CHAPTER 9

Theroleof vision in the development of finger-number interactions:

Finger -counting and finger-montring in blind children®

Abstract

Previous research has suggested that the use ofirpers may play a
functional role in the development of a mature ¢mgnsystem. However, the role of
developmental vision in the development of a fingemeral representation remains
unexplored. In the present study, fourteen congbyiblind children and fourteen
matched sighted controls undertook three diffetest batteries respectively testing
(2) general cognitive abilitie?) the spontaneous use of finger-counting and finger-
montring strategies, an@) the canonicity level of the finger-counting andger-
montring habits. Compared to the sighted contialisd children used their fingers
less spontaneously to count and in a less canomesl to count and to show
guantities. These results demonstrate that thenabsef vision precludes the
development of a typical finger numeral represeémtaand suggest that the use of
canonical finger-counting and finger-montring <stgiés relies on the visual

recognition of particular hand shapes.

! This section is a modified version of an articiéhvan identical title by Crollen, Mahe, Collignand
Seron, which has been accepted for publicatioheéaJournal of Experimental Child Psychology.

187



Chapter 9

1. Introduction

In the literature on numerical cognition, it is @s®d that fingers play a
functional role in the development of a mature ¢mgnsystem (Butterworth, 1999a;
1999b; 2005; Fuson, 1988; Fuson et al.,, 1982; Gelfa Gallistel, 1978).
Developmental and cross-cultural studies have mddg®wwn that children use their
fingers early in life while learning basic arithreebperations and the conventional
sequence of counting words (Butterworth, 1999b).réMparticularly, fingers have
been found to contribute tl) giving an iconic representation of numbers (Faol
Seron, 2005)(2) keeping track of the number words uttered whilentmg up or
down at the numerable chain level (Fuson et al82}9(3) prompting the
understanding that every symbolic number is a sodica a multiple of 10 (the base
10 numerical system) and that 10 is equal to twesi five (the sub-base 5 system);
(4) sustaining the induction of the one-to-one comesience principle (Graham,
1999) by helping children to coordinate the actagfging the object with saying the
number word (Alibali & DiRusso, 1999; Fuson, 198%); sustaining the assimilation
of the stable-order principle by supporting the egaace of a routine to link fingers
to objects in a sequential, culture specific statker (Wiese, 2003a; 2003b).

To summarize, the use of fingers is assumed to alayitical role for both
enumerating the number sequence (finger-counting) rapresenting and showing
numbers to other people (finger-montring). FingerAming is a term created by Di
Luca and Pesenti (2008) to characterize the waylpemise their fingers to show
numerosities to other people. As pointed out by d@lwhors, it is important to
distinguish finger-montring from finger-counting e finger configurations used for
these two strategies often differ from each otleeg.( while children raise their index

and middle finger to show the numerosity 2, thagadheir thumb and their index
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Finger-counting and blindness

finger to count to 2). These functional connectidredween fingers and numbers
appear very robust since it has been observecteat a child born without forearms
used her phantom fingers to count and to solvarastic problems (Poeck, 1965). In
addition, performance on finger discrimination &sit age 5 was shown to be a good
predictor of arithmetic abilities at 6 and 8 yeald (Fayol, et al., 1998; Marinthe et
al.,, 2001). This finding was replicated by Noél @3) and extended by Gracia-
Baffalluy and Noél (2008) who observed that eigleteks of finger gnosis training
could improve three numerical abilities (i.e., sidmg, finger-configuration naming
and ordinality judgment) in a group of first grasi¢but see Fischer, 2010).

Interaction between numbers and fingers was algmesied by functional
imaging studies. These studies found that simiéarepal networks (i.e., the angular
gyrus)were activatedvhen subjects were submitted to tasks involvingegifinger
movement control or number processing (Pesenti.eR@00; Piazza et al., 2002;
Pinel et al., 2004; Zago et al., 2001). Accordinglye capacity to execute tasks
requiring access to finger representations and naatgudgments was found to be
disrupted after an acquired (Gerstmann, 1930; Maléartory, Pegna, Landis,
Delavelle & Annoni, 1999) or a transient lesiona(virMS) of the left angular gyrus
(Rusconi et al., 2005).

At the behavioral level, recent research has detraies that the repetitive use
of a stable-order finger-counting habit may actuafifluence the way numerical
magnitude is mentally represented and processest, Fiaces of the base-5 finger-
counting system (i.e., numbers larger than 5 alwayslude a full hand
representation) were witnessed by a disproport@namber of split five errors (i.e.,
errors deviating by the correct result by exactlys} while children performed

complex mental calculation (Domahs et al., 2008) lay larger reaction times when
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adults compare a pair of digits which contains asteone number larger than 5
(Domabhs et al., 2010). Second, increased cortinaspictivity of hand muscles was
found when adults were required to put items imegpondence with elements of an
ordered series (Andres et al., 2007; see Sato,ét0fl7 for similar results in a parity
judgment task). Third, it has even been argued finger-counting habits could
account for the origin and direction of the SNARfieet (Fias & Fischer, 2005;
Fischer, 2006, 2008). Fourth, two recent studienatestrated that children (Noél,
2005) and adults (Di Luca & Pesenti, 2008) namegharnical finger configurations
faster when these configurations conformed to tbein finger-counting habit than
when they did not. Canonical finger configurationgre also reported to be
reactivated when adults have to retrieve the resfukimple arithmetic operations
(Badets et al., 2010). Finally, Di Luca and colieag (2006) showed that Italian
participants identify Arabic digits from 1 to 10star and more accurately when the
finger used to press the response button correspianthe canonical Italian finger-
digit mapping (i.e., from the right thumb to theli little finger for numbers 1 to 5
and from the left thumb to the left little fingerfnumbers 6 to 10).

Though many connections have been observed betfieger movements
and number processing, the reasons why such #@rekatists remain unclear. On the
one hand, according to a functionalist viémteractions between fingers and numbers
arise in the course obntogenic development because children discover (either
spontaneously or by observing adults) that fingexsy be helpful to perform
counting and arithmetic procedures (ButterwortrQa 2005). On the other hand,
according to a redeployment hypothesis, the neairatlits initially dedicated to the
representation of fingers was reused for numeripebcessing because the

representation of fingers offered some functionedligvant resources to develop the
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Finger-counting and blindness

concept of numbers in the course gifylogeneticdevelopment (Anderson, 2010;
Penner-Wilger & Anderson, 2010).

Moreover, to be efficient, finger-counting and famgmontring probably
require a precise knowledge of the position of fimgers on the hand and the
recognition of particular hand shapes. Interesyintjiese abilities are assumed to rest
in the parietal cortex, a brain area which is oféeysociated with the dorsal visual
pathway. Furthermore, as finger-counting and fingentring habits are culturally
determined (e.g., European children start countiity a closed fist and unbend one
finger after the other whereas Chinese childrert staunting with an open hand and
bend one finger after the other; Butterworth, 1998tah, 2000; Wiese, 2003a;
2003b), the question arises as to whether visienitisal or not for the elaboration of
these interactions. The study of congenitally bliciildren represents a unique
opportunity to investigate this issue.

In the present study, fourteen congenitally blinkildren and fourteen
matched sighted children were submitted to thréfereént test batteries. In the first
battery, general cognitive abilities (1Q, workingemory, finger discrimination,
addition and knowledge of ordered sequences) wakiaged to determine whether
both groups of children presented the basic skilé&g are required to undertake the
tasks presented in the second test battery. Ins#wond battery, six different
numerical tasks were administered to examine whathiddren spontaneously used
their fingers to count and to represent numbersally, in the third battery, the
canonicity level of the finger-counting and fingapntring strategies was assessed by
explicitly asking children to count and to show ity with their fingers.

The present paper therefore aims to address tliffeeedt questions(1) do

blind children use their fingers to count and towlguantities? If vision is critical for
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the development of finger-number interactions, théind children would not be
expected to use their fingers spontaneously tolvesihe numerical tasks of the
second test battery. If, on the contrary, fingember interactions may emerge from
proprioceptive cues (i.e., the perception of fingswvements), then blind children
should use their fingers as often as sighted amldfo;(2) if blind children do not
use or uséheir fingers less, do they even achieve the sawel bf performance as
sighted children? If finger-counting is a necesstgl for the emergence of an
efficient counting behavior, then blind childreroald be less accurate than sighted
children in the second test battery. On the contifthe counting behavior emerges
from other strategies, then blind children shoulchieave the same level of
performance(3) do blind children use their fingers in the same wayhesr sighted
peers when they are explicitly required to cound &m show quantities with their
fingers (in the third test battery)? Given thataainal finger-digit configurations are
culture-dependent (Butterworth, 1999b; Ifrah, 198liese, 2003a, 2003b), vision
was expected to play a critical role in the acdiaisi(by imitation) of these canonical
configurations. Therefore, blind children were exted to use their fingers (to count

and to show numerosities) in a different way thighted children.

2.  Method and results

2.1 _Participants

Sixteen blind children (7 girls and 9 boys) papated in the study. The results
for two blind boys were discarded: one becausd@isvas too low (< 72) and the
other one because he had lost his vision aftersdeond year of his life. The
remaining 14 children (7 girls and 7 boys; 11 righhded, 1 left-handed and 2

ambidextrous)were all born with visual impairment and did notv@aany other
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disability. Nine children came from Belgium and five from Caaadhe children

were between 7 and 13 years diti£ 9.9 + 2.09) (see Table 9-1).

Table 9-1. Characteristics of the children

Blind Children Sighted Children

Cause of

NameGenderCountry Age 1Q Handedness blindness

NameGenderCountry Age [IQ Handedness

Unknown:
adopted chil

Retinopathy
Sha F B 7.1094.4 A of Lei F B 6.10100.0 R
prematurity

Sim M B 85 1224 A Unknown: | ot B 83 1056 R
adopted chil

Retinopathy
Eli F B 9.11108.4 R of Mar F B 9.5 1084 R
prematurity
Retinopathy
Ana F B 10.0122.4 R of Nat F B 9.7 1140 R
prematurity

Eyeball
atrophy

Cat F B 7.2 1056 L Emi F B 6.8 119.6 R

=

=

Sum F B 10.8 94.4 R Bia F B 10.6116.8 R

1l M B 12.7 114 R Glaucoma] Abd M B 12.3 102.8 R

Retinopathy
Sal M B 12.1180.4 R of Thé M B 12.1094.4 R
prematurity
Leber’s optiq
neuropathy
Retinopathy
Kor F C 8.9 102.8 R of Gre M C 85 1224 R

prematurity

Mat M C 95 972 R Unknown | b v ¢ 104m224 R
malformatio

Sil F C 7.7 105.6 R Glaucoma| Pau F C 6.0 111.2 L
Retinopathy

Ant M C 9.11 100 R of Bap M C 9.11102.8 R
prematurity

Retinopathy
Lou M C 12.3108.4 R of Con F C 12.8122.4 R
prematurity

Sel M B 13.594.4 R Den M B  13.10100.0 A

Note. M = male; F = female; B = Belgium; C = Candda left-handed; R = right-
handed; A = ambidextrous
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In order to take into account the cultural diffeves in the way children use
their fingers to count and to show quantity (Butterth, 1999b; Sato & Lalain,
2008), fourteen sighted children (12 right-handetft-handed and 1 ambidextrous)
were selected to match the blind children on thenality criterion. In addition, and
as shown in Table 9-1, they were also matched angkpder and age. 1Q was
estimated by two verbal subtests of the Wechsl@lligence Scale for Children-IlI
(Wechsler, 1996): the Similarity and Informationbsests. As these subtests were
guite representative of the verbal scale, the mefatheir standard scores was
calculated to estimate verbal IQote that no performance subtest was administered
because of the visual component of all these tddken-Whitney tests showed that
the two groups did not differ in terms of agé£ 93.5,p > .8) or IQ estimationy =
66,p>.1)

All test procedures were approved by the Reseatisic€EBoards of the Centre
for Interdisciplinary Research in Rehabilitation@feater Montreal (CRIR). Written
informed parental consent was obtained for all ¢h#dren. The sighted children
were blindfolded during the tasks in order to pldwm in conditions similar to those

of the blind participants.

2.2 Test Battery 1: General cognitive abilities

In this first battery, general cognitive abilitiegere evaluated to determine
whether both groups of children had the level afgrenance required to undertake
the counting tasks of the second test batteryrderao explore the presence of group
differences, Mann-Whitney tests were performed witbup as a grouping variable
and the tasks’ score as a dependent variable. Werah t-tests for independent

samples (with Bonferroni’'s correction) with the samariables. As these two
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analyses systematically led to the same conclusiaes only reported the exact
statistics of the Mann-Whitney test (because this test was more adapted to the no
normal distribution of our data). For the sake ofnprehension, we nevertheless

reported the mean scores of the two groups.

2.2.1 Working memory

Children’s working memory capacities were evaludiedause every task of the
second test battery were very demanding for thé&wwgmemory process.

Two different tests were used: a listening spak (8g&gel & Ryan, 1989) and a
pseudo-word repetition task. The listening spah wess administered to assess the
central executive component of the working memémthe French adaptation of the
test (Censabella & Noél, 2008), the experimentad i@ set of sentences (from two to
four) to the children who were instructed firsfadge the truth of the sentences, and
then to recall the last word of all the sentenoethé set. The test comprised a total of
36 sentences (four sets of two sentences, foun$étsee sentences and four sets of
four sentences). Half the sentences were true {leg.abeilles fabriquent du mig}-
“bees make honey”), the other half were false (élgs girafes ont un long nez*
“Giraffes have long noses”). The percentage of exrresponses (i.e., the total
number of items correctly recalled divided by tleat number of items) was
calculated for each child.

The pseudo-word repetition task was conducted iderorto assess the
phonological loop of the working memory. It is pat the standardized French
BELEC battery (Mousty, Leybaert, Alegria, Content Morais, 1994). The test

included two pseudo-word lists differing in termissyllabic complexity level (CV
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for the first list and CCV for the second fjstEach list comprised 4 one-syllable
items, 4 two-syllable items, 4 three-syllable itemdour-syllable items and 4 five-
syllable items. The span measure correspondedetdotigest set for which all the
target pseudo-words were correctly recalled.

Scores on the listening span test did not diffgniicantly between the two
groups,U = 92.5,p > .8: blind children correctly recalled 77.62%tlé words $D =
16.07) and sighted children 77.46%0(= 11.83). In contrast, when the children were
asked to recall pseudo-words, the blind childred significantly better span scores
(M =9.29 + 0.82) than the sighted childré&h £ 8.50 + 0.65)U = 47.5,p < .05. The
scores were nearly at the ceiling for CV syllalfesly one of the sighted children

made an error in this list), but were lower for C&flables.

2.2.2_Addition

In this task, children were asked to solve 8 addgiwith single-digit numbers.
These additions were drawn from the Tedi-Math Bwtt@/an Nieuwenhoven,
Grégoire & Noél, 2001) but were orally rather thasually presented. Each correct
response was credited with 1 point, giving a maxmmscore of 8 points. These
additions were chosen in order to examine whethidren can deal with single-digit
numbers, which are the target numbers of everydaghe second test battery.

Scores on the addition test ranged from 3 t18=(7.29 + 1.54) in the blind
group and from 6 to 8 in the sighted grotp < 7.57 = 0.76). The Mann-Whitney test

did not show any significant group differences lois taskU = 96,p > .9.

2 CV syllables consist of one consonant and one Lamigle CCV syllables consist of two consonants
and one vowel.
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2.2.3 Finger discrimination

The finger discrimination test was drawn from thER$Y battery (Korkman,
2000). In this task, one or two fingers of eachdhaere touched by the experimenter
and the children were asked to show the touchegef{s) with the index of the
opposite hand. The procedure was first applietieadominant hand, then to the non-
dominant hand. The task comprised 14 items (10-tonehed finger” items and 4
“two-touched fingers” items) on each hand. One puias given for each correctly
recognized finger, giving a maximum score of 36il@an were submitted to this
test in order to be sure that children had nodliffies in recognizing their fingers.

Again, blind children did not differ significantly from giited children in this
task M = 34.07 £ 2.30 and 32.14 + 3.96 for blind and &dlchildren respectively),

U=705p>.1.

2.2.4 Ordered-sequence knowledge

To assess the knowledge of the counting word seguerildren were asked:
(1) to count orally as far as possible (they were @topat 31 if they got that fan?)
to count up to 9 and up to @) to count on from 3 and from {) to count from 5 to
9 and from 4 to 8; an¢b) to count down from 7 and from 15. All these itewere
drawn from the Tedi-Math Battery (Van Nieuwenhowtral., 2001). The knowledge
of three other ordered sequences were also evdludtddren were required to recite
the days of the week, the months of the year, laadetters of the alphabet. One point
was given for each correctly recited sequence. & laééerent questions were asked
to children because the knowledge of the orderegsés essential to perform one

task of the second test battery (i.e., the ordses@s manipulation task).
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Statistical analyses showed that knowledge of tlenarical chain was
equivalent in both groupsW(= 9.43 + 1.16 and 9.86 = 0.36 for blind and sighte
children respectively)}J = 82,p > .3. Concerning the knowledge of the three ordlere
sequences, one sighted child systematically fadeccite the days of the week, the
months of the year and the letters of the alphab#terwise, performance was

equivalent in both groups.

2.2.5 Conclusion of the test battery 1

In summary, both groups of children had normal esarn all of the tasks so
that blind and sighted children were assumed talbe to undertake the tasks of the
second test battery. Besides, these results alggest that the two groups were
overall well balanced. Indeed, there was only dgaificant difference between the
blind and the sighted children on the general dogniabilities measures: blind
children performed better than sighted ones impeudo-word repetition task, which
is in line with the superior verbal memory skillseady observed in congenitally

blind adults (Amedi, Raz, Pianka, Malach, & Zoh&§03).

2.3 Test Battery 2: Spontaneous finger use

The second test battery was devised to assespahégaseous use of fingers in
different numerical contexts. Children were thus gisen any information about the
efficiency of using either a finger-counting or iager-montring strategy but were
free to use any strategy they wanted to. All trststavere nevertheless designed in
such a way that finger use could make their retdinaeasier (by helping the children
to keep track of intermediary results or by prowglian external support for the
working memory load). In order to examine the twstfquestions (i.e(1) do blind

children use their fingers to count and to showngtias; (2) do blind children
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achieve the same level of performance as sightédreh), the experimenter assessed
the children’s performance by calculating the s@ord the number of times children
used their fingers to solve the task. In this bgitthe conventionality of the finger-
counting behavior was not assessed. So, any cimatimi) some finger movements

was scored as a behavioral indicator of the usmgérs.

2.3.1Counting words

In this task, children listened to five short starof between 193 and 209 words
(M = 202.6 + 7.5) and were required to count, forheatory, the number of
appearances of a specific target word. The targetisvweremouche(i.e., fly),
femme(i.e., woman)Georges(i.e., Georges)princesse(i.e., princessand miséreux
(i.e., miserable). The correct answers were 7, 3, &d 8 respectively. Participants
were explicitly instructed not to count aloud. Eachrect response was credited with
1 point. Moreover, to ensure that children wererdive to the story, two questions
were asked about the content of each story, angEleamentary point was awarded if
the two answers were correct. The maximum score ttvas 10. As the counting
words task required children to perform two tasksuttaneously (understanding the
content of the story and counting the number ddratices of a target word), the use
of fingers was expected to alleviate the workingrmmogy load by helping children to
keep track of the target words already counted.

In this task, blind children used their fingersrsigantly less often than their
sighted peersM = 2.86 for blind and 6.57 for sighted)) = 60, p = .05, but
nevertheless achieved the same level of performahee91,p > .7 (see Fig. 9-1).
The finger-counting strategy was only used by folimd children (Sha, Ana, Ill and

Ant) as compared to ten sighted children.
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2.3.2Two-syllable counting

Children were exposed to 10 series of two phonigtidessimilar syllables/pa/
and /ji/®) and were instructed to count the numberp/ and the number ofji/
sounds in a sequence (e.g., “Ipa/, ljil, ljil, @&/, ljiI” = 3 Ipal; 3 lji/). The syllables
were played every second. The total number of Isiaranged from 6 to 10; the
number of/pals ranged from 3 to 7 and the number/jof from 2 to 6. As the two-
syllable counting task involves counting two seri@sger-counting was expected to
help the children not to lose track of what haeéadly been counted.

In this task, blind children performed less well= 51,p < .05, and used their
fingers substantially less often than the sighteatrols (M = 3.08 for blind and 8.57
for sighted),U = 41,p < .01 (see Fig.9-1). Indeed, the finger-countitrgtegy was
only used by four blind children (Ana, Ill, Sal akht), as compared to twelve
sighted children. Note that one blind child (Shaswdiscarded from the analysis
because she misunderstood the instructions. Bhildren often used a strategy that
is very demanding on the working memory, namelyabie counting strategy: they
mentally keep track and update the count on twallgrcounting sequences (e.g., 1
fjil, O Ipal; 1 ljil, 1 Ipal; 1 ljil, 2/pal, etc.nterestingly, however, the blind children
who used the finger-counting strategy were alssgheho achieved the highest level
of performanceN! = 8.5 for the children who used their fingers &rfdr the children
who did not use them). In contrast, our data ditlallow establishing the inverse
relationship: the sighted children who did not tiseir fingers were not the children
who achieved the lowest level of performanke= 8.5 for the children who did not

use their fingers and 8.42 for the children whadubeir fingers).

® The consonant®/ and/j/ are articulated differentlyp/ is plosive, whildj/ is an approximant. They
also differ in the place of articulatiofp/ is labial andj/ dorsal. The vowel&/ and/i/ differ in terms
of the vowel heightfa/ is open andi/ closed.

20C



Finger-counting and blindness

2.3.3Counting with articulatory suppression

Children were required to count the number of tintlesexperimenter touched
their shoulder. In order to block the articulatoshearsal process, children were
required to utter nonsense wordblé' bla bld’) while counting. The touching rhythm
was random, and the number of touches ranged fram1®. Finger-counting was
therefore expected to be a helpful way of keepmaghkt of the number of touches
made by the experimenter.

In the counting with articulatory suppression takknd children tended to
perform less wellJ = 55,p = .07, and used their fingers substantially l€ssnathan
the sighted children) = 30.50,p < .001 M = 2.15 for blind and 8.57 for sighted)
(see Fig. 9-1). Indeed, only three blind childrémg, Sil and Ant) spontaneously
used the finger-counting strategy whereas twelgatsd children did so. As in the
previous task, the blind children who used the dimgounting strategy were the
children who achieved the highest level of perfanoea = 9.67 for the children
who used their fingers and 6.9 for the children vawd not use their fingers). In
contrast and as in the previous task, our datandidallow establishing that the
sighted children who did not use their fingers was® the children who achieved the
lowest level of performancéA= 9 for the two sub-groups of sighted children).

Sha was once again discarded from the analysisubeche misunderstood the

instructions.

2.3.4Enumeration guestions

In this test, children were required to name a isijpatumber of exemplars from
10 different target categories (5 boys’ names, bk,j& girls’ names, 9 animals, 3
colours, 7 fruits, 4 toys, 8 household objectsp&ds and 6 items of clothing). The

enumeration question task thus required the chiltive(1) retrieve information from
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the verbal long-term memor{2) name this information(3) keep track of the number
of items already retrieved4) go on retrieving information from the long-term
memory content(5) stop the process as soon as the target numbeepfpdars had
been reached. In this task, the use of fingersexpected to alleviate the load of the
working memory by helping children to keep trackofv far they had got.

In the enumeration questions task, the accuracsesomere the same for the
two groups,U = 89, p > .6, but the finger-counting strategy was useghiicantly
less often by blindMl = 0.86) than by sighted childreM (= 7.71),U = 11,p < .001,
(see Fig. 9-1). Only three blind children used finger-counting strategy: two (Ana
and Ant) used it to count beyond 6; one (lll) usteafter he had made an error. In the

sighted group, on the other hand, all the childnerept one used this strategy.

2.3.5 Ordered series manipulation

Children were asked 10 questions requiring the mdaiion of three ordered
sequences (i.e., the letters of the alphabet, thehm of the year, and the days of the
week), for example, “what’s the name of the sevemtimth of the year?”, “how many
letters are there between A and H?”, “what’s thenmaof the fourth day of the
week?” Knowledge of these three sequences hadguglyi been assessed by asking
the child to recite them (see section 2.2.4). Here finger use was expected to
facilitate the manipulation of the sequences.

Blind and sighted children’s performances were egjent,U = 87,p > .8,
whereas their strategies for carrying out the taske not. As in the previous tasks,
blind children relied on their fingers significanless often than sighted childrel (
= 1.71 for blind and 7.54 for sighted), = 16.5,p < .001 (see Fig. 9-1): five blind
children used their fingers occasionally (Sha, AHia,Sal and Ant), but twelve

sighted children used them regularly. Note that sighted child was discarded from
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the analysis due to her inability to recite thesdaf/the week, the months of the year

and the letters of the alphabet (see section 2.2.4)

2.3.6 Numerosity communication

Five oral numerals (1, 2, 4, 7 and 8) and five sosequences (3, 5, 6, 9 or 10
sounds) were presented through headphones andhitieen were instructed to help
the experimenter guess the number/numerosity HBatging a non-verbal strategy.
As writing and speaking were not allowed, the fiag@ntring strategy was expected
to be used to give an iconic representation ohtirabers/numerosities presented.

In the numerosity communication task, sighted ebildperformed at ceiling
whereas blind children made a few errors. Howetlas, difference failed to reach
significance U = 84,p > .1. Moreover, both groups of participants udertfingers
equally oftenU = 88,p > .4 (see Fig. 9-1). In this task, all the blindldren used
their fingers to show the numerosity, but two clehgheir strategy in the course of
the task: Eli replaced the finger-montring procedhy the production of sounds or
gestures, and Sel used the index finger to drawdingbers. In the sighted group, two
children never used the finger-montring strategye enoved the head to draw the
Arabic numbers, and the other used the hands tesept the shape of the Arabic

numerals.

2.3.7_Conclusion of the test battery 2

The second test battery demonstrated that blinttreim used the finger-
counting strategy significantly less frequently rthsighted controls. In each task,
there were only three or four blind children ustheir fingers. Interestingly, these
children were almost always the same: Ana, Ill &md. In order to examine the

potential influence of variables like 1Q and agefmrguency of finger-counting, we
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ran an additional stepwise regression analysis gitlup, 1Q, age and pseudo-word
recall performance as independent variables anch#a number of finger use (over
the 5 enumeration tasks) as the dependent varidble. results of this analysis
showed that the factor group was significgn& (.001) whereas the factors IQ% .1)
age p > .2), and pseudo-word recghl ¥ .8) were not.

Both groups of participants nevertheless achievade gsimilar levels of
performance in three of the five counting tasks.(icounting words, enumeration
guestions and ordered series manipulation). Irtwleeother tasks (i.e., two-syllables
counting and counting with articulatory suppressidrowever, the lack of finger use
appeared to prevent blind children from achievimg same level of performance as
sighted participants. Accordingly, blind childremevused their fingers in these two
tasks were the one who achieved a high level dbpeance.
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Fig. 9-1. Results of the test battery 2.
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Moreover, as fingers were equally used by both gsoin the numerosity
communication task, blind children appeared to Wwara that their fingers could be
used to give an iconic representation of numbewmwvéver, it is interesting to note
that the lack of vision led blind participants t@ke a few errors while sighted ones

did not make any.

2.4 Test Battery 3: Canonicity of the finger-basspresentation

This third battery was devised to assess the caioveity level of the
children’s finger-counting and finger-montring $é&gies. Children were therefore

explicitly instructed to use their fingers eithercount or to show a quantity.

2.4.1 Finger-counting

Children were presented with 10 sequences of tandswere explicitly asked
to count the number of sounds they heard, using tivegers. The sequences
comprised from 1 to 10 tones played at the rater@ per second. Each correct
response was credited with 1 point and the coneeality of the finger-counting
strategy of each child was assessed using thresriariAs Belgian and Canadian
sighted children typically counted by raising thiémgers in the order “thumb, index
finger, middle finger, ring finger and little fingeof the dominant hand (for numbers
1 to 5) and then the same order of the non-domihand (for numbers 6 to 10), the
following criteria were usedZl) the “raising” criterion (did the child raise his loer
fingers to count?)(2) the “stable-order” criterion (did the child useetfingers of
each hand in the conventional order?); §Bdthe “laterality” criterion (did left-
handed children start counting with their left haamad right-handed children with

their right hand?) (Di Luca et al., 2006; Sato &dia, 2008). Compliance with each
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criterion (for each child and each counting seqagm@s assessed by a dichotomized
scale (0 = non-compliance and 1 = compliance).

The data demonstrated that blind children behawed liess stereotypical way
than sighted children. Indeed, whereas all thete@ykchildren raised their fingers to
count, only six blind children did s&J = 25, p < .001. The others used a kind of
tactile stimulation: they drummed their fingerstbe table, used one of their hands to
touch and count the fingers of their other handpiached the extremities of their
fingers. The blind and sighted groups also diffesaghificantly on the laterality
criterion,U = 47,p < .05 (one sighted and two blind children werel@ded from this
analysis as they were ambidextrous). In the siglgtedip, only one child started
counting with his non-dominant hand. Otherwise htiganded children started
counting with their right hand, and left-handedlat@n started counting with their
left hand. In the blind group, in contrast, only shildren always started counting
with their dominant hand. Finally and most impotkanblind children used their
fingers in a less standard order than sighted @mnldJ = 56,p < .01 (see Fig. 9-2).
Eli counted by using a left-to-right oriented fimghgit mapping, namely from the
little finger to the thumb of her left hand for thambers 1 to 5, and from the thumb
to the little finger of her right hand for the nuerb 6 to 10. Kor and Sil started
counting with their index finger and finished theuating sequence on their thumb.
Mat used only one hand to count up to 6 and up. tidl €ounted by using his two
hands alternately, following a specific order (i.eght forefinger, left forefinger,
right middle finger, left middle finger, and so or8al also counted using his two
hands alternately (from the little finger of thghti hand to the thumb of the left
hand). It is worth noting that the two blind chiédrwho used alternate counting (Il

and Sal) were not ambidextrous.

20¢€



Finger-counting and blindness

Eli Kor
2 4 7 9 sil

g 5 1 -
10 4 8
5 6 9 10
Sal
6 5
4 8 4 3
2 1
10 9
10 9

Fig. 9-2. The unusual finger-counting orders used by fivedothildren.

[e=]
~

Interestingly, some blind children changed theiatsigy in the course of the
task: Sil, for example, often started counting witle index finger but sometimes
counted following the typical Canadian order. Casedy, every sighted child used
the typical Belgian/Canadian finger-counting or@ez., from the thumb to the little
finger of one hand for numbers 1 to 5, and themftbe thumb to the little finger of

the other hand for numbers 6 to 10).

2.4.2 Finger-montring

The experimenter read 10 verbal numerals (from 10torandomly presented)
and children were asked to use their fingers tavsthe numerosity corresponding to
these verbal numerals. Each correct response vesited with 1 point and the
canonicity of the finger configurations (for eadfild and for each numerosity) was
assessed on a dichotomized scale (0 = “non-carlonmafiguration” and 1 =
“canonical configuration”). The configurations cafexed canonical are shown in

Figure 9-3.
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9 10

7 8
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Fig. 9-3. Canonical finger-montring configurations for numd to 10. Darkened

fingers correspond to raised fingers. For some rmusifl, 2, 3, 6, 7 and 8), two
configurations were considered to be canonical,dmly for the Canadian children.

For the Belgian children, only the configuratiompresented on the first line were
considered as canonical.

When required to show quantities by using theigéirs, blind children again
behaved differently to their sighted pedds= 58, p < .05. Although eleven sighted
children used canonical configurations to represeatnumbers from 1 to 10, only
five blind children did so. Mat represented the bens 4 and 9 (4 + 5) with the
fingers used for the counting behaviour (i.e., 4 wepresented with the thumb, the
index, the middle and the ring fingers). The othierd participants often represented
even numbers by using both hands, in a symmetrig {g@e Fig. 9-4): Sel
represented the number 2 by using both his thuiBha; represented the number 4
with the thumb and the forefinger of both her hanidisand Sil used their two
forefingers, their two middle fingers and their twiag fingers to give an iconic

representation of the number 6, etc. However, tadl ¢hildren used the canonical

configurations of numbers 5 and 10 (one and twamegddnands, respectively).

20¢



Finger-counting and blindness

2 4

6 8
Fig. 9-4. lllustration of the symmetric finger-montring stegl used by blind children
in the finger-montring task.

2.4.3 Conclusion of the test battery 3.

Taken together, the results of the third battemealed that blind children used
their fingers in a less canonical way than sighdleidren, both to count and to give
an iconic representation of numbers. Interestingblind children did not
systematically represent numbers larger than 5daygua full hand representation.
Instead, they used a kind of “symmetric” montrimggicating that blind children’s

finger-montring habits did not systematically exhthe sub-base five property.

3.  General discussion

Developmental, behavioral, neuropsychological amiro-imaging studies
have reported the existence of a close connectwden number processing and
finger representation. Since fingers provide a @ayscounterpart to number words
(Andres et al., 2008), it has been suggested liegt ¢ould facilitate the assimilation
of the counting words sequence, help children tepkgack of the number words

while counting (i.e., finger-counting) and providdool for communicating numbers
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(i.e., finger-montring) (e.g., Fayol & Seron, 2005Yloreover, as digital and
numerical processing still interact in adulthoodme authors have suggested that
children’s finger-counting and finger-montring higbmay change the way numbers
are mentally represented in adults (Di Luca et2806; Pesenti et al., 2000; Sato et
al., 2007; Zago et al., 2001), leading to a “firgemeral representation”.

In the present study, we investigated whether fiogeinting and finger-
montring behaviors may be shaped and influencedifiyal experience. Our data
provided responses to our three starting theotegigastionsi(1) while vision is not
necessary to the elaboration of numerical abiliteishin (Ferrand, Riggs, &
Castronovo) and outside (Castronovo & Seron, 208T&)subitizing range, vision
appeared to play a critical role in the elaboratdthe finger-number representation.
Indeed, although blind children relied on the firgentring strategy as often as
sighted children, they appeared to use the finganting strategy less spontaneously;
(2) fingers are a useful but not necessary tool ferdavelopment of the counting
behavior. Indeed, although blind children perforntess well than their sighted peers
in the counting with articulatory suppression taskl in the two-syllables counting
task, they achieved the same level of performandhle three other counting tasks
(i.e., counting words, enumeration questions, @deseries manipulation), thus
indicating that counting behavior has emerged asé¢hchildren|3) vision plays a
critical role in the acquisition of the culture-sg& finger configurations. Blind
children’s finger-counting procedures and fingeratnimg configurations were
indeed less canonical than those used by the sighdeticipants. Although blind
children preserved the one-to-one correspondenweeba the to-be-counted set and

the finger used to represent it, they often coumitedugh touching or pressing their
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fingers in an atypical order which does not neadgsaxhibit the sub-base-five
property or the stable-order principle.

As the two groups performed at a similar levehie finger discrimination task,
these conclusions cannot merely be attributeddiference in finger discrimination
capacity. Rather, blind and sighted children mayett®p an understanding of
numbers through different strategies. Using thgdis to keep track of the counted
elements or to make analogue representations ismoonamong sighted children, but
blind children probably have to develop strategmsompensate for their lack of
vision. As suggested by previous research (RazertrPundak, Orlov & Zohary,
2007; Roder, Rosler & Neville, 2001; Siegel & Ryd®89; Stankov & Splisbury,
1978), and by their better span scores at the pseodd repetition task (see section
2.2.1), it is possible that blind children rely rhumore on their auditory working
memory than sighted children to manipulate numbése Cornoldi, Tinti,
Mammarella, Re, & Varotto, 2009 for similar resukigh adults in a mental imagery
task). In the same way as traces of the fingertbogrbehavior have been found in
sighted adults’ numerical cognition (Andres et 2007; Badets et al., 2010; Di Luca
et al., 2006; Di Luca & Pesenti, 2008; Domahs et2010), traces of the working
memory use have been found in blind adults’ nunaégognition. Indeed, although
the behavioral data of a recent EEG study demdestithat blind and sighted adults
represented numbers through a similar spatial cdd&rent neurophysiological
correlates have been found to underlie number ro&tipn in the two groups
(Sallilas et al., 2009). In this study, participeuihtad to react as quickly as possible to
an auditory target presented either in the leftnothe right auditory space after a
spoken number word had been presented as a prntmth groups of participants,

small spoken number words generated a spatial shiéittention towards the left
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auditory space and large spoken number words gedesaspatial shift of attention
towards the right auditory space (i.e., the SNARfect Fischer et al., 2003). In
other words, small numerical primes facilitated tetection of left auditory target
while large numerical primes facilitated the detattof right auditory target.
However, while the amplitude of the sensory N10@hponent was modulated by
congruency (i.e., small primes — left auditory &rdarge primes — right auditory
target) only in the sighted group, the amplitudehaf cognitive P300 was modulated
by congruency only in the blind group. As the P3@flected higher cognitive
processes than the sensory N100, it was assumethéhtack of vision leads blind
people to manipulate numbers in a higher cognitigy, relying much more on
verbal working memory than on sensory-motor proegsslogether with our
observations, this finding suggests that congdwitdllind individuals may
compensate for their lack of vision by relying e phonological loop of their verbal
working memory rather than on the online use ofiéns to keep track of numbers.
Accordingly and interestingly, blind children pemized less well than the sighted
controls in the two tasks that involved interferemdth the working memory process.
In the counting with articulatory suppression tatkle articulatory rehearsal process
was blocked while in the two-syllable counting tagie presentation rhythm of the
two syllables was so fast that keeping track ofti@ counting sequences was really
demanding. As learning basic arithmetic abilitissoften very demanding for a
child’'s working memory, one may wonder whether rirag the finger-counting
behavior of blind children could improve their numgal abilities (see Gracia-
Baffalluy & Noél, 2008 for similar results with gited children). Moreover, as finger
discrimination appeared to be a good predictor ighted children’s arithmetic

abilities (Fayol et al., 1998; Marinthe et al., 200l0&l, 2005), it could be interesting
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to test whether working memory capacity might beg@d predictor of blind
children’s arithmetic abilities. In our experimerle first battery was designed to
determine whether both groups of children had #well of performance required to
undertake the counting tasks of the second tetdripaihe second test battery, on the
other hand, was designed to examine whether blimdl sighted children used
spontaneously their fingers to solve the enumaratasks. Therefore, the tests
created were not sensitive enough to examine ths®cdation between working
memory and arithmetic abilities.

Our finding that blind children use their fingeess$ frequently than sighted
children, combined with the observation that blemd sighted adults manifest the
same behavioral SNARC effect (Castronovo & Serd@d@7B; Sallilas et al., 2009),
suggests that the association between numericalspatal representation is not
uniquely attributable to finger-counting habitspastulated by some authors (Fias &
Fischer, 2005; Fischer, 2006, 2008). Instead, iasl lgarticipants are Braille readers
and as Braille is read from left-to-right, our find supports the idea that the SNARC
effect may be determined by the orientation of iegthabits (Dehaene et al., 1993).

Moreover, as mentioned in our introduction, twofetiént views have been
proposed to account for the origin of the intexawdi between numbers and fingers:
the functionalist (Butterworth, 1999, 2005) and tedeployment (Anderson, 2010;
Penner-Wilger & Anderson, 2010) hypotheses. Becdlusepresent paper suggests
that blind children do not use their fingers to elep the concept of numbers, it could
be interesting to examine whether blind individual®w activation in the finger
neural network during tasks requiring the represt@n of numbers. According to the
functionalist view, it is the use of the fingersrepresent numbers during numerical

development that is the key element in the obsenvaif the interactions between
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numbers and fingers. These interactions shouleétbes not manifest in blind people
who did not use the finger-counting strategy duchddhood. Conversely, according
to the redeployment hypothesis, individuals withboger agnosia but who did not
use the finger-counting and finger-montring strgteduring infancy should

nevertheless show traces of a numerical fingerebesgresentation while performing
numerical tasks in adulthood. So, blind adulthalgh they did not use their fingers
to process numbers during infancy, should shfy:greater reaction times while
comparing a pair of digits which contains a leas aumber larger than 5 (Domahs
et al., 2010){2) increased corticospinal activity of hand muscléslevperforming a

parity judgment task (e.g., Sato et al., 2007). Werefore argue that further
investigation of numerical processing in blind asluinay help to disentangle the

functionalist and the redeployment hypotheses.
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Summary and Per spectives||

1 Blindness and inter actions between number s and space

In the first experiment of Chapter 8, early blitate blind and sighted controls
were asked to report whether auditory numerals veenaller or larger than 5 by
pressing one of two response keys placed in eanH. hEhe verbal numerals were
centrally presented in order to not exacerbateeuifices in response selection by
inducing a Simon effect (Daar & Pratt, 2008he task was carried out either with
hands parallel or with hands crossed (i.e., theHahd placed in the right external
space). Results demonstrated that late blind aglitexi controls showed a SNARC
effect regardless of hand posture, while earlydbtirsplayed a SNARC effect only in
the parallel posture and a reversed SNARC effe¢héncrossed posture. This study
therefore provided a compelling demonstration geaty visual experience drives the
development of an external coordinate system fervisuo-spatial representation of
numbers since early visual deprivation shapes M®&RSC effect from an external- to a
hand-centred coordinate system. Moreover, as caadjgrblind adults also showed a
reversed Simon effect in a crossed-hands paradRagr et al., 2007) our results
added to previous evidence that the similarity leetwvthe Simon and the SNARC
effects was more than a mere analogy. In the seexpeériment of Chapter 8,
participants were asked to judge the parity stafuthe auditory numerals ranging
from 1 to 9 (except 5). In this task, EB, LB andhtéed controls showed a classic

SNARC effect in the crossed as well as in the uss®d condition.
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Because the lack of early vision prevents the dgraknt of an external
coordinate system, it is normal that EB did notapmumbers onto an external frame
of reference. The manifestation of this lack ofeemal remapping (i.e., reversed
SNARC effect in the crossed posture) was only ofeskin the comparison task but
was not observed in the parity judgement taskhis $ense, our data support the idea
that different types of spatial information (visgpatial vs. verbal-spatial) are engaged
differently in different tasks (comparison vs. parijudgment). Because the
development of an external coordinate system iswovspatial phenomenon (Rdder et
al., 2007), it is normal that blind people showcinssed-hands postuid) a reversed
SNARC effect in the task that primarily dependswvisuo-spatial associations (i.e.,
magnitude comparison task) a classic SNARC effect in the task that primarily
requires verbal associations (i.e., parity judgnasks).

Since our sighted participants showed a classic BGl&ffect in the crossed-
hands posture, our data also complemented thosetedpby Dehaene et al. (1993)
and by Fischer and Hill (2004) but were not in adeace with those reported by
Wood et al (2006). In Fischer and Hill's study (a2DOnumbers were presented
auditorily. In Experiment 1, visual control ovemtus was allowed. For both uncrossed
and crossed hand assignments, the SNARC effectsigagficant. However when
visual control over hands was precluded, resultewsbghtly different. When the hand
assignment was crossed, the SNARC effect was &gnif in accordance with
Dehaene et al. (1993), but when the hand assignmastuncrossed, the SNARC
effect disappeared. The authors attributed the sigmificant SNARC effect to the
stronger tactile and proprioceptive stimulationuoed by hand-crossing, which may
partially substitute for the lack of visual perdeptand help to build up a spatial

reference frame for responses.
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According to Wood et al. (2006), two relevant sddrames of reference are
available in SNARC tasks: the representational #rel hand-based visuo-spatial
frame of reference. The SNARC slopes are therefareighted sum of the activation
of both coordinate systems. As pointed out by G Rroctor (2003), the mapping
of stimulus-response compatibility depends on whichmes of reference are
activated in each experimental set: when handscesesed, there is a conflict
between representational and hand-based coordinitethe saliency of both
coordinates is approximately equal, a null SNAR&afis observed, since hand-
based and representational associations are comptan. If the weights of both
coordinates are unequal, a SNARC effect is obselmedhe direction of the
coordinate system which is the most salient. Ireptd account for the fact that a
classic SNARC effect was found in the studies ohd&ne et al. (1993) and Fischer
and Hill (2004) but not in their study, Wood et §006) proposed two interrelated
processes. The first process is relatethtochange from congruent to incongruent
hand assignmentWhile a fixed association of response keys cawduce the
saliency of a hand-based frame of reference (Dehatral., 1993), the change of
response assignments could increase it and therefmuce the strength of the
SNARC effect (Wood et al., 2006). While the chaonfieesponse assignments could
explain the divergences found between the studiggamd et al. (2006) and Dehaene
et al. (1993), the change of instructions could axtount for our data and for the
results of Fischer and Hil{2004). Indeed, both crossed amdcrossed hand
assignments were tested in these two studies. $odWt al. (2006) postulated that
another factor was able to reduce the saliencheftnd-based frame of reference.
According to Wood et al. (2006), this could be thaliency of the auditory

information for the construction of the spatial text. In our study as well as in the
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study by Fischer and Hill (2004), auditory numbeprds were presented to
blindfolded sighted participants. According to Waetdal. (2006), visual feedback of
the response assignment is an important factorrrdeteng the direction of the
SNARC effect in crossed-hands posture. Therefdréhe saliency of visual input
regarding a hand-based coordinates is high, batlkd-based and hand-independent
frames of reference could influence the SNARC effeccontrast, if the saliency of
the visual input is low, the hand-independent frasheeference could influence the
SNARC effect by more than the hand-base coordisygtem (Fischer and Hill, 2004;
Chapter 8 of the present thesis) (Wood et al., RODBe lack of visual input could
therefore account for the fact that a classic SNA&fect was observed in our
experiment (with sighted participants in a crossades posture) but not in the Wood
study (Wood et al., 2006).

According to Wood et al. (2006), the probability détecting a real SNARC
effect in a crossed posture also increases witlsiteeof the sample. While Wood et
al. (2006) tested 32 participants, we only test@dsighted individuals. In our
experiment, however, we analyzed our data withaali mixed model, an analysis
that presents two major advantages over the classisures usually used to evaluate
the SNARC effect (i.e., ANOVA or regression anaB)sg1l) the LMM is an
extension of the general linear model but does neguire observations to be
independent with constant varian¢2} the LMM allows the specification of random
and fixed effects and thus avoids averaging acatisslimensions. By using this
alternative statistical analysis, we probably overe the apparent small size of our
sample.

Moreover, in the literature on numerical cognitialymerous studies have

identified the intraparietal sulcus (IPS) as anaacetically involved in numerical
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processing (Piazza et al., 2004, 2007). Becaus¥aictions between visuo-motor
functions and numbers rely on circuits linking tR&S to the premotor cortex, it could
be interesting to record IPS activity and conndgtiusing fMRI while congenitally
blind, late blind and sighted individuals perforrhet auditory comparison task
described above in this section. While anteriotgaf the parietal cortex are mainly
concerned with sensori-motor processing, postgrams of the parietal cortex are
mainly connected to the visual system. Late blimdl asighted people who map
numbers onto a visuotopic frame of reference migbtefore activate the posterior
parts of the parietal cortex while the anteriortpasf the parietal cortex might be
activated in people who map numbers onto a sonm@totoordinate system (i.e.,
congenitally blind).

A reversal of the SNARC and Simon effects was albserved in sighted
individuals through the concurrent use of practioeompatible mapping rules
(Notebaert et al., 2006). Hence, the use of incailpaassociations between explicit
spatial information and spatial responses (i.eespteft when stimulus appears on the
right and right when stimulus appears on the kff)ears to reverse the SNARC effect
while changing the associations between impliciatigh information and spatial
responses (i.e., press left when stimulus is latigen 5 and right when stimulus is
smaller than 5) appears to reverse the Simon effeabur introduction, we already
reported that the Simon and SNARC effect can batekplained in terms of dual
route models (e.g., De Jong et al., 1994; Kornbltfasbroucq, & Osman, 1990).
However, three different architectures for spatgponse associations for space and
numbers were proposed (see Figure 10-1). Accorairige first view (see Figure 10-
1a), the input layer (explicit or implicit spatiaformation) is directly associated with

the response layer (Gevers et al., 2006). Accorttirthe second view, the input layer
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activates a common spatial code before activatpegific spatial responses (Hubbard
et al.,, 2005; Walsh, 2003). Finally, according ke tthird view (see Fig. 10-1c),

magnitude and locations activate distinct interratspatial representations which in
turn activate the spatial responses. The data gmesl individuals as well as the
reversal of the SNARC and Simon effects observeld eongenitally blind individuals

in the comparison task can, in our view, only bplaxed in terms of shared spatial
representation (see Fig. 10-1b). While this shaegmtesentation is, by default, eye-
centred in sighted and late blind individuals,sit by default, hand-centred in people
who have lacked vision since birth. In contrast, dlata of our parity judgment task is

better explained in terms of a direct associatietwben the input and response layers.

a. No intermediate representations b. Intermediate shared representations ||[c. Intermediate seperate representations

Space Magnitude Space Magnitude Space Magnitude

\
S
5

ONG

Fig. 10-1. Architectures for spatial response associations. The bottom layer
represents the input: either a spatial stimulussgmnted on the left (I) or on the right
(r) side of space) or a numerical stimulus (smaH&s) or larger (>5) than fiveA)
Direct association between the input and the respdayers.(B) Common spatial
code for spatial and numerical inpu(§) Distinct spatial representations for spatial
and numerical input®eproduced from Notebaert et al. (2006).

Two major pieces of experimental data may howewetradict the hypothesis of
a common mechanism underlying the representatiorunferical and physical space.

First, there is the evidence that the SNARC ando8ireffects present different

temporal characteristics: while the SNARC effectnst affected by the speed of
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response, the Simon effect only occurs when thedspé response is fast (Mapelli et
al., 2003). However, in our view, and as suggestedlotebaert et al. (2006), these
different time courses do not necessarily implyfed#nt spatial representations
(Mapelli et al., 2003), but rather may be explainederms of how fast the shared
spatial code is activated: while it is quickly aetied with explicit physical locations, it

takes longer to extract spatial information fromminers. In this sense, the different
time courses of the Simon and SNARC effects aréemoontradiction with the idea of

a shared representation of numbers and space.

The second evidence contradicting the hypothesis cdmmon mechanism for
numerical and physical space is the observatiodisgociations between numerical
and spatial processing in recent patients’ rep@ttis, Zorzi, Meneghello, Marenzi
and Undlta (2006), for example, described neglagepts showing a number interval
bisection bias but a classic SNARC effect in a tpajudgment task. Similarly,
Doricchi and colleagues reported a double dissocidietween number and physical
line bisection in right hemisphere brain damageiepéd (Doricchi, Guariglia,
Gasparini, & Tomaiuolo, 2005; Doricchi, Merola, Ate Guariglia, Bruschini, Gevers
et al., 2009). Hence, some patients who presentgdoag bias in number bisection
only exhibited a weak or no bias in line bisectioamyersely, some patients who
presented a strong bias in line bisection only ket a weak or no bias in number
bisection. Interestingly, deviation in numericaleirval bisection was associated with
prefrontal damage and spatial working memory deti@oricchi et al., 2005, 2009).
Following these patient studies, a double dissmialvas found between the type of
working memory and the type of task: while the SNARffect disappeared under
verbal load in parity judgment tasks (van Dijclkaét 2009), it only disappeared under

spatial load in magnitude comparison tasks (Heregral., 2008; van Dijck et al.,
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2009). These results therefore indicated that nusnimeight be associated with
multiple spatial codes which, depending on the,thslke a visuo-spatial or a verbal
component. As already mentioned, the data present&€thapter 8 are in accordance

with this idea.

2. Blindness and inter actions between number s and fingers

In the last study (Chapter 9) of the present these investigated whether
finger-counting and finger-montring behaviours ntifge shaped and influenced by
visual experience. Congenitally blind and sightddldcen were thus required to
perform three test batteries, respectively tes{ifijggeneral cognitive abilitieg2) the
spontaneous use of finger-counting and finger-mogitstrategies(3) the canonicity
level of the finger-counting and finger-montringoiita. The results demonstrated that
blind children used their fingers significantly $esften and in a less canonical way
than sighted children. So, while it was assumedl fihger-counting strategies draw
on visual, proprioceptive and motor representatigxsdres et al., 2008), our study
showed that the visual representation of fingers determinant in the development
of a finger-based representation.

Blind and sighted children nevertheless achievedteqgsimilar levels of
performance in three enumeration tasks (i.e., ¢ogmords, enumeration question,
ordered series manipulation) of the second tedefyatin two other tasks (i.e.,
counting with articulatory suppression, two-syl&tdounting), however, the lack of
finger use appeared to prevent blind children fraohieving the same level of
performance as sighted participants. As these tg&st were very demanding on
working memory resources, it was hypothesized,na Wwith some recent data on

blind adults (Sallilas et al., 2009), that blindopk learn to manipulate numbers
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through an auditory working memory process. Whes pinocess was disrupted due
to the demands of the tasks, blind children peréatniess well than their sighted
peers. In line with this, we could hypothesize thmhted children’s performance
would decrease in tasks involving interference wiie finger-counting behaviour
(e.g., in tasks involving moving the fingers in laythm non-congruent with the
enumeration timing; Michaux, Pesenti, & Andres, @01Similarly, as finger
discrimination appeared to be a good predictor ighted children’s arithmetic
abilities (Fayol et al., 1998; Marinthe et al., 200l0&l, 2005), it could be interesting
to test whether working memory capacity might bega@d predictor of blind
children’s arithmetic abilities. In our experimenihe first battery was designed to
determine whether both groups of children had #well of performance required to
undertake the counting tasks of the second tetdripai’he second test battery, on the
other hand, was designed to examine whether blind aighted children
spontaneously used their fingers to solve the enatine tasks. Therefore, the tests
created were not sensitive enough to examine tbé®ciation between working
memory and arithmetic abilities. Our study alsosprés two additional major limits.
First, the tests used in our study didn't allow tosdetermine the mathematical
achievement of the children. Indeed, the addituantesst of the first test battery only
comprised single-digit numbers. The children themefperformed at ceiling. In order
to better determine the impact of the lack of fingge on mathematical achievement,
other measures should therefore be collected.iidised possible that blind children
perform at a quite similar level as sighted childiaut only in tasks that did not
require a deep understanding of the mathematicalepiures. Second, our study did
not allow us to explain why 3 of the 14 blind clndd spontaneously used their

fingers. How did these children learn the fingewuiing strategy? Did their parents
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teach them? With these informations, we could pogparopose some hypotheses
about the development of the finger-number intésast

As we have already mentioned Chapter 9,two different views have been
proposed in the literature to account for the arigi these connections between
numbers and fingers. According to a functionalistw interactions between fingers
and numbers arise in the course asftogenicdevelopment (Andres et al., 2008;
Butterworth, 1999b, 2005; Michaux, Pesenti, BadBisl.uca, & Andres, 2010). In
contrast, according to a redeployment hypothekes,itteractions between numbers
and fingers arise in the coursepbfylogenetiadevelopment (Anderson, 2010; Penner-
Wilger & Anderson, 2008). Interesting predictionancbe made from these two
different views. While the functional hypothesisegicts that the lack of finger
counting during child development will prevent theeractions between numbers and
fingers from arising in adulthood, the redeployméntpothesis predicts that
individuals who did not use the finger-countingagtigy during infancy (in the
absence of any related deficit such as finger aghwsll nevertheless show traces of
a numerical finger-based representation when parf@yr numerical tasks in
adulthood. As our last study demonstrated thadbdinildren do not use their fingers
to count but rather use their verbal working meméuure research should examine
whether traces of the finger-counting behaviourldmevertheless be found in blind
people’s numerical processing. In this sense, tedgilimits, our study constitutes a
first step towards the understanding of the origfirffinger-number interactions. By
showing that blind children did not use their firgéo count, we opened the field of
investigation and offered a plan to disentangleftimetionalist and the redeployment

hypotheses.
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