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CEREBRAL activity during number comparison was
studied with funcrional magnetic resonance imagin
using an event-related design., We identified an extend
network of tash-related areas that showed a phasic
activation following each trial, including anterior cin-
gulate, bilateral sensorimotor areas, inferior u:i:‘i_pim—
rempaoral cortices, posterior parietal corrices, inferior
and dorselateral prefrontal corrices, and thalami. We
then tested whicE}]) of these areas were affected by
number notation. numerical distance and response side,
three variables that specifically target processes of visual
identification, guantity manipulation and motor re-
spunse in a serial-stage model of the number compari-
sonn task. Owr results confirm the role of the righe
Fusiform gyrus in digit identification processes, and of
the inferior parietal lobule in the internal manipulation
of numerical quantities. NewroReport 10:1473-1479 &
144% Lippincott Williams & Wilkins.
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Introduction

Brain imaging techniques often reveal a large ner-
work of cerebral areas involved in a cognitive task.
Assigning a precise function to each of these acti-
vared areas, however, can be difficult. Here, we
address this issue using an extension of the logic of
additive Factors [1.2] By selectively manipulating
orthogonal parameters of the stmulus ser, and
identifying whicl brain areas are smplied 10 proces-
sing each parameter, we provide a functional decom-
pasion of the active nerwork. This strategy was
applied o a simple number comparison rask, in
which subjects decide whether a visually presented
number 15 larger or smaller than 3. Medels of this
rask [2-6] decompose it into three successive stages
of visual idenrification {affected by the notation of
the stimuli, Arabic er verbal), magniude compari-
son (affecred by the distance between the number
and 5. and response elaboration and  execution
iaftected by the hand used for responding). A
previous event-related porenual (ERP) study of this
task [2] suggested a remporal and spadial localizarion
of these processes. Visual identification was hy-
pothesized o involve the ventral occipito-temporal
region at about 1530 ms post-stimulus, bilaterally for
Arabic numerals (e.g. 41 and wich a left lateralization
for verbal numerals {e.g. FOUR). Magnimde com-
panison invelved the left and right infenor parieral
regions at about 180ms post-sumulus, wlule motor
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processes were related to the left and right motor
cortices starting about 140 ms before the hev press.

We examined whether these tentarive localizarions
could be confirmed with the anaromically accurare
method of functional magnetic resonance imaging
(MBI Using an event-related design [7] and a
statistical analvsis capable of detecting anv change in
the size, shape or amplitude of the bloed flow
response in lecal regions, we were able w detect
small parameter-dependent effects which were not
seen with a more standard method based on staus-
tical parameter mapping (SPM,

Materials and Methods

Subjecrs:  Subiccts were 11 healthy volunteers {two
women and nine men; mean age 257 years), who
gave their written infermed consenr. All sulyjeers
were right-handed according to the Edinburgh in-
ventory. The protocal was approved by an institu-
tional ethical committee for biomedical research.

Sefmaeli: An cvent-related design was used. A list
of 128 randomly intermixed stimuli was presented
through mirror glasses and an acuve matnx video
projector (EGA mode, 70Hz retresh rate), with a
145 tnwer-stimulus interval. The fMRI images ana-
lvized here result from a masked priming experiment
[8]. Stimuli consisted in an initial random letter
string (duration 71 ms), then a numerical prime

Vol 10 No 7 14 May 1508 1473



NeuroReport

F. Pinel et al.

(43 ms), another randem letter string (71 ms), and
finally a target number (20Cms). The subject was
asked o decide whether the rarget number woas
larger or smaller than 5 by pressing a button with
his right or left hand. Subjects performed two blocks
ul 32 trals with the larger response assigned to the
right hand, and two blocks o the lefr hand, in
random arder. Here, we limit our investigations o
the cerchral activation associated with cthree para-
meters of interest: the notation of the wrget (verbal
ur Arabic) ; its distance from 5 {two targers were
close (4 and &), and rwao were far (1 and 9)); and irs
accompanving motor respanse (right or left hand).
[hese are the same paramerers that were studied in
an carlier ERP study of number comparison [2]. The
prime number varied orthogonally e the rarger
number, following the same parameters. lis effects
have been described in part elsewhere [8]. Since this
masked prime was not consciously seen by the
subjects, and since s ctfects were very small, they
are nor studied in the present repoet, which is more
specificallv dedicated ro the comparison task.

fmage acguisition:  On each wrial, stimulus onser
was svnchronized with the acquisition of the fArst
slice in a series of seven volumes of 18 slices each
fone volume every 2s). We used a gradient-echo
ccho-planar imaging sequence sensitive w brain oxy-
gen-level dependenr conrrast {18 conriguous axial
glices, 6mm  thickness, TR/TE — 2000/40 ms. in-
plane resolution 3 % 4 mm*, 64 % 64 maix) on a 3 T
whole body svstem (Broker, Germany). High-reso-
lution anatemical images (3D gradienc-echo inver-
sion-recovery sciquence, T =700ms, TR = 1600 ms,
FOV=192 X236 mm?,  matrix = 128 x 128 % 256,
slice thickness = 1 mm) were also acquired.

fmage analysis:  Analvsis was performed with sra-
tistical parameter mapping software (SPM96: heepots
www filion.uclacuk/spm). lmages were corrected
for subject motion, normalized 10 Talairach coordi-
nates [%] using a linear ranstorm calculated on the
anatomical  images. and  smoothed (FWHM=
15mm}. For ecach subject, correct trials were aver-
aged together separatelv for each level of rarger
distance, notation and response side. Thus, the data
were reduced o eight average trials for each subjeer,
cach consisting of seven censecutive volumes span-
ning the 145 interval following each stmulus (for a
total of 36 average volumes per subject). The average
images from all 11 subjects were then analvzed
regether. The generalized linear model was vsed re
model rhe imensity level of each pixel as a linear
combination, for each subject and each trial tvpe, of
two acovation funcuon with hemodynamic lags of 4
and 73, thus allowing for differcnces in acquisition
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and activation tmes across slices and bram regions.
Three types of statistics were performed. For 5PM-
based idenrification of everall rask-related cerchral
activity, we first determined the areas that showed a
transient ncrease n actvaton following sumulus
presentation, as identfied by a significant positive
correlarion with the hemodynamic funcrions. Faor
SPM-based contrast analvsis, we then used a con-
trast analvsis to identify areas affected by ouwr
esperunental vamables. Stanstical maps were fermed
tor each of six concrasts of interest (Arabic vs verbal
tor the noration effect, close ws far for the distance
effect, right =5 left for the response nide effect). A
voxel-wise sigrmificance level of 0.001, corrected tw
£ = 0.05 tor muluple compansons across the brain
volume, was uwsed. We also used an uncorrecred
significance level of 0001 to test specific contrasts
with a strong anatomical @ priont hvpothesis: nota-
tion effects within the left and mght ventral ocoipito-
temporal pathwavs, and distance etfects within the
left and right parictal labe. For single-vexel rempaor-
al profile analvsis, we searched the entire circuir af
active areas for notauon, distance, and response side
cffects. All 47 local maxima identified in the first
siecp, with 2 Z score =8 (p<3XI10) were
selected, I each of these voxels, an analysis of
variance (ANOVA) was appled to the average
IMRI signal with notation, distance, response side
and ome as within-subjecr facters. Significant etfects
were wdentified by rtesting rhe inreraction terms
notatron ¥ nme, distance % time, and response side
ume. We report all sigmiticant differences with
p= 005 (corrected with the Greenhouse-Gersser
mechod).

Results

Task performance: An ANOVA on correct reac-
tHon times (RT) showed main effects of distance
(F(1,10}=26.6, p=00004; closs 28 ms slower than
far} and notation (F(1,12 =113, #=0.2072; verbal
18 ms slower than Arabic). The etecr of response
side did nor reach  significance {Fi1,10) =2.54,
£ =2575 left 3ms slower than right), There was no
interaction of these variables. in good agreement
with previous results and with the propused senal-
stage model ot comparison. Error rate averaged
1.8% and was not affected by any of these variables

Owerall task-related cerebral aciviry:  The entire
circuit of areas showing a significant transienr in-
erease in activaton followang stimulus presentation
15 shown in Fig. | and Table 1. It should be noted
that the amplitude of the acuvation was not always
correlated with its significance, as assessed by the
SPM Z-score. The areas where the percentage acri-
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Table 1. Talairach coordinates and Z-zcore of the 47 most significantly activated voxels
with a Z-score =& during tha number comparison lask. Graph numbars corraspond to

Fig. 1.
Graphic n* Brain area K= ¥= 7= 4
34 Thalamus a -6 15 10.21
13 Aniaror cinguiate gyrus 1] 15 &1 10.15
L Thalamus 12 -0 15 .47
41 Middle frontal gyrus 51 9 51 4.7
45 Posfcentral gyrus 36 -45 53 g.72
5 Middie occipital gyrus =27 -3 12 5.68
a Mideile negipital gyrus -30 -73 24 5.63
30 Internal occipital gyrus 0 -T2 3 8.87
39 Supenor ocoipifal gyrus 30 - B4 a3 967
44 Middle frontal gyrus 42 3 60 364
2z Precentral gyrus -39 -18 69 861
2a Middle oecipital gyrus 48 -63 -3 5.6
12 Precunsyis -G -72 48 8.59
17 Fracantral gyrus - 45 -6 63 852
18 Posleentral gyrus - 48 -27 a3 952
20 Superior panetal lobule —42 -42 66 452
16 Supenor parietal lobule =33 -54 54 4.5
4 infenor lemporo-neeipital gyrus -51 - 66 a §.48
11 Middle frontal gyrus -54 2 458 9.45
L Interior frontal gyrus 36 33 3 G.44
47 Superior fronlal gyrus a0 a 66 Gaa
23 Intenor frontal gyrus 54 24 0 g4
42 Pracunaus 12 -T2 51 .4
Fa! Superior frontal gyrus -23 ] &9 9.39
33 Posterior cingliale gyrus 12 - 60 1z 2.38
14 Fracunaus 21 72 51 .33
40 Superior fromlal gyrus 33 51 36 .3
25 Fosiform gyrus 45 - 48 ~12 827
19 Fracunaus 1} -51 &0 .25
a5 Frecentral gyrus a9 -15 63 .21
a7 Fusiform gyrus 24 -7 —B 2.07
m Midictle frontal gyrus -3a a5 39 .06
32 Middle occipital gyrus 36 -T8 B 3.05
av Posterior cingulate gyrus 1] -24 30 9,04
26 Fosiform gyTus 30 -51 -8 4.98
3 Inferior frontal gyras - 60 18 3 4.9
38 Infertor paretal lobule 60 -30 27 a.88
24 Fusiform gyrus a9 -39 -15 884
a5 Inferior tromial gyus &0 18 21 8.67
2 Inferior frontal gyrus -39 30 3 3,65
43 Posteentral gyrus 45 -24 54 8.5
23 FPostoentral gyrus 27 - 45 5 .49
15 Cinguilate gyrus 0 24 Hd ad4
7 Pracentral gyrus -649 -15 24 837
36 Postcentral gyrus 66 -8 21 B27
I Farahippocampal gyrus -24 =51 -8 gir
g Infarior parigtal fobule -G -30 33 al

vation changes were the largest included the amenor right and left thalami, temporo-occipual juncrions,

cingulate, bilateral sensorimotor areas, occipital pole,  ntraparietal sulci and the right fusiform gyrus
posterior parictal cortex/precuneus, and infenior and

dorsolareral prefrontal cortes, with a rendency to a Contrast analvsis: At the standard level of signih-
greater activity in the nght inferior frontal gyrus  cance, only response side showed a significant effeer
than in the left. Smaller activation was seen in the  in 3PM. The active arcas were strictly contralateral

FIG. 1. Mag of the significant varatons in BOLD signal. averaged across tnals and sublects, Central column, axal soes from the base to the foo of
the Degin Colors indhcale significand areas al a voxihwise signibicance kel of G001, domected ta o2 0.05 for muthiple conypansons across e brain
volume, MNote that averaging across subjects and smoothing of the BOLD images occasionally resuned in a smearing of activations, particutarly along
I wgsnbriciess. Some geomedneal detormation, duk B0 The known smpact of $tatic magnetic field inhomogenedies on EPI images [26], & aiso percaplible
in the occipial sobe, Only the slices contairing a significant peak with Z-score =8 (p< 5= 10 "%} ame shown, The left and nght grephs show the
ternporal dynamics of the BOLD signal o esch of these activation peaks. A single Dlack curva s shown f no effect was oslectsd by ANOVA N the
consicersd voxel Oihersise, two cotared curves indicate the activanen profile in each corresponding conditon (see color legend at borttom left]. In shes
came, e ANOYA-Based povales 1S indcatad, a8 well 85 the name of the esc
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ter the response hand, comprising the nght sensor-
imater cortex {(Talairach coordinares (TC) 39, —15,
63 Z =918}, nght supplementary motor cortex (TC
9, —6, 57; Z=647) and right central/insular cortex
(TC 42, -9, 24, Z=653) for lefi-hand responses
and symmetrical areas (TC =39, —18, 66; Z=8.81;
TC -9, -9 57, Z=6.81; TC -45 -12, 34
Z.=5.74) tor nght-hand responses. At uncorrected
p<0.001, the anatemically constrained analysis
identified notation and distance effect {see Fig. 2. A
small area of the rght fusiform gvrus was signih-
cantlv more activated by Arabic digits than by
verbal mumerals (TC 34, =51, —f; Z=3.62; 13
voxels), Conversely, no ventral occipito-temporal
area was significantly more activated for verbal than
for Arabic noration. As tor distance effects, a left
inferier parictal area close ra the pariere-occipio-
temporal boundary was significantly more active for
numbers close 1o 5 than for numbers far from 5 (TC
—48, -66, 213 Z=135% 17 voxecls). Conversely, a
right intraparieral area was significantly maore active
for far than for close numbers (TC 48, —36, 39;
Z=3.89; 28 voxels)

Single-voxel remparal profile analysis: - The 47 1den-
rified activation maxima (see Marerials and Merhods

y=—-51z=-86 02+ A
| notation arabic
i/ [q
e f’“*::_ﬁx:,
7.5?_.. varbal —]
_d 1 ..
p = 0.007
Z=8362 13 -.--“xels q & & 10 12
time (s}

x= 48 y= =21 D2 . B

cistancs

f:\{s& |
- - :\:ﬂ_ﬂf J
tar
g =0022
2=3.50, 17 uoxels 'U 2 4 & 8 10 12

x=48 y=-362=30 Hme el

distance
0.1
\ Ag
p=0059

2

=980 28 vaxels 'ID 2 4 &6 & 10 12
tisrme (5}

T

FiG. 2. Brain slices whers the anaomecally constrained contrast analy -
=5 revoaled g significan] notation or distance affect For visualization
purpose. 1ha image was theasholded al o= 0.07, bul an uncormected
thrashold of < 0001 was used bo detect sgnificanl activalions, here
appeasing a1l the intersecton of the woe red Bnes Graphs on the right
e represenl the BOLD sigral, with an ANOWA analysis of the voxed
1588 corresponding legend 1o Fig, 1), (A) Arsbic—verbal cordrast, right
fsilonm pyrus (B Close -far conteast, l=A infenor parietal area. (C) Far—
cioge corrast, nght inrapaneal area,

and Fig. 1) were distributed evenly within the
nerwork af active areas, thus allowing us to test for
notation, distance, and response side cffecrs ar
various places throughout this network, Number
noration affected the activation profile in the lefe
precentral gyrus. Acovarion appeared to last longer
for verbal than for Arabic naumerals {Fig. 1, box 17}
A distance sffect was found in the left intraparietal
suleus (Fig. 1, box 16), where numbers close to 5
vielded a slightly earlier activavion peak than num-
bevs far from 5. Finally, respense side affected many
sites distributed bilaterally in precentral and post-
central cortices,

Discussion

We used event-related MR to analyze an extended
ciremt of brain areas activated phasically during
number comparison. In addmon w the bilateral
partetal activatien, which was previously known o
be invelved in various number processing tasks [10-
12], this circuit incleded visual and motnr cornical
areas as well as prefrontal and anterior cingulate
corrices. Cur event-relaced  design allowed uws 10
visualize the amplirude and shape ot the hemody-
namic response i cach of these regions. The ampli-
tude of the BOLD response varied considerably
between different areas, For mstance, the response
of the thalamus was abour three nimes smaller than
that of the anterior cingulate, although barh figured
amongst the most signifcantly activated areas. At
this point, however, it is difficult to disentangle the
potential causes of this effect, which may include
differences in vascularization, hemnodynamics, and
the size of the active neurenal popoulanons. The
activated areas also responded with different delays.
Although the arder in which the slices were ac-
quired {inrerleaved slices, from the bottom to the
top of the brain) could have induced artefactual
delays [13] of up o 25, some of the vamations in
acuvation delavs seen in Fig. 1 exceed this value,
suggesting that they may partly reflect wenuine
inter-area differences in the shape ot the BOLD
response [ 14], Further research, using corrections for
acquisition delays, should sort out the respective
contributions of neural actvation delays andior
local variations in the coupling of activation (o
blood flow o this effecr.

Considering these variations in amplitude and
delay, we used an ANOVA-based statistical analysis
capable of detecting any task-induced change 1 the
shape of the BOLD response of a given voxel. Using
the general linear model underlving SPM sofrware,
one can only detect changes in the amplitude of the
weights allocated to prespecified model hemody-
On the contrary, an ANOVA

namic functions.

Vol 10 Mo 7 14 May 1955 1477
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applied directly to the event-related BOLD signal
] pvtcmially derect any interaction of an rxPeri-
mental condition with the ume factor, and thus anv
change in the lag, size and shape of the BOLD
response due to experimental facrors. One difficulty
raised by this type of study is the selection of the
vaxels which are analvzed with the ANOVA, The
choice of the most significantly activated voxels
allowed us to analyvze only a hmited number of
voxels dispersed throughout the correx and which
provided a good description of the cerebral circui
invalved in the rask. However, because we did not
apply a statistical correction for the number of tests
performed (three tests at each of 47 voxels), our
results should be considered as exploratory.

The combined application of this strategy and of
wraditional 5PM contrast analysis allowed us 1o
identify candidate areas for number noration, dis-
tance and response effects. First, a robust effect of
number notarion was found in the rnght fusiform
gvrus. This area is more acoivated by digits than by
number words. This suggeses that within the ventral
OUCIpite- tempor.,i pathway for visual identificacion,
there may exist a rlght hemispheric area ﬁpecmh,_ed
for the visual recognition of digits as opposed to
words. This region may be homelogeus 1o the visual
word form system of the left hemisphere [15].
Several other published observations corroborate the
hypothesis of two different neural systems for
Arabic and verbal identification. Recordings of local
field potentials in human extrastriate visval cortex
[15] have revealed a ventral area more reactive to
digits than 1o words or faces in the fusiform gyrus,
suggesting the existence of a number module specifi-
cally sensitive to digit forms. Furthermore, the right
hemisphere of patients with callosal lesions can
recognize digits, bur not number words [16,17],
confirming the crucianumber module specifically
sensiive 1o digit forms. Furthermore, rthe right
hemisphere of patients with callosal lesions can
recognize digits, but not number words [16,17],
confirming the crucial role of the left hemisphere for
visual word identification and the capacity of the
right hemisphere to identify digits. Finally, a study
of the comparison task with ERIP recordings [2] has
suggested a left hemispheric identfication process
for words and a bilateral idenrification process for
di't'silss both of which later converge onto a common
amodal magnitude representanon. Our results are
compatible wirth this model, and suggest that the
right fusiform gyrus may play a special role in
recognizing Arabic digits during number compari-
500,

We also noticed a small notation effect in the left
precentral gyrus. [nrerestingly, the very same voxel
was also affected by a large effect of response side.

1478 Vol 10 Mo 7 14 May 1999

It 75 unlikely thar the same brain area 15 involved in
visual identification and motor processes., Racher,
the shape of the notation effect is indicative of a
differenuial delay in motor activation between the
two conditions, with a longer activation for verbal
notation than for Arabic netation. Analysis of reac-
rion times indicated that subjects |uspmr‘|dfd 18 ms
slower to verbal than to Arabic numerals. It is then
possible that the apparent notation effect observed
in the BOLD response of this premotor voxel was
simply related 1o the delayed motor activation of
this region due to a longer processing of verbal
stimuli. This interpretation would require a replica-
tion to be walidated, however, hecause it secems
somewhat surprising that such a small response time
difference may be measurable at the level of the
hemodynamic response.

We also reported a distance effecr, independent of
notation and response side, in three different sites:
two in the left inferior parietal lobule, and one in
the right posicenrralfinferior parictal region. This
bilateral inferior parietal effect is in good agreement
with the assumption of an abstracy representation of
number magnitude in this area [18]. Our data sug-
gest that the lareralization of this magrutude repre-
sentation is perhaps more complex than expected.
Indeed, we found here the most significant distance
effect in the left hemisphere, whereas a previous
ERP experiment suggested a right-hemispheric ad-
vantage [2]. In both left and night parietal areas,
however, number notation was found  irrelevant.
While verbal and Arabic notations are identified by
partially disrinet inferior temporal areas, as discussed
previously, parictal cortices may constitute conver-
ging points where the comman semantic informa-
tien conveyed by both notations s represented.

Finally, we observed the expected effect of re-
sponse side over a large set of lefr and right sites
surrounding the central sulcus, as well as in the
supplementary motor area (SMA] and in the insula.
Pre- and post-central sensorimotor areas were svs-
tematically more activated for coneralateral than for
ipsilateral hand movement, Globally, these data are
in good accordance with the proposed theorerical
model of the task, which postulates a visual identifi-
cation of numbers in the left and right ventral
ocoipito-temporal areas, a bilateral magmirude repre-
sentation in the inferior parietal lobule, and the
implementation of the appropriate response in mo-
tor areas.

In addition to comparison itself, the design of our
experiment probably called on other cognirtive capa-
cities. Firsy, the fast detection of the target number
probably required focused visual attention through-
out the experiment. Second, the rarget had to be
compared with a fixed reference number {five)
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which was memornized, probably requiring the use
of working memery resources. Third, the mator
response  instructions  changed between  blacks,
which required subjects to inhibit a previously
auromarized task and therefore put requirements on
Fourth, subjects
made occasional errors and presumably used error
detection and correction processes on those trials.
Those tactors may explan our finding of widespread
activation in prefronal, parietal, cingulate and sub-
cortical areas which may ner be specihcally related
to number comparisen. Prefrontal cortex and anre-
rior cingulare, in p:u'lir.'u]ar, are considered as crucial
areas for the high-level control of activity and rask
switching, Anterior cingulate acrivation is found in
many effortful tasks [[9] that require attention for
action [20] and involve the monitoring of conflicting
responses [21] and the carrection of ovcasional
errors [22]. Prefrontal cortex may be related w a
supervisory attentional function [23] of controlling
lower-level sensorimotor processes. Finally, the lat-
eral prefrontal activanons, in connection e the
parietal activations (at sites where no distance etfect
was found}, mayv be indicative of the involvemenrt of
working memory for the reference number and task
mstructions [24,25].

Conclusion

In ¢onjunction with a previous ERP study of the
same task, the presenr study provides evidence that
an organized sequence of cerebral acrivatdons under-
lies the number comparison task. Thanks ro che
event-related [MRI method, the size, lag and tem-
poral shape of the activations can now be visualized.
The complesity of the distributed cerebral nerwork
imphicated in this simple cognitive rask reinforces

the idea that any psychological ability results from
the coordinared acrivity of muluple specialized cere-
bral systems, rather than trom the operation of a
single dedicated brain area. The variant of the
additive-factors method proposed here, which in-
volves the orthogonal varation of multiple sumulus
parameters and the examination of their impact on
cach brain area, provides a general means of defining
the tuncrion of these distributed subsystems.
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