
Pure alexia 

Author’s designation of case 
I .  G.O.D. 
2. S.M.A. 

Key theoretical issue 
0 Some patients with pure alexia are able to process up to a semantic level 

Key nwrh: pure alexia; number processing; hemispheric asymmetry 

Scan, EEG and other related measures 
1. G.O.D.: CT 
2. S.M.A.: CT 

Standardized assessment 
G.O.D.: Naming of selected Snodgrass and Vanderwart figures; Boston 
Diagnostic Aphasia Exam 
S.M.A.: Figure naming as for G.O.D.; Boston Diagnostic Aphasia Exam; 
Wechsler Memory Scale (Revised). 

Other assessment 
G.O.D. and S.M.A.: various number processing tasks 

Lesion location 
0 1. G.O.D.: infarct in peripheral territory of the left posterior cerebral 

artery affecting the calcarine cortex, the lingual and fusiform gyri and 
underlying white matter. 

0 2. S.M.A.: Left posterior cerebral artery territory, affecting calcarine 
cortex as well as the lingual and fusiform gyri. Also, posterior part of 
left thalamus 

Lesion type 
1. G.O.D.: cerebral infarction 
2. S.M.A.: cerebral infarction 

stimuli that they cannot read aloud 

Language 
English 
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