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Abstract

Neuroimaging and lesion studies have provided insights into the neural mechanisms underlying numerical processing, yet the
roles of the right and left hemispheres have not been systematically investigated within a single study. To address this issue, we inves-
tigated subitizing and magnitude comparison abilities in a split-brain patient. The first experiment examined the two hemispheres’
abilities to enumerate briefly presented sets of one to four stimuli. Both hemispheres were equally able to perform this task. The
second and third experiments examined the hemispheres’ abilities to make magnitude judgments about two simultaneously pre-
sented stimuli that were either identically coded (i.e., two Arabic numerals, two number words, or two arrays of dots) or differently
coded (e.g., an Arabic numeral and a number word). Although the left hemisphere was more accurate than the right when the task
involved number words, both hemispheres were able to make comparisons between numerical representations regardless of stimuli
coding. In addition, both hemispheres exhibited a distance effect. The results are discussed in the context of Dehaene’s triple-code

model.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Mathematical ability can be deconstructed into many
functionally and anatomically distinct cognitive compo-
nents [for review, see (Dehaene, 2000)]. The most basic
of these modules is the ability to represent numerical
quantities. A mental representation of number magni-
tude is required for most mathematical processes, except
those requiring the simple mnemonic retrieval of over-
learned calculation facts (e.g., 2+ 2 =4) (Dehaene,
2000; Dehaene & Cohen, 1997). One question is whether
both hemispheres of the brain are able to accurately rep-
resent quantitative knowledge. While calculation skill is
typically associated with the left hemisphere (Gerst-
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mann, 1940), there is substantial evidence suggesting
that both hemispheres are able to perform rudimentary
numerical comparisons [for review, see (Dehaene,
2000)]. Yet to date, no study has systematically and
comprehensively investigated this question in complete
callosotomy, or “split-brain” patients. These patients
provide an ideal opportunity for comparing the abilities
of the two hemispheres, as each patient’s corpus callo-
sum has been surgically severed for the control of intrac-
table epilepsy, leaving the two cerebral hemispheres in
functional isolation. In this study, we investigate
whether the two hemispheres of a split brain patient
are equally able to enumerate small sets and to make
magnitude comparisons.

The ability to rapidly enumerate small sets of objects
is known as subitizing (Kaufman & Lord, 1949). When
the number of items in a briefly presented array does not
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exceed four, neurologically normal adults are able to
rapidly and precisely quantify the number of items pres-
ent (Mandler & Shebo, 1982). Historically, it has been
debated whether subitizing is accomplished through a
non-verbal counting mechanism (Gallistel & Gelman,
1992, 2000) or through a preattentive perceptual process
(Dehaene & Cohen, 1994; Trick & Pylyshyn, 1993,
1994). While this debate is beyond the scope of this pa-
per, from the standpoint of hemispheric asymmetries it
is worth noting that both proposed mechanisms func-
tion independently of verbal ability. Preverbal human
infants (Starkey & Cooper, 1980; Wynn & Bloom,
2002) and a variety of non-human species including
chimpanzees and rats (Boysen & Berntson, 1989; Davis
& Memmott, 1983; Matsuzawa, 1985; Pepperberg, 1987)
are able to subitize. This suggests that the ability to sub-
itize is present early in phylogenetic and ontogenetic
development and is not dependent on higher-level cogni-
tive processes, such as language. In addition, recent neu-
roimaging results indicate that subitizing elicits bilateral
middle occipital and parietal activity (Piazza & Mechelli,
2002). Based on this evidence, we expect that the rela-
tively non-verbal right hemisphere should not be at a
disadvantage in enumerating small sets and that both
hemispheres of a split-brain patient will be equally able
to subitize.

In this paper, we also explore the ability of the two
hemispheres to represent the ordinal properties of num-
bers. Again, developmental studies have demonstrated
that pre-verbal human infants are able to discriminate
between displays differing in numerosity. At a young
age, infants are only able to make these discriminations
when the numbers differ by a ratio of 2 (e.g., 8 vs. 16),
but their sensitivity increases dramatically within the
first year of life (Brannon, 2002; Lipton & Spelke,
2003; Xu, 2003; Xu & Spelke, 2000). Thus, one might
expect that the right hemisphere’s impoverished verbal
skills would not impede magnitude judgments, at least
for quantities differing by a substantial ratio. Neuroi-
maging studies of neurologically normal participants
support this hypothesis, revealing bilateral parietal
activity during magnitude judgments (Chochon & Co-
hen, 1999; Dehaene & Spelke, 1999; Pinel & LeClec’H,
1999; Pesenti & Thioux, 2000; Pinel & Dehaene, 2001).

Previous studies of partial and complete callosotomy
patients support the hypothesis that the two hemi-
spheres are equally able to make magnitude judgments
when quantities are represented in an Arabic form (Co-
hen & Dehaene, 1996; Seymour & Reuter-Lorenz, 1994).
However, additional research with a partial callosotomy
patient and patients suffering from unilateral lesions has
demonstrated that the right hemisphere’s ability to make
numerical comparisons is limited when numerical quan-
tity is represented verbally (e.g., FOUR) (Cohen & Deh-
aene, 1996; Dellatolas & Deloche, 2001). Based on this
and other research, Dehaene has proposed a triple-code

model that includes three possible representations of
numerical quantity: (1) visual Arabic number (e.g., 4),
(2) verbal word frame (e.g., FOUR), and (3) analogical
magnitude representation (e.g., a display of four dots).
These numerical representations can be directly trans-
lated from one code to another (e.g., from 4 to four).
According to the triple-code model, both hemispheres
represent the visual and analogical representations, but
only the left hemisphere can represent the verbal form.
In the intact brain, callosal connections support the
transfer of verbally represented numerical quantities to
the right hemisphere. However, when the corpus callo-
sum is damaged or severed, the triple-code model pre-
dicts that the right hemisphere will be limited to
numerical manipulations that only require translations
between the visual and analogical representations (e.g.,
quantity comparisons based on visually presented Ara-
bic numerals). Without access to the verbal word form,
the right hemisphere will be unable to perform tasks,
including magnitude comparison, involving written
number words or spoken numbers (Dehaene, 1992,
2000; Dehaene & Cohen, 1995).

Interestingly, Dehaene proposes that magnitude com-
parisons are accomplished by comparing analog magni-
tude representations along an internally represented
number line (Dehaene & Dupoux, 1990). Magnitude
comparisons thus require the automatic transcoding of
verbal or visual representations to analog magnitude
representations (Dehaene & Akhavein, 1995). Dehaene
argues that each hemisphere can internally represent
the number line. However, there is evidence that number
line representation is influenced by linguistic ability.
People whose languages are written from left to right
show faster responses to small numbers with response
keys on the left, and faster responses to large numbers
with response keys on the right. This suggests that for
native English speakers, mental representation of the
number line increases in magnitude from left to right,
with smaller numbers on the left. People whose native
languages are written from right to left, however, show
the opposite pattern, suggesting that their mental num-
ber line increases from right to left (Dehaene & Bossini,
1993). Thus, in humans, the ability to compare magni-
tudes is influenced by language function, raising the pos-
sibility that the non-verbal right hemisphere may
represent the number line differently than the linguistic
left hemisphere.

One way to investigate the internal representation of
the number line in the two hemispheres is by examining
the distance effect in each hemisphere. Moyer and Lan-
daeur (1967) first demonstrated that humans are faster
and more accurate in making magnitude judgments
about quantities that numerically distant from each
other (e.g., 2 vs. 9) than those that are comparatively
close (e.g., 2 vs. 3) (Moyer & Landaeur, 1967). If the left
and right hemisphere’s internal representations of the
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number line differ, then one might expect that the
numerical distance effect might also differ between the
two hemispheres. To our knowledge, no previous study
has examined the numerical distance effect in a complete
callosotomy patient.

In this paper, we report a series of numerical processing
studies conducted with a “split-brain” patient. These
studies test the ability of the two hemispheres to rapidly
enumerate small sets of items and to make magnitude
judgments about differentially coded numerical quanti-
ties. Because subitizing does not rely upon verbal skills,
we predict that both hemispheres will be able to rapidly
enumerate small sets. Based on previous research, we also
predict that both hemispheres will be able to make magni-
tude judgments involving Arabic numbers and analogical
magnitude representations. In contrast, we expect the left
hemisphere to be superior to the right for magnitude judg-
ments about number words. Finally, we expect that the
distance effect may differ between the two hemispheres.

2. Method
2.1. Participant

Patient J.W. is a right-handed male who was 47 years
old at the time of testing. At the age of 25, he underwent
a two-stage resection of the corpus callosum for relief of
intractable epilepsy (see (Gazzaniga & Nass, 1984), for a
case history). Post-surgical MRI confirmed that his cor-
pus callosum was fully severed (Gazzaniga & Holtzman,
1985). This removes the possibility that callosal transfer
is influencing the performance of one or both hemi-
spheres as research has shown that even a few spared
callosal fibers can support transfer of a fair degree of
information from one hemisphere to the other (Funnell
& Corballis, 2000). Structural brain imaging and neuro-
psychological testing reveal no evidence of other neuro-
logical damage. In addition, J.W. has been extensively
tested in lateralized paradigms, and hemispheric differ-
ences observed in this patient have been consistent with
findings from lesion patients and from studies with neu-
rologically normal participants [e.g., language: (Gazzan-
iga & Smylie, 1984); emotion: (Stone & Nisenson, 1996);
visuospatial: (Funnell & Corballis, 1999); face process-
ing: (Gazzaniga & Smylie, 1983)]. For this reason, we
are confident that patterns of hemispheric performance
revealed in this patient can inform us as to normal neu-
rological function.

2.2. General experimental design

The experiments were designed to assess each hemi-
sphere’s ability to process numerical information. To
present information exclusively to either the left or right
hemisphere, J.W. was seated 57 cm from the computer

screen and asked to fixate on a central cross-hair. Stimuli
were presented either to the left visual field (LVF) or to
the right visual field (RVF) for 150 ms with the medial
edges of the stimuli at least 2° (2 cm) to the right or left
of fixation. This presentation time is too brief to permit
the initiation of saccadic eye motions toward the lateral-
ized stimuli, and the medial edges of the stimuli fall
outside any zone of naso-temporal overlap. These
arrangements therefore ensure that stimuli are perceived
only by the hemisphere contralateral to the visual field of
the presentation. That is, stimuli presented to the LVF
are perceived only by the right hemisphere, and vice ver-
sa. J.W. made his responses via keypress using a standard
keyboard placed comfortably in front of him. In each
experiment, LVF and RVF trials were randomly inter-
mixed. Each hemisphere received the same number of tri-
als and the same combinations of numerical information,
although the trial order to each hemisphere varied.

2.3. Data analysis

In Experiments 2 and 3, accuracy data were analyzed
using a multidimensional y° test, because these experi-
ments involved single-subject data with multiple factors
in which each hemisphere serves as a control for the
other (Winer & Brown, 1991). The factorial design of
the experiments allows higher-order interaction effects
to be evaluated in a manner directly analogous to analy-
sis of variance. The main effects are indexed by the inter-
action of response (top or bottom keypress), position of
the correct stimulus (top or bottom), and the variable of
interest (e.g., visual field). The interaction between two
variables of interest is indexed by the interaction of re-
sponse, position of the correct stimulus, and the variables
of interest. The %> analysis requires that there be two con-
ditions and two response choices in order to set up a con-
tingency table for analysis. In Experiment 1, there were
four conditions and four response options so the y” anal-
ysis was not possible. Accuracy data for this experiment
were therefore analyzed using a paired ¢ test.

Reaction time data for Experiments 2 and 3 were
analyzed using a repeated measures analysis of variance.
Only reaction times for correct responses were analyzed,
and reaction times that were more than 3 standard devi-
ations from the mean for each hand in each task were
eliminated from the analysis. For experiments in which
there were more than two levels of magnitude, univari-
ate tests of significance were used with a Greenhouse—
Geisser correction for the degrees of freedom in order
to be conservative in determining whether main effects
and interactions were significant.

2.4. Experiment 1: Subitizing

The purpose of this experiment was to assess the
ability of the two hemispheres to rapidly identify the
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number of items in a small set. This ability, known as
subitizing, is thought to rely on non-verbal mechanisms
that allow for rapid enumeration of a set of one to four
items (Dehaene & Cohen, 1994; Gallistel & Gelman,
1992, 2000; Trick & Pylyshyn, 1993, 1994). This ability
has been demonstrated in preverbal human infants
(Starkey & Cooper, 1980; Wynn, Bloom et al., 2002)
and in a variety of non-human species including chim-
panzees and rats (Boysen & Berntson, 1989; Davis &
Memmott, 1983; Matsuzawa, 1985; Pepperberg, 1987).
If the ability to subitize is indeed preverbal and present
early in phylogenetic and ontogenetic development, then
we would expect both hemispheres of humans to possess
this capacity.

2.4.1. Method

The stimuli for this experiment were sets of red cir-
cles. Each stimulus set contained between 1 and 4 circles,
and the sets of circles were presented to one or the other
visual field for 150 ms. The arrangement of the circles
was varied so that a set of 4 circles, for example, did
not always look the same. This prevented decisions
based on pattern recognition rather than numerosity.
J.W. indicated how many items were in each stimulus
set by pressing one of 4 response keys. Each response
key was labeled with a number, beginning with 1 on
the left-most key and proceeding to 4 on the right-most
key. There were 64 trials in block with 32 in each visual
field, 8 sets of each of the four quantities of circles (1-4).
J.W. completed four blocks. In two blocks, he re-
sponded to all stimuli with his right hand, and in the
other two blocks, he responded with his left hand.

2.4.2. Results and discussion

For the block in which J.W. responded with his left
hand, stimuli presented to the left visual field were used
for analysis and responses to stimuli presented to the
right visual field were discarded. Similarly, for the block
in which J.W. responded with his right hand, stimuli
presented to the right visual field were used for analysis
and responses to stimuli presented to the left visual field
were discarded. This ensures that the hemisphere receiv-
ing the visual input also initiated the motor response.
Using a paired ¢ test, it was found that performance of
the two hemispheres was equivalent (91.25% accuracy
in both) and there was no significant difference between
hemispheres (¢ ~ 0, p = 1). This suggests that both hemi-
spheres are equally able to determine the number of
items in small sets.

This finding is consistent with the idea that subitizing
is a preverbal mechanism that is present early in ontoge-
netic and phylogenetic development. If it were depen-
dent on higher level processes, a hemispheric difference
might be expected since many higher level perceptual
and cognitive processes are lateralized to one hemi-
sphere or the other. Although the bulk of the relevant

literature supports a bilateral mechanism, it has been
suggested that the right hemisphere might have an
advantage for subitizing. In a lateralized study of neuro-
logically normal adults, Pasini and Tessari (2001) claim
that their data support a left visual field/right hemi-
sphere (LVF/RH) advantage for subitizing and a right
visual field/left hemisphere (RVH/LH) advantage for
determining numerosity of sets outside of the range of
subitizing (Pasini & Tessari, 2001). In their analyses,
however, they included responses from both hands in
the data for each visual field (i.e., left visual field data in-
cluded responses made by both the right and left hands).
A more rigorous approach is to discard the responses
from the contralateral hand (i.e., use only left hand re-
sponses for left visual field stimuli) since this ensures
that the hemisphere receiving the visual input also initi-
ates the motor response. When their data are considered
in this more rigorous manner, there is no hemispheric
difference in subitizing. Our data are consistent with this
revised conclusion.

2.5. Experiment 2: Single code comparisons

The purpose of this experiment was to determine
whether both hemispheres are able to make judgments
of magnitude when comparing identically coded numer-
ical information. Dehaene’s triple-code model predicts
that the right hemisphere will be unable to perform tasks
involving written number words but will be able to make
numerical judgments about Arabic numerals and
analogical magnitude representations (Dehaene, 1992,
2000; Dehaene & Cohen, 1995). In contrast, the lan-
guage-dominant left hemisphere should perform accu-
rately with all three types of numerical representations.
To characterize the numerical processing abilities of
the two cerebral hemispheres, we measured accuracy
and reaction times of each hemisphere when making
magnitude judgments about Arabic numerals (digits),
number words, and arrays of dots.

2.5.1. Method

The stimuli for this experiment were digits, ranging
from 1 to 9, number words from one to nine, and arrays
of one to four dots. In each trial, two numerical stimuli
were presented one above the other within one visual
field. J.W. was instructed to indicate via keypress which
item in the pair was of a greater numerical magnitude.
All trials within each set were of one type (i.e., there
were separate sets of digits, number words and dots).
J.W. completed 10 sets of each of the types of stimuli.

For the digits and the number words, the magnitude
difference between the two stimuli ranged from 1 to 6.
Each number appeared in four total combinations with
another number. Each combination appeared four times
in each visual field. The relative position of the two
numbers (top or bottom) was the same for two of the
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four trials and the reverse for the remaining two trials.
Therefore, for each magnitude difference (1-6), there
were three possible number combinations that each ap-
peared four times in each visual field (alternating the rel-
ative position of the numbers within each visual field),
producing twelve trials for each magnitude difference
in each visual field. Trials were randomly ordered. There
were 144 trials in each set with 72 in each visual field (12
trials per magnitude difference in each field).

For the arrays of dots, the magnitude difference be-
tween the two stimuli was either 1 or 2. For each number
of dots (1-4), there were six possible perceptual arrange-
ments of dots. Each arrangement had high perceptual
similarity both within number and across numbers so
that all arrangements were the same size and had similar
areas of positive space. Because the dot arrays ranged
from one to four members, there were six possible com-
binations of arrays for both magnitude differences of
one and two. Each combination appeared 16 times in
each visual field. The relative position of the two arrays
(top or bottom) was the same for eight of the trials and
the reverse for the remaining eight trials. All possible
combinations appeared before being repeated within
field. There were 192 trials in each set with 96 per visual
field (48 items per each magnitude difference in each
field).

J.W. made his response to the presented stimuli using
the hand ipsilateral to the field of presentation (i.c., re-
sponded with the left hand to stimuli presented in the
LVF and vice versa). For each hand, there were two re-
sponse keys, one located above the other. This arrange-
ment corresponded to the arrangement of the numerical
stimuli presented to each visual field. He was instructed
to press the key corresponding to the item in the pair
that represented the greater magnitude. That is, he was
instructed to press the top key if the magnitude of the
top item was larger, and the bottom key if the magni-
tude of the bottom item was larger. Both accuracy and
reaction time were recorded for each stimulus type.

2.5.2. Results and discussion

Table 1 includes the results of statistical analysis of
the accuracy data, and the data are depicted graphically
in Fig. 1A. For each stimulus type, accuracy data were
analyzed via multidimensional y* analysis with visual
field (right and left) and magnitude difference (6 levels
for digits and number words, 2 levels for dots) as vari-
ables of interest. For the digits, there were no significant
effects or interactions, and performance in both hemi-
spheres was virtually at ceiling. The effect of magnitude
was significant for both number words and arrays of
dots, with accuracy better for larger magnitude differ-
ences than for smaller. The effect of visual field was sig-
nificant only for number words, with performance in the
RVF/LH better than that of the LVF/RH. This is likely
due to the linguistic nature of the stimuli since the left

Table 1
Statistical analysis of response accuracy for Experiment 2
¥? Value p Value
Arabic digits
Magnitude 1.67 893
Field 0.01 916
Magnitude X field 1.19 946
Number words
Magnitude 27.56 <.001"
Field 28 <.001"
Magnitude x field 1.76 .881
Arrays of dots
Magnitude 5.85 016"
Field 1.75 .186
Magnitude x field 0.25 .616

* The symbol signifies statistical significance.

hemisphere is superior to the right in processing written
words. The interaction between visual field and magni-
tude difference was not significant, however, suggesting
that both hemispheres are equally influenced by the rel-
ative size of the magnitude difference.

Repeated measures analysis of reaction times included
visual field and magnitude as factors. Table 2 includes
the results of statistical analysis of the response time
data, and the data are depicted graphically in Fig. 2A.
In all conditions, J.W. responded faster with his right
hand than with his left, resulting in a significant effect
of visual field for all stimulus types. Both hemispheres
exhibited a significant distance effect (effect of magni-
tude) for all three stimulus types. However, the size of
the distance effect varied by hemisphere (interaction be-
tween visual field and magnitude) depending upon the
stimulus coding. For Arabic numerals, both hemispheres
demonstrated equivalent distance effects. For number
words, the left hemisphere showed a larger distance effect
than the right. This is likely due to the left hemisphere’s
superiority for linguistic processing since the stimuli in
this experiment were words. Conversely, for the arrays
of dots, the right hemisphere exhibited a larger distance
effect than the left, probably reflecting the right hemi-
sphere’s superiority for perceptual processing.

In keeping with the predictions of Dehaene’s triple-
code model of numerical processing, the results of this
experiment suggest that both hemispheres are capable
of comprehending and processing numerical quantities
when represented as Arabic digits or arrays of dots.
There was no difference in accuracy between the two
hemispheres for the digit task, indicating hemispheric
equivalence in the ability to process these stimuli. The
right hemisphere was more accurate than the left in
responding to the arrays of dots, but both hemispheres
performed at a high level of accuracy. However, while
the left hemisphere was more accurate than the right
in responding to number words, the performance of
the right hemisphere was well above chance. Dehaene’s



48

M.K. Colvin et al. | Brain and Cognition 57 (2005) 43-52

A —
0.9 1
0.8 1
0.7 4
g
£ 064
S
o
g 0.5 —e— RHILVF
£ LHRVF
2
8 0.4 4
[
0.3
0.2 4
0.1
0
1 2 3 4 5 6 1 2 3 4 5 6 1 2
Arabic Numerals Number Words Dots
NUMERICAL DIFFERENCE
B 1
091 e
0.8 1
o /‘
B
19
5 0.6 1 /
o
.5 0.5 4 —8— RHILVF
€ LHRVF
2 041
g0
[
0.3 1
0.2
0.1
0
1 2 3 4 1 2 3 4 1 2 3 4
Digits/dots Digits/words Words/dots

NUMERICAL DIFFERENCE

Fig. 1. (A) Experiment 2: Single code comparisons. Response accuracy for magnitude judgments of two stimuli coded in the same numerical format
(Arabic digits, number words, and arrays of dots). In all the graphs, the x-axis represents the numerical difference between the two stimuli and the y-
axis represents the proportion of correct responses. (B) Experiment 3: Transcode comparisons. Response accuracy for magnitude judgments of two
stimuli coded in different numerical formats (digits/dots, digits/words, and words/dots).

Table 2
Statistical analysis of response accuracy for Experiment 2
F Value p Value
Arabic digits
Magnitude 12.18 <.001"
Field 60.25 <.001"
Magnitude X field 1.38 249
Number words
Magnitude 14.72 <.001"
Field 153.15 <.001"
Magnitude x field 4.82 018"
Arrays of dots
Magnitude 5.21 048"
Field 115.23 <.001"
Magnitude x field 7.38 024"

" The symbol signifies statistical significance.

triple-code model predicts that the right hemisphere
should be at chance for the number words task. Both
hemispheres demonstrated a numerical distance effect
for all three types of stimuli, but the magnitude of this
effect differed between the hemispheres with hemispheric

equivalence for Arabic numerals, left hemisphere advan-
tage for number words, and right hemisphere advantage
for arrays of dots. The data suggest that although one
hemisphere may be superior to the other in processing
a particular type of numerical representation, both can
represent and compare all three types of numerical
representations.

2.6. Experiment 3: Transcode comparisons

In Experiment 2, J.W. was asked to make magnitude
judgements about similarly coded numerical stimuli.
The purpose of Experiment 3 was to determine whether
both hemispheres could make simple judgements of
magnitude when comparing differently coded numerical
stimuli. As in the previous experiment, J.W. was asked
to indicate which of two presented numerical stimuli
(Arabic numerals, words, or dot arrays) was larger.
According to Dehaene’s triple-code model, numerical
representations can be directly transcoded from one for-
mat to another. For example, an Arabic number stimu-
lus (e.g., 3) is directly converted to a verbal word frame
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Fig. 2. (A) Experiment 2: Single code comparisons. Reaction times of correct responses for magnitude judgments of two stimuli coded in the same
numerical format (Arabic digits, number words, and arrays of dots). (B) Experiment 3: Transcode comparisons. Reaction times of correct responses
for magnitude judgments of two stimuli coded in different numerical formats (digits/dots, digits/words, and words/dots).

(e.g., three) without activating the analogical representa-
tion, and vice versa. The model predicts that the right
hemisphere should be unable to identify, manipulate,
and produce verbal word frame representations and
therefore will also be unable to compare magnitudes
of written number words to differently coded numerical
representations. Both hemispheres, however, should be
equally able to compare magnitudes of differently coded
numerical stimuli as long as none of the stimuli are in
the verbal word format. To test this prediction, we mea-
sured accuracy and reaction times of each hemisphere
when making magnitude judgments about pairs of dif-
ferently coded numerical representations.

2.6.1. Method

J.W. was asked to make magnitude judgments about
two simultaneously presented stimuli. The method of
presentation and response was the same as in Experi-
ment 2. J.W. was tested on three types of magnitude
comparison: digits and number words, digits and arrays
of dots, and number words and arrays of dots. The
range of quantity represented by each stimulus was be-
tween 1 and 6. The magnitude differences between two
simultaneously presented stimuli ranged from 1 to 4.

Each magnitude difference appeared equally in each vi-
sual field. The larger numerical quantity appeared
equally as either code and in both within-field positions
(top or bottom). Therefore, there were 32 possible com-
binations of visual field, position, magnitude difference,
and code of correct response. Each combination ap-
peared before being repeated within field. There were
128 trials in each set with 64 in each visual field (16 items
per magnitude difference in each visual field). J.W. com-
pleted 6 sets of each type of magnitude comparison. In
Experiment 2, the dots in the arrays varied in size and
spatial arrangement so that the number of dots present
could not be determined based on extraneous stimulus
properties, such as the area subsumed by the dots. In
this experiment, we presented the dots in specific pat-
terns so that judgment of number of dots could be per-
formed more rapidly and automatically.

2.6.2. Results and discussion

Table 3 includes the results of statistical analysis of
the accuracy data, and the data are depicted graphically
in Fig. 1B. For each type of numerical comparison (dig-
its/dots, digits/words, words/dots), accuracy data were
analyzed via multidimensional > analysis with visual
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Table 3
Statistical analysis of response accuracy for Experiment 3
¥? Value p Value
Digits/dots
Magnitude 19.56 <.001"
Field 0.05 .829
Magnitude X field 2.77 429
Digits/words
Magnitude 10.6 014"
Field 1.51 219
Magnitude x field 1.47 .688
Words/dots
Magnitude 15.44 011"
Field 0.08 773
Magnitude x field 4.04 257

* The symbol signifies statistical significance.

field (right and left) and magnitude difference (4 levels)
as the variables of interest. Both hemispheres were
equally able to make all three types of numerical com-
parison (no effect of visual field). In addition, both hemi-
spheres exhibited significant distance effects (effect of
magnitude) of equal size (no interaction between visual
field and magnitude) for all three types of comparison.

Reaction time data were analyzed via repeated mea-
sures analysis of variance with visual field (left and right)
and magnitude difference (one to four) as factors. Table
4 includes the results of statistical analysis of the re-
sponse time data, and the data are depicted graphically
in Fig. 2B. For all three types of numerical comparison,
the effect of visual field was significant because J.W. re-
sponded faster with his right hand than with his left. For
all three conditions, both hemispheres demonstrated sig-
nificant distance effects (effect of magnitude) and the size
of these effects were equivalent between hemispheres (no
interaction between visual field and magnitude).

In Experiment 2, both hemispheres exhibited equal
distance effects for Arabic numbers, but the left hemi-
sphere showed a larger distance effect than the right

Table 4
Statistical analysis of response accuracy for Experiment 3
F value p Value
Digits/dots
Magnitude 7.67 002"
Field 122.01 <.001"
Magnitude x field 1.08 .389
Digits/words
Magnitude 17.74 <.001"
Field 44.36 001"
Magnitude x field 2.38 159
Words/dots
Magnitude 15.96 001"
Field 122.01 <.001”
Magnitude x field 0.88 405

* The symbol signifies statistical significance.

for number words, while the right hemisphere showed
a larger distance effect than the left for sets of dots.
Based on this, it might have been expected that the left
hemisphere would demonstrate a larger distance effect
for the digit/word comparison and that the right hemi-
sphere would demonstrate a larger distance effect for
the digit/dot comparison. Neither of these predictions
was borne out, however. Instead, the results of Experi-
ment 3 suggest that both hemispheres are equally able
to process and compare numerical information regard-
less of the format in which it is presented.

3. General discussion

The results of these three experiments suggest that
both hemispheres are able to rapidly enumerate small
sets of items and to process and compare numerical
quantities regardless of the way in which they are coded
(as digits, number words, or sets of dots). Further, the
ability of the two hemispheres to compare quantities is
similar whether the two quantities to be compared are
coded in the same format or in different formats. There
are, however, differences in the overall ability of each
hemisphere to process specific numerical representa-
tions. Consistent with previous research [see (Gazzan-
iga, 2000) for review], the left hemisphere appears to
be specialized for processing verbal material such as
number words while the right is specialized for the visual
processing necessary for determining the number of
stimuli in a set of objects. For all types of numerical rep-
resentation, however, the non-specialized hemisphere is
able to make magnitude comparisons and shows the
numerical distance effect.

The finding that both hemispheres are equally able to
enumerate small sets of objects is consistent with previ-
ous research suggesting that the ability to subitize relies
on non-verbal, lower-level processes which are likely to
be bilaterally represented (Dehaene & Cohen, 1994; Gal-
listel & Gelman, 2000; Piazza, Mechelli et al., 2002). It
has been suggested that while many higher level func-
tions such as language and visuospatial processing are
lateralized to one hemisphere or the other, basic percep-
tual and cognitive processes are likely to be equivalent in
both hemispheres (Corballis, 2003; Corballis & Funnell,
2002). The ability to rapidly enumerate small sets of
items can be considered to be a lower-level process since
it is evident in non-human species (Boysen & Berntson,
1989; Davis & Memmott, 1983; Matsuzawa, 1985; Pep-
perberg, 1987) and in preverbal human infants (Starkey
& Cooper, 1980; Wynn, Bloom et al., 2002). Our finding
of hemispheric equivalence for subitizing supports this
idea.

The results of Experiments 2 and 3 demonstrate that
both hemispheres can make magnitude comparisons
among different numerical representations. Surprisingly,
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the right hemisphere is capable of making comparisons
involving number words, although the left hemisphere
is superior for word/word comparisons. Nonetheless,
these data provide evidence that the right hemisphere
can process and understand verbal representations of
number. This conclusion is not consistent with the tri-
ple-code model which predicts that both hemispheres
can process Arabic numerals and analog representations
of number, but only the left hemisphere can identify,
manipulate and produce verbal word frame representa-
tions (Dehaene, 1992, 2000; Dehaene & Cohen, 1995).
Our findings are, however, consistent with data from
Cohen and Dehaene’s (1995) patient who sustained a le-
sion of the posterior half of the corpus callosum. They
tested the two hemispheres on same/different numerical
judgments and magnitude comparisons. Number words
were tested in both hemispheres using a matching and a
comparison task. In both tasks, the right hemisphere
was significantly impaired relative to the left, but perfor-
mance was above chance. Interestingly, both hemi-
spheres showed an equivalent distance effect in the
magnitude comparison task with the number words
(Cohen & Dehaene, 1995).

One possible explanation for Cohen and Dehaene’s
(1995) results is that the intact anterior portion of this
patient’s corpus callosum supported the transfer of the
semantic number concepts to the non-verbal right hemi-
sphere. Semantic transfer has been observed in other pa-
tients who have minimal rostral connections (Corballis &
Corballis, 2001; Funnell, Corballis et al., 2000). Another
explanation that is also consistent with our findings is
that the right hemisphere is able to represent some
numerical quantities in a verbal form. Evidence from pa-
tient populations and from neurologically normal sub-
jects has demonstrated that the right hemisphere has
linguistic capacities, including a lexicon (Gazzaniga,
Smylie et al., 1984) as well as more complex semantic
knowledge (Beeman, 1993; Beeman & Friedman, 1994).
Although the right hemisphere’s lexicon is not as exten-
sive as that of the left, the right hemisphere is capable
of associating meaning with words. While patient J.W.
has more extensive linguistic abilities than many other
callosotomy and unilateral lesion patients (Baynes,
1990), the posterior callosal lesion patient reported by
Cohen and Dehaene (1995) does not (Cohen & Dehaene,
1995). Thus, it seems possible that the right hemisphere
may have a limited ability to comprehend number words,
at least those that are frequently encountered in everyday
language and represent small quantities.

The results of Experiments 2 and 3 also illustrate that
both hemispheres demonstrate a distance effect. While
the results of Experiment 2 suggest that the magnitude
of this effect may reflect a left hemisphere advantage
for number words and a right hemisphere advantage
for arrays of dots, the results of Experiment 3 suggest
that this effect may be minimal or depend on task con-

ditions. The overall findings do not support the hypoth-
esis that the two hemispheres’ internally represented
analogical number lines significantly differ.

In summary, both hemispheres are able to rapidly
enumerate small sets of items and make magnitude judg-
ments regardless of the way in which numerical informa-
tion is presented. Both hemispheres also demonstrate
distance effects regardless of the stimulus coding. The
functional specializations of each hemisphere do impact
performance on specific tasks, but both hemispheres
comprehend quantity and magnitude.
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