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THE PRESENT THESIS

The project has explored the developmental trajextoof several cognitive functions
related to different brain regions: parietal cortgqantity manipulation, finger gnosis,
visuo-spatial memory and grasping abilities) andito-temporal cortex (face and object
processing), in order to investigate their contidtms to the acquisition of formal
arithmetic in the first year of schooling. We tektgreschooler, first grader and adult
subjects, using correlational cross-sectional anditudinal approaches. Results show that
anatomical proximity is a strong predictor of bebaval correlations and of segregation
between dorsal and ventral streams’ functions. dhgervation is particularly prominent in
children: within parietal functions, there is a gressive separation across functions during
development.

During preschool age, presymbolic and symbolic nemBystems follow distinct
developmental trajectories that converge duringfiis¢ year of primary school. Indeed a
possible cause of this phenomenon could be dugeteefinement of the numerosity acuity
during the acquisition of symbolic knowledge fonmhers.

Among the tested parietal functions, we observieang association between the numerical
and the finger domain, especially in children. megzhoolers, finger gnosis is strongly
associated with non-symbolic quantity processingjlavin first graders it links up to
symbolic mental arithmetic. This finding may retlecpre-existing anatomical connection
between the cortical regions supporting the quaratitd finger-related functions in early
childhood. In contrast, first graders exhibit agin-arithmetic association more influenced
by functional factors and cultural-based strate¢geg. finger counting).

Longitudinal data has allowed us to individuate asfthcognitive functions measured in
kindergarteners predicts better the success inahanthmetic in the first year of school.
Results show that finger gnosis, as well as quaatil space—related abilities all concur at

shaping the success in mental calculation in graters.



These results are important because, primarily, #ne the first to observe a strong relation
between visuo-spatial, finger and quantity relatbilities in young children, and, secondly,
because the longitudinal design provides strondesde for a causal link between these
functions and the success in formal arithmetic. sEheesults suggest that educational
programs should include training in each of thexgiive domains in mathematic classes.
Finally, specific applications of these findingsnchée found within the domain of

educational neuroscience and for the rehabilitabbrchildren with numerical deficits

(dyscalculia).



GENERAL INTRODUCTION






Chapter 1
THE PARIETAL LOBE AND ITS RELEVANCE IN NUMBER
PROCESSING

Parietal cortex has a crucial role in a vast sesfesognitive and sensory-motor processes
among which the manipulation of numerical inforraat{(Culham & Kanwisher, 2001). In
the first part of this chapter | briefly illustratke anatomical and functional properties of
parietal cortex in adults together with their deyghent during childhood. | then focus on
number processing and discuss the relevance @reliff sub-regions of parietal cortex for

representing and manipulating numbers.
1.1 The parietal lobe

1.1.1 Anatomical aspects

The parietal lobe is delimited from the frontal édoby the central sulcus (CeS) and from
temporal and occipital cortices by superior/midtdimporal gyrii, the transverse occipital
sulcus (TOS) and the parieto-occipital sulcus (ROS)

The somatosensory cortex, localized in the postraegyrus (PCG), covers the cortical
area between the CeS and the post-central sul@)(Rll the regions that are posterior to
the PCG constitute the posterior parietal cortdRGPwhich is divided into inferior (IPL)
and superior parietal lobules (SPL) by an anterstggor oriented sulcus, called
intraparietal sulcus (IPS). The IPL is further cas@d by angular gyrus (AG) and
supramarginal gyrus (SMG; see Fig. 1; (Culham, @aRratesi, & Singhal, 2006)).

Despite inter-individual variability, the IPS isroposed by three parts: an ascending and
anterior branch from the post-central sulcus, azbatal segment placed centrally to the
IPS, and a descending branch approaching the talatpirrtex (Molko, et al., 2003).

Fibres bundles of the corpus callosum put in r@fathe parietal lobes of the two brain

hemispheres. In the adult brain the left and rightietal lobes are quite symmetric.



However, certain asymmetries have been reportéavimur to grater gray matter in the left
hemisphere in the AG, the posterior part of SPL I&&i(Watkins, et al., 2001).

(a) posterc-lateral viaw

M L - 2ma (BA a0)
B IPL - AG (BA 39)
SPL - [BA 5 lateral)

[ oG (BA 3.2,1)
B BCu (BA 7 medial)

FCu (BA 5 medial
SPIL - (RA T lateral) M PCu (BA 3 medial

Fig. 1. The posterior parietal cortex (PPC). Anatomickisiiration of the postero-lateral (a) and medidl (b
views of the left hemisphere of the human braiml(purface) of one subject. The white lines hightithe
principal sulci: central sulcus (CS), postcentdkcgs (PCS), intraparietal sulcus (IPS), transvexsgpital
sulcus (TOS), parieto-occipital sulcus (POS), theeading ramus of the cingulate sulcus (arCing8)tha
subparietal sulcus (sPS). Different colors repreddifferent anatomical subdivisions of the PPC: the
postcentral gyrus (PCG), the superior parietal lei{®PL), the precuneus (PCu) and the inferiorgaki
lobule (IPL), which is divided into the supramamgimgyrus (SMG) and angular gyrus (AG). The SPL and
PCu include both Brodmann areas 5 (BA5) and 7 (BADte, the PCG is part of the parietal lobe, Butat
included in the PPC (reproduced from Culham et&l06).



1.1.1.1Development

During development, and in particular during thretfseveral years of life, the human brain
undergoes a long and non-linear process of maburatharacterized by both progressive
and regressive changes. Two general laws seem uerrgdrain maturation. First, the
maturation of somato-sensory and visual corticessitiites the basic step for subsequent
development of highly integrated associative cegicSecond, the brain maturation follows
its philogenesis with a delay in the developmenploylogenetically more recent regions,
such as the inferior parietal or the dorsolateraifrpntal cortex (Gogtay, et al., 2004).
Brain development is typically investigated by wgsidifferent approaches based on
physiological, cognitive, and imaging techniques.

At birth, the brain of a child is only one-quarterone-third of the adult brain, reaching its
peak at 14,5 years for males and 11,5 years foalterfGiedd, et al.,, 1999). Driven by
genetic and environmental factors, the dendritenbhing of neurons and their synaptic
connections increase robustly during the first gedrlife up to adolescence, with a time-
course that varies enormously by brain region. Meee a long processes of myelinization
allows a faster conduction speed of the informasbared by interconnect brain regions
(Toga, Thompson, & Sowell, 2006). Subsequently his tamplification of neural
connections, a curious process of dendritic pruaimg) synapse delectation occurs, with the
aim to remove weak and overproduced connectiortsi@neach a high level of efficiency
and specialization. Interestingly, an heterochrengsynaptic pruning for different regions
has been shown in both primate and human cortieaéldpment (Giedd, et al., 1999;
Gogtay, et al., 2004; Huttenlocher, 1979).

Some physiological investigations showed even tthifferent degree of myelination
comparing the dorsal and the ventral streams (Qe@&Milner, 1992). The progressiarf
myelination of dorsalegions seems to continue up to adolescence, wigke ventral and
deep brain structures were myelinated earlier. Gavage, the level of myelination differs
comparing these two streams, such that dorsalcentbibits an inferior myelinisation

level compared to the ventral cortex (P. R. Hutiehér, 1990; Toga, et al., 2006).



Recently, studies demonstrated a more complex parrregarding brain maturation.
Indeed maturational processes occurs firstly insaloparietal cortices, (e.g. in primary
sensorimotor areas), then spread rostrally ovefrtdrgal cortex and finally, in the lateral
and caudal parts of the parietal, occipital, ardtémporal cortex (Gogtay, et al., 2004).
Imaging data suggest a non-linear changes in gatyem(GM) density during childhood
up to prepubertal age followed by a postpubertas IGiedd, et al., 1999; Jernigan &
Tallal, 1990). The GM density represents an indiraeasure concerning the outcome of
dendritic and synaptic processes within a complehitecture of glia, vasculature, and
neurons. Indeed a loss of GM density was reported time in relation to the postmortem
synaptic pruning exhibited in adolescence and hdall (Sowell, et al., 2003; Sowell,
Thompson, Holmes, Jernigan, & Toga, 1999).

Most studies based on imaging techniques have edoat particular method called
“volumetrical parcellisation” trying to define theeurodevelopmental trajectories of each
cerebral region in terms of grey and white mattemgh curves (Toga, et al., 2006).
Structural imaging data demonstrated that mostbcareregions, such as parietal and
frontal cortices, exhibit a cubic-like developméntajectory with an increase in childhood,
followed by a decline during adolescence and ailstation of cortical thickness in
adulthood. This developmental trend can be destridrethe base of regionally specific
inverted U-shaped trajectories of gray matter vaam

Within the parietal regions, the first area to re@s thickness peak is the somatosensory
cortex (at about 7 years), while the posterior puadyal regions reach the peak later, at 9-10
years (Shaw, et al., 2008).

This time course was also showed in a longitudosaliatric imaging study, in which data
suggest similar developmental trajectories for Hodhtal and parietal cortices, in contrast
with temporal and occipital maturation. Specifigathe gray matter density developmental
curves reach the peak first in the frontal andgtatilobes, and then in the temporal lobe
(16 years of age). After that age, gray-matter tassurs (Giedd, et al., 1999).



Gray
Matter
Volume

Fig. 2. Right lateral and top views of the dynamic seqeenicGM maturation over the cortical surface. The

side bar shows a color representation in unitsMfy@lume (from Gogtay et al., 2004).

1.1.2 Functional aspects

Functionally, the parietal lobe represents a typgsample of associate cortex recruited in
processing information coming from different selysaistricts and thus involved in several
cognitive functions (Culham & Kanwisher, 2001). particular, it constitutes the major
component of a neural network massively involvedgpace and action processing called
“dorsal stream”, in contrast with occipito-temporatwork, the “ventral stream”, more
dedicated to the analysis of perceptual featurelsfamm recognition (Goodale & Milner,
1992).

Neurophysiological recordings in monkeys have awige a fine parcellisation of parietal
lobe into sub-regions on the basis of neurons’arse properties (Rizzolatti, Luppino, &
Matelli, 1998). For example, multiple sub-regionsalved in coding different body parts



such as the arm, leg and face were found in theeposparietal lobe. For example, one of
the best studied representations, the arm onepresented at least 8 times. Indeed, many
functional motor representations (“motor fields’gncbe located in different anatomical
areas coherently with some recent studies of aspinal projections (He, Dum, & Strick,
1993, 1995). Each parietal area is connected witkomareas by a complex system of
“predominant” and “additional” connections. Eachgregated parieto-frontal functional
circuit is involved in a specific sensory-motornséormation for action, constituting the
functional unit of the cortical motor system (Rilatti, Fogassi, & Gallese, 1997).
Furthermore, recent evidences have redesignedtb®t IPL and SPL. Indeed anatomical
data have now showed that posteriorly, both lobukeeive somatosensory and visual
inputs. Anteriorly, however, these two lobules sbkdwsignificant differences: SPL is
involved in the somatosensory processing, while fak a role in the integration of the
somatosensory and visual information (for a revsae (Caminiti, Ferraina, & Johnson,
1996; Rizzolatti, et al., 1997; Wise, Boussaoutindon, & Caminiti, 1997)).

Studies on monkey brain have contributed to undedsin depth the parietal organization,
suggesting important differences and some homdaog&ross species, comparing the
human to the macaque parietal regions (Orban, \&er; & Vanduffel, 2004). First, we
see a specific expansion of both parietal and &ldiobes in humans, in particular in the
region of IPL and IPS. Second, imaging data rewkpxuliar differences in the responses
to same stimuli while comparing directly human torrkey brains (Orban, et al., 2003; Van
Essen, et al., 2001). For example, some main diffsxs consist in a higher sensitivity for
motion, especially for 3D motion, of intraparietagjions in humans compared to monkeys,
suggesting the presence of specific areas for smt@l processing in human intraparietal
cortex (Vanduffel, et al., 2002Pespite these observations, at a physiologicall leve
typical posterior-to-anterior organization was abed in both monkeys and humans
(Culham & Kanwisher, 2001).

10
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Fig. 3. Comparison of monkey and human parietal lobes.rahtéew of (a) macaque monkey brain and (b)

human brain, showing parietal lobes in white (fr@ohlam & Kanwisher, 2001).

Among the potential homologues areas identifiedgelof them - areas LIP, VIP and AIP -
are particular relevant here (fig. 3), consideritngir roles and locations within the
intraparietal area (Grefkes, Ritzl, Zilles, & Fir2Q04).

Posterior to IPS, a human homologous of monkey Bleavas identified. This region is
characterized to be sensitive to target-orientemtagies in the space with a retinotopic
organization of its responses which are even affsdhdependent, as seen in monkey (Ben
Hamed, Duhamel, Bremmer, & Graf, 2001; Serenoah#z& Martinez, 2001).

Converging data suggests the role of LIP in spapalating in both humans and monkeys.
For example, in a double-saccade task using eetaited fMRI, it was possible to show
that when the position of the target moves, the ddivity also shifts, to represent the new
spatial location of the target coherently with fpatial rearrangement based on eye-centred
framework (Medendorp, Goltz, Vilis, & Crawford, 280

11



The other tentative human homologous region is\lie area, typically responsive to
motion in a multimodal way in monkey. Considerthgs property, only one region in the
depth of the IPS was found activated by visualtilaand auditory motion (Bremmer, et
al.,, 2001). However, the anatomical divergencescewornng IPS between human and
macaque brain needs additional studies on this line

The neurons of AIP area are specifically recruitetiand-centred coordinates during fine
grasping (Culham, et al., 2003; Shikata, et al0320Some regions of IPS were considered
as AIP homologues due to their dual involvementhim identification of grasped objects
and in selective impairment in patients regardiragging actions (Binkofski, et al., 1998).
Neuroimaging studies demonstrated the functionacigfization of parietal regions
contrasting hand versus eye movements, and grag@rgys pointing (Grafton, Fagg,
Woods, & Arbib, 1996; Kawashima, et al., 1996). darticular, grasping actions was
contrasted to reaching and pointing movements. imgadata show stronger activations for
grasping actions on the anterior part of the IP®adntrast to reaching (Culham, et al.,
2003), while pointing movements selectively rewtven the HIPS and the posterior part
of the superior parietal lobule bilaterally (Simdviangin, Cohen, Le Bihan, & Dehaene,
2002). Indeed, coherently with what found in monkegin, the hypothetical presence of an
AIP homologous in human brain should be located emanteriorly compared to
homologues areas LIP and VIP (Hubbard, Piazza),Rineehaene, 2005).

Recently, an extensite study on parietal functimas showed in Simon, Mangin, Cohen,
Le Bihan, Dehaene (2002). The authors found a camorderly and topographically
defined organization in all examined subjects fiasging, pointing, saccades, calculation,
attention and phoneme detection. This observed esydic posterior-to-anterior
parcellization converges with neurophysiologicaldss on monkey parietal lobe
(Rizzolatti, et al., 1998) and with the proposedcpHization of human parietal cortex in
monkey homologous subregions LIP-VIP-AIP. Moreower relation to the IPC, and in
particular the AG, the data showing two lateratdparietal areas associated with functions
(calculation and phoneme detection) particularlyeli@ped in the human species. Those
areas were surrounded by visuospatial areas plausdmologous to the monkey areas

12



AIP, MIP, V6A, and LIP. This organization fits weNith the cytoarchitectonic model of
human parietal lobe (proposed in (Eidelberg & Gatdh, 1984)) indicating a significant
expansion of human inferior parietal lobule whos#ivay is related to language and

calculation.

1.1.2.1Development

A restrict number of developmental studies meagutinain activity using functional
imaging techniques show a complex pattern of chamngdrain activation from childhood
to adulthood (Gaillard, et al., 2000; Turkeltaular&au, Flowers, Zeffiro, & Eden, 2003),
often accompanied by an increasing hemisphericiagEation. Specifically, across ages,
imaging data often show an increasing activatioriagk-related regions together with a
decreased activation in regions less relevant eatdsk (Rivera, Reiss, Eckert, & Menon,
2005). Speculatively, both maturational processets experience may contribute to the
transition from a widespread activation patternatéocal one as the result of plasticity
reduction and higher efficiency (Durston & Case@P@, Durston, et al., 2006). On this
wave, even increasing number of neural connecticass reported during the development
(Brown, et al., 2005).

The parallel between brain development and cognitilevelopment is evident and
supported by the fact that the improvement of dbgmicapacity during childhood may
coincide with a progressive specialization and ganization of the anatomical structures
(Casey, Giedd, & Thomas, 2000; Chugani, Phelps, &XNbtta, 1987; Diamond, 1996;
Flavell, Beach, & Chinsky, 1966; Huttenlocher, 19#eating, Keniston, Manis, &
Bobbitt, 1980; Rakic, Bourgeois, & Goldman-Rakié94).

Other variations in the brain activity from childiwto early adulthood (from 9 to 18 years
of age) were also reported in relation to visuarkim@y memory, in that older children
showed higher neural activations compared with geurcounterparts in superior frontal

and intraparietal cortices (Klingberg, Forssberg/&sterberg, 2002).

13



Although the recent introduction of sophisticatedhiniques (e.g. fMRI) contributed to
open a fascinating research field concerning therpray between anatomical brain
development and functional performance, furtheregtigations are necessary about the
neural bases of parietal functions in normally dep®g children. Indeed, despite a clearer
panorama about the overall anatomical developménpavietal cortex, the specific
contributions of developing parietal subregionsehavioral performance lacks of relevant

evidences.

1.2 Parietal circuits for number processing

1.2.1 In non human animals

The extraction of numerical information from the&veonment (the number of objects in a
set) is thought to be a phylogenetically old apillbecause it is found in animals of many
different species (Boysen & Capaldi, 1993). Thesdifigs suggest a preverbal precursor
system for our language-based counting and ariibmiet particular, rhesus monkey has
represented the best model for testing the non humanerical cognition and their neural
correlates, due to our knowledge regarding itsnbianctional and anatomical organization.
At a behavioral level, monkeys can distinguish sétisems on the basis on their numerical
guantity and even learn the ordinal relations & ttumbers from 1 to 9 (Brannon &
Terrace, 1998; Brannon & Terrace, 2000). These alsiare not only able to match and
compare sets on the basis of their number, but wsperform simple addition or
subtraction between sets of items (Hauser, Cardyadser, 2000; Hauser, MacNeilage, &
Ware, 1996). At a neural level, single cell recogdi found relevant contributions of two
highly interconnected regions (Chafee & GoldmaniRak000; Quintana & Fuster, 1999),
the lateral prefrontal (LPFC) and posterior patietartices (PPC), in such numerical
processes (Nieder, 2005; Nieder & Dehaene, 20@Qatticular, in the PPC, numerosity-
selective neurons were found responsible for thetton of numerical information from a

visual scene. Overall, the highest presence of nositg-selective neurons was found in

14



the lateral prefrontal cortex (31% of all randonsiglected cells, (Nieder, Freedman, &
Miller, 2002)), followed by the fundus of the inparietal sulcus (18%, (Nieder & Miller,
2004); see Fig. 4). Other number-encoding neurare wven found in the superior parietal
lobe SPL (Sawamura, Shima, & Taniji, 2002).

Specifically, the time course within this frontorigdal network was investigated analyzing
the activity modulation over time. Results showealt the PPC number-encoding neurons
are activated faster, and in particular show an

Lateral prefrontal | —

L . _— Pasterlorpanehﬂ]
early onset of the selectivity for the numeric cortex

cortex

information, while the LPFC neurons show tt
onset of number selectivity firing much late
(Nieder & Miller, 2004). These findings sugge

that the first stage of extraction of numeric _/ Q?JSS?;NQL?E;
information is represented by parietal areas ¢ i
then LPFC has the role to amplify and mainte 10%
this information. All the numerosity-selectiv -

neurons of both frontal and parietal areas conetitq:ig. 4. Lateral view of a monkey brain that
a sort of bank of overlapping numerosity filters.  shows the recording sites in the lateral
Interestingly, the neurons’ sequentially-arrangegyefrontal cortex, the posterior parietal
overlapping tuning curves preserved an inheref€x and the anterior inferior termporal
cortex. The proportions of numerosity-

order of cardinalities. Thus, the numerosities are
selective neurons in each area are colour

not isolated categories, but they are remprocal ded according to the scale shown (from
categories which exist in relation to one anoth&lieder, 2005).

(Nieder, 2005).

1.2.2 In humans

A robust record of clinical evidences from braisimed patients (Cohen, Dehaene,
Chochon, Lehéricy, & Naccache, 2000; Grafman, Rassa, Faglioni, & Boller, 1982;
Takayama, Sugishita, Akiguchi, & Kimura, 1994) danmthging data using PET and fMRI

15



(Dehaene, et al., 1996; Fulbright, et al., 200GeR&, Thioux, Seron, & De Volder, 2000;
Rueckert, et al., 1996) point to a crucial role pafrietal cortex in number processing.
However, neural activations of PPC were found &s@ther cognitive functions related to
language processing (Paulesu, Frith, & FrackowiaR93), visuo-spatial attention
(Corbetta, Kincade, Ollinger, McAvoy, & Shulman, ) and visuo-motor control
(Culham, et al., 2006). Thus, the crucial quesisowhether PPC contributions are specific
for numerical domain, and distinct from other vérlspatial and visuo-motor functions
(Simon, et al., 2002).

Here, | describe the model proposed by Dehaenecalhebgues, exploring the different
parietal circuits for number processing and thpec#ic contributions ((Dehaene, Piazza,
Pinel, & Cohen, 2003); Fig. 5). Several imagingdstsa demonstrate a sensitivity of
posterior parietal cortex for different levels ofimerical elaboration, such as number
comparison (Chochon, Cohen, van de Moortele, & Brba 1999), approximate
calculation (Venkatraman, Ansari, & Chee, 2005)@e (Simon, et al., 2002; Zago, et al.,
2001) and complex exact calculation (Ischebeckalet 2006) and counting (Piazza,
Mechelli, Butterworth, & Price, 2002). With the atm clarify the organization of number
related-processes in the parietal cortex, a matéysis of several different published fMRI
studies was performed (Dehaene, et al., 2003), estigg the presence of three neural
regions recruited for different aspects of numbeocessing: the bilateral horizontal
segment of intraparietal sulcus (HIPS), the left AGd the bilateral posterior superior
parietal lobule (PSPL).

The HIPS, alternatively defined “core quantity gyst, is consistently implicated in the
processing of numerical magnitude. This region heught to underlie the semantic
representation of magnitude, because it is task-natation-independent and modulated by
a numerical quantity-dependent semantic metric.

The other parietal circuits that seem to be systieally involved in number processing are
involved in both numerical and non-numerical dorsaihe angular gyrus (AG) in the
inferior parietal lobule seems to support the veadsaects of number processing (Stanescu-
Cosson, et al., 2000). Indeed, this region is adiiv language-related processes, such as in
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phoneme detection (Simon, et al., 2002). Fundarheatdributions of the AG were shown
for exact and automatic calculation, such as mliddgions and simple additions which are
performed, in adults of western societies on thsisbaf retrieval of memorized tables
(Chochon, et al., 1999; Lee, 2000).

Finally, the PSPL supports visuo-spatial procesattention and spatial working memory
associated with the manipulation of numbers ang tomtribute to explain the numerous
interactions between numbers and space (Hubbaatl, 2005).

In sum, despite little information about the intagpamong HIPS, AG and PSPL, all these
regions differently participate to the networks oi&d to number processing in humans.
Here, | describe in depth the specific role of eaepion within the neural circuit for

number processing.
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Fig. 5. Three-dimensional representation of the parietglions of interest. For better visualisation, the

clusters show all parietal voxels activated ireasst 40% of studies in a given group (Dehaene,e2@03)
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The horizontal segment of the intraparietal sulcus

According with the idea of a core quantity systéine, HIPS region should be recruited for
all tasks requiring numerical processing. Indedus trea is robustly activated during
different tasks involving number comparison ant¢hanetic (Chochon, et al., 1999; Menon,
Rivera, White, Eliez, et al., 2000; Stanescu-Cossbal., 2000).

Subtractions seem to elicit stronger HIPS activeticcompared with multiplications
(Chochon, et al., 1999; Lee, 2000), especiallyofoerations with large numbers (Stanescu-
Cosson, et al., 2000). Indeed the results of amditiand multiplications with small
numbers are frequently retrieved from verbal memaithout true access to magnitude
information, and this fact results in a less sysieractivation of the HIPS activity in these
tasks with respect to complex calculation (Coh¢a).e2000).

Less clear is the HIPS role for exact and approtenwalculation: exact arithmetical
operations (e.g. additions) may evoke less HIP&atain than approximate operations
((Dehaene, Spelke, Pinel, Stanescu, & Tsivkin, 1928 see (Venkatraman, et al., 2005),
for contrasting results). Probably, different fastonight determine these non-converging
results: methodological discrepancy among studrek iater-individual variability about
the strategies used to perform the task, espedaatlyhe approximate operations, could
contribute to make uncertain the neural dissoagiabetween the exact and approximate
calculation.

To address the true sensitivity of HIPS for numarioformation, several imaging studies
used more controlled tasks, such as number congparisterestingly, HIPS activation is
inversely related to the numerical distance: cloaenbers (e.g. 5 - 4) elicited stronger
activations than distant numbers (e.g. 5 - 9)speetive of the numerical notations, such as
dots arrays (Piazza, Giacomini, Le Bihan, & Dehaeb@03), Arabic digits (Pinel,
Dehaene, Riviere, & LeBihan, 2001) or number wdtasClec'H, et al., 2000).

The notation-independent coding of numerical quwimi the HIPS was found even using a
fMRI adaptation paradigm (Piazza, Pinel, Le Biharehaene, 2007). Indeed the shape of
neural activity showed distance-dependent modulatiof both HIPS and frontal regions

irrespective to the numerical notation, supportihg idea of an abstract coding of
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approximate number shared by dots, digits, and rumiords. More specifically, multi-
voxel pattern analysis on imaging data found thes@nce of both format-specific and
format-general number codes in human parietal xpvidaere neural populations are more
numerous, but more broadly tuned for non-symbdiantsymbolic numbers (Eger, et al.,
2009).

In children, age-related changes in the HIPS regoent during the comparison of non-
symbolic magnitudes were found (Ansari, Dhital, &or®), 2006). In particular, the
activation of left HIPS increases during the preags of non-symbolic magnitude with
age, suggesting the presence of age-related chanf@sctional neuro-anatomy regarding
the basic levels of numerical cognition. Howevelatbral HIPS activations were showed
even when no comparisons are requested such dseimase of passive exposure to
numerical quantities when participants viewed sétems with a variable number (Piazza,
Izard, Pinel, Le Bihan, & Dehaene, 2004). Thus,stgring the existence of numerosity-
selective neurons in the VIP and their locatioredat to PSPL and posterior to area AIP
(Nieder & Dehaene, 2009), the HIPS is thought toheehuman homology of monkey area
VIP (Hubbard, et al., 2005).

Taken together, these findings are in favor of amhddotation independent) system of
numerical representation in HIPS which is modulabgda semantic metric and which

activity changes with age.

The posterior superior parietal lobe

The posterior superior parietal lobe is thoughbéothe human homology of monkey area
LIP. Indeed this region is involved in target-otiesh saccades in the space showing a
retinotopic organization of its responses irrespecto the effectors, as found in monkey
(Sereno, et al.,, 2001). A robust record of datagested that even the PSPL is recruited
when subjects performed different numerical tasksh as number comparison (Pesenti, et
al., 2000), parity judgment (Thioux, Pesenti, Cest®e Volder, & Seron, 2005),
subtraction (Lee, 2000), additions (Venkatramaral.e2005), multiplications (Zago, et al.,
2001), counting (Piazza, et al., 2002) and numkeestmation (Piazza, et al., 2004).
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In number comparison tasks, PSPL (as well as I®&ttivated irrespective of the number
notation, with its neural activity modulated bytdisce between number words (Kaufmann,
et al., 2005), two-digit numbers (Pinel, et al.02Pand dots array (Piazza, et al., 2004).
Considering the important role of this area inratten orienting (Coull, Frith, Buchel, &
Nobre, 2000; Coull & Nobre, 1998), the PSPL is tjiuuto reflect the unspecific spatial
processes subsidiary to the core magnitude systaheiHIPS, especially in the numerical
manipulation on the internal representation throagéntion shifts (Hubbard, et al., 2005).
Indeed, the posterior superior parietal lobe (PSRLYthought to support attentional
orientation to the mental number line in tasks méag number manipulation (Menon,
Rivera, White, Glover, & Reiss, 2000; Pesenti,|et2900).

The angular gyrus (AG)

The activations of this brain region do not exhgironger influence of numerical distance
(Pinel, et al., 2001). Indeed, the neural activafyAG is thought to reflect verbal or
linguistic components of the manipulation of nunsbéfirst, AG is not active during non-
symbolic numerical information processing (Pesegttial., 2000; Piazza, Mechelli, Price,
& Butterworth, 2006) (Piazza, et al., 2004). On toatrary, all study reporting activation
in this region used symbolic numbers as stimuli.réM@recisely, AG activation is
associated to arithmetic operations such as addi{iplenon, Rivera, White, Glover, et al.,
2000), subtractions (Burbaud, et al., 1999) and tiplidations (Gruber, Indefrey,
Steinmetz, & Kleinschmidt, 2001). In particular, AiG intensively recruited for the
solution of exact additions, with greater activaidor small problems (2+3) than large
ones (7+5; (Stanescu-Cosson, et al., 2000)) showipgculiar role for arithmetical facts
retrieval. Furthermore, the activity of angular @yralso increases after training with
complex operations indicating the transition frommputation to retrieval strategy in
solving the trained problems(Delazer, et al., 2003)

This lobule constitutes a sort of bridge betweéthiaretic and language, indeed some small

additions and multiplications problems are thoughibe solved automatically (Ashcraft &
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Battaglia, 1978) by using a sort of phonologicadaasations accessible from the verbal
representation of numbers (Dehaene, 1992).

Some evidences are in favor of this interpretatsuch as a better performance for addition
and multiplication problems if showed in the sameguage used to learn them (Spelke &
Tsivkin, 2001). Second, both arithmetical facts almhguage processing induced
activations in same (left) dominant hemisphere amoke specifically, parietal regions for
phoneme detection and subtraction are partly oppéd in the AG (Dehaene, et al., 2003;
Fiez & Petersen, 1998; Simon, et al., 2002).

More evidence comes from interference studies (Kedkang, 2002) showing that
phonological rehearsal delayed significantly thefggenance in multiplication but not in
subtraction, whereas visuo-spatial suppressionrfereel with subtraction but not
multiplication performance. This result suggests itifluence of phonological loop on the

multiplication problems and of visuo-spatial sketati on subtraction.

Some observations arise at this point. Imaging @ngiological data have contributed to
clarify the neuroanatomy of parietal cortex in termof structural organization, even
showing relevant homologies between human and nyorkain. Additionally, some
imaging studies tried to define parietal circuitstt differently contribute to the verbal,
visuo-spatial, and quantity-related aspects of remyprocessing. Unfortunately, for my
knowledge, less is known about the developmeragdtories of this parietal circuit and its
progressive emergence in children. Indeed, alth@uglearer panorama about the functions
that recruit parietal areas such as grasping, ipginsaccades, calculation and attention in
adults, further studies are necessary to exploee ahmatomical changes in the neural

correlates of these functions during the brain tigraent.
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Chapter 2
NUMBER REPRESENTATIONS

From birth, humans are sensitive to numerical mftion, in either the form of the
approximate number of objects in large sets ohénform of the exact number of objects in
small sets. Both types of numerical sensitivitg #rought to be part of the Number Sense
(see below) (Dehaene, 1997; Feigenson, Dehaene,pélké& 2004) are language-
independent and shared with other species. Durmguliration, a long process of
symbolization allows children to have a more preasd discrete concept of both small
and large gquantities. In contrast to the large @gprate numerosity representation, the
symbolic number representation is precise, disclateguage-specific and influenced by
culture.

In this chapter, | consider the main charactegstt Number Sense and its development
showing the changes in the internal Weber frachomss ages. After introducing the
models regarding the approximate representatiomwhbers, | focused on symbolic

numbers.

2.1 Presymbolic numerical representation

The presymbolic representation of number consstate evolutionary tool that humans
share with other species, constituting a sort xthssense: the “Number Sense” (Dehaene,
1997). The sensitivity for numerosities is fundataéfor survival and feeding, such as, for
example, discerning the number of approaching poeslgMcComb, Packer, & Pusey,
1994). A vast class of species like non-human pesjadolphins, rats, salamanders and
pigeons (Brannon & Terrace, 2000; Kilian, Yamam ¥eersen, & Gunturkun, 2003; Meck
& Church, 1983; Uller, Jaeger, Guidry, & Martin, ) Xia, Emmerton, Siemann, &

Delius, 2001) can discriminate numerosities by gisam approximate and compressed
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representation, exhibiting the same psychophysefédcts (Weber-Fechner law, see
(Dehaene, 1997)) found in humans engaged in sitaitks.

Numerical relevant behaviors were consistently ébafso in untrained animals, in wild
environments (Hauser, et al., 1996), and where eumiformation was spontaneously
extracted (Hauser, Dehaene, Dehaene-Lambertz, &dnat 2002; McComb, et al., 1994).
Adopting the violation-of-expectation paradigm (Wiyn1992b) frequently used with
infants, untrained monkeys exhibited a natural séasnumerosities and basic arithmetical
relations between numerical quantities ( Hauseal.e1996).

Both behavioral and electrophysiological studieggast that numerosity extraction is not
dependent on the specific modality of stimuli prgagon, suggesting a modality-
independent representation of number.

For example, the amodal features of numerosityessprtation were shown in a study
(Church & Meck, 1984) where cats were trained tesprthe left lever for two flashes or
two sounds, while the right lever for four flash@sfour sounds. Then, cats spontaneously
started pressing the right lever even for a contlmnaof two sounds and two flashes.
Electrophysiological studies confirm that numberdiog neurons exhibit amodal
characteristics. In cats, for example, some neuabriee posterior associative cortex fire
for a specific number as presented as visual addoay stimulus modality (Thompson,
Mayers, Robertson, & Patterson, 1970). Number meureere also identified in the
monkey’s parietal cortex related to the number afton sequences performed by the
monkeys (Sawamura, et al., 2002) or visual objewmorized by the monkeys (Nieder, et
al., 2002). Finally, some number neurons of the kegnPS respond for both sequential
and simultaneous presentation of numerical stiiNikder, Diester, & Tuduscius, 2006).
These characteristics of approximation, compressamd invariant to modality are
observed even in humans, under the conditions wdmemting cannot take place (for
instance in childhood when children haven't recdiwet a formal knowledge about
counting or in adulthood when the task demands reattion times or the stimuli are
presented too quickly and/or masked). Under theaomamting conditions, the ability to

compare the numbers of items in sets is noisy apdoaimate: subject’s responses become
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more accurate as the ratio between numbers to bgared increase, according with
Weber’s law (Gallistel & Gelman, 2000).

Moreover the subject's performance show no cost pasing numerosities across-
modalities compared to within modality (auditorydavisual) or across vs. within-format
(sequential or simultaneous) presentation (Barghiviont, Lipton, & Spelke, 2005; Cordes,
Gelman, Gallistel, & Whalen, 2001; Hauser, Tsaardz, & Spelke, 2003; Piazza, et al.,
2004). This general ratio-dependent behavior comtoaal sensory modality, is taken as
to indicate the presence of a universal mechansrmagproximate number processing, and
supports the idea of an abstract and amodal regets® of numerosity.

However, the question of the scaling of the nuniiver remains unclear. Current models
propose that numbers are internally representdtereitn a logarithmically compressed
continuum with fixed internal variability (Dehae&eChangeux, 1993) or on a linear scale
with increasing standard deviation of the intemnaise (Gallistel & Gelman, 2000). Both
models accurately accounts for Weberian ratio-dépenperformance. Indeed, in the case
of numerosity discrimination, performance improvwetien the distance between the
numerosities increases, as predicted by the Welmrsnamely, the extent to which two
stimuli can be discriminated is determined by tmatio (Piazza, et al., 2004; Pica, Lemer,
Izard, & Dehaene, 2004).

In an electrophysiological and behavioral studynoonkeys by using a match-to-sample
task, Nieder and colleagues (Nieder & Miller, 2008und a peculiar symmetric data
distribution when data are plotted on a logarithsgale. While this finding was used in
favor of the logarithmic scaling model, it was et that the observed symmetry on a Log
scale represents the solely expression of Webarngwhich is predicted by both linear and
logarithmic number line models; (Piazza & lzardDQJ).

Preverbal approximate representations are also wtsegerform simple arithmetical
operations. Indeed, some preverbal skills allowarnts to judge the exactness of the
solution of some basic problems like “1+1=2", arud & (Wynn, 1992a).

Interesting results were obtained studying preskckbiddren before the acquisition of a
formal knowledge of number by using computer-bass#ts (Barth, et al., 2006; Barth, et
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al., 2005). The paradigm simulates approximateutation (e.g. additions and subtraction)
with dots arrays. More precisely, a first dots ywaas presented and occluded by a panel,
and then another array joined the first one beltredpanel. After removing the panel, a
third dots array differing from a small or largdioafrom the correct sum was displayed.
The participants had to compare it to the exact anchdecide whether is contained more
or less dots. 5- and 6-years old children exhibitad above-chance ratio-dependent
performance for approximate additions and subwastiwith non symbolic stimuli. The
contributions of perceptual factors or exact caltoh strategies were excluded by
successive studies (Barth, et al., 2006; GilmoreChtthy, & Spelke, 2007).

2.1.1 The Weber’s fraction and its development

On the basis of psychophysical and behavioral dae,measurement of the limits of
human senses attracted several authors, E.H. Watibeduced a law able to specify the
weakest different threshold (behavioral Weber faajtnecessary to produce a noticeable
variation of the sensory experience, showing that perception of a stimulus change
depends on both the magnitude of the change §nd the stimulus baseline intensigy (
(Gescheider, 1997). Stimuli for which the Webesvlholds (mostly sensory, such as
loudness, brightness) can be thought of being natbr represented on approximate and
compressed continuum (Dayan & Abbott, 2001). Thmeesaeasoning can be applied to the
case of the internal representation of numbersdddone can think that numerosity (n) is
represented on an internal continuum that is apprate and compressed (either
logarithmically scaled or linear with increasingis®). In this way, the numerosity can be
represented by a Gaussian distribution with mearg(h)p and with a constant
width/standard deviatiow, alternatively called theternal Weber fractionThis parameter
represents the degree of precision of the intereatesentations of numerositiegaus,
2w*100 represents the difference (%) between two numtherisis necessary to perceive

them as different with high confidence. For examp@lew of 0.2 reflects an ability to
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discriminate two sets differing by about 40% (el§. versus 14 items). The relation
between behavioral and internal Weber’s fractioggethds on the task, indeed a model of
decision making is assumed in a given task (sebd@wee, 2007) for a review).

Intersingly, empirical data seem to achieve remaykavith what predicted by this
psychophysical model (Dehaene, 2007). Comparabigituaes of internal Weber fraction
were found on the base of subject performanceffardnt tasks (e.g. same-different task,
lager-smaller task). Indeed the value of w in adaltross different cultures in a larger-
smaller or same-different judgment task is arouri ({Piazza, et al., 2004; Pica, et al.,
2004). Moreover similar estimations for w were fdwn the basis of data from magnitude
comparison tasks (dot arrays) in French (0.12) Amczonian adults (0.17), even if the

numerical lexicon of the Amazonian indigene peopée restricted to 5 (Pica, et al., 2004).
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Fig. 6. Development of the precision of the approximatenerical representations. The graphs regroup the

values of w estimated in different papers (fronzR#&& 1zard, 2009).

Ratio-dependent numerical behavior also showegtbgence of an approximate numerical
sensitivity in preverbal infants, albeit with drastly less precision of the internal
representation of number than adults (Halberda igdfeson, 2008; Piazza & lzard, 2009).

Development changes in the Weber’s fraction wereudeented during childhood with a
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dramatic refinement over the first year of life0lat 6 months, (infants discriminate
numerical changes for ratios of 2:1, e.g. 4 dots8vdots (Lipton & Spelke, 2003; Xu &
Spelke, 2000), 0.5 at 9 months (e.g. 8 vs. 12 dmgroving gradually until late childhood
(0.40 at 5 years, 0.25 at 10 years), describirtgpacal power function (Halberda &
Feigenson, 2008; Lipton & Spelke, 2003; Xu & Spek@00).

As in adults (see above) also in children, simidues of w were obtained in both auditory
and visual domains across ages (Lipton & Spelked320Nood & Spelke, 2005),
suggesting that it is the internal representatibmumber itself, and not the visual or
auditory sensitivity, that is improving.

The factors liable for the reduction of w with aage still unknown, although maturational
processes and arithmetic education may play afggnt role. However, the presence of
similar values of w in different cultures, even whirmal education for arithmetic is
absent or limited, supports the maturational irmggion. In sum, this law seems pervasive
in numerical cognition and stable across cultutiés, span and animal species while

performing different numerical tasks (Piazza & &;,&2009).

2.1.2 Models of early numerical abilities

Several models were proposed with the aim to adomyrfor the natural preverbal

sensitivity for approximate numerical information.

An original explanation of the ability to discrinaite roughly the numerosity of sets of
objects by using the metaphor of accumulator wapgsed by (Meck & Church, 1983)
and elaborated by Gallistel & Gelman (2000). Acaogdto this model, for each discrete
numerosity, an imprecise amount of “energy” enterthe accumulator. The total amount
is proportional to the counted numerosity. The dqiynof energy entering in the

accumulator varies trial by trial, thus the varidpiof accumulator state for a particular
numerosity increases with the magnitude, followithg classical trend described by

Weber’s law. In other terms, the energy can beasgnmted as a sort of water stream with an
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inconstant discharge. Thus, we get different amadinvater (in our hypothetical glass)
keeping constant the acquisition time. This valigbincreases with the number of water
acquisition which is proportional with the countagmnerosity.

Interestingly, recent electrophysiological evidenhtave showed the presence in macaque
monkey LIP of number neurons with an accumulata-lcoding scheme (Roitman,
Brannon, & Platt, 2007). Important differences megthe neural functional properties of
these LIP neurons from those number neurons fauntbnkey area VIP and cat posterior
cortex (Nieder & Miller, 2004; Sawamura, et al.020 Thompson, et al., 1970). First, LIP
neurons exhibit numerosity sensitivity, rather tlsaectivity. Indeed these neurons code
monotonically with the number of visual objectshetthan to a given number. Second, the
numerosity accumulator neurons receive the infammatoming from limited retinotopic
receptive fields, thus they only code for a bunthtemms displayed in their receptive field,
and not for the overall amount of the presenteahsteThis property derives also from the
particular anatomical location of these neuronarea LIP, more dorsally and caudally with
respect to VIP, that typically code for spatidioimation on the base of eye-centered co-
ordinates (Hubbard, et al., 2005; Nieder, 2005;zRa& Izard, 2009). Thus, LIP
accumulator neurons is thought to constitute agrmédiate step from the basic extraction
of sensorial information to VIP number neuronsdeling a hierarchical processing.

One of the first examples of connectionist appraachumber cognition was proposed by
Dehaene and Changeux (Dehaene & Changeux, 1998). ribdel also assumes an
accumulation stage, but it also introduces a nusigrdetection system. Three layers were
considered within this model: an input “retina”meap of objects location and an array of
numerosity detectors. Through the retina, eachustisnis normalized and converted in a
size-independent representation of the object. SEime happens also for sounds by using
an echoic auditory memory. The output of this lamamap is summed to yield an estimate
of input numerosity and, then, sent to numerosdedtors tuned for a given numerical
quantity. In this way, a given numerosity clustal Wwe active if the relative summation
cluster is active, but those representations fghdr numerosity are not. This model has
received confirmation from electrophysiological astings in monkey brain (Nieder &
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Dehaene, 2009; Nieder & Miller, 2004). Then, théadauggest a parallel encoding of
numerosity, which would be difficult to explain lfie accumulator model that is, by
definition, serial. More likely, the model of Delmeeand Changeux (1993) suggests an
approximate detection of numerosity based on aognalagnitude process, and in parallel
fashion. Again, the numerosity detectors proposethis model become less selective with

increasing center numerosities following the Web&iv.

More recently, another neural network model wasgested for the representation of
number in animals and humans by Verguts and FG5(2

Firstly, number-selective neurons are created enbidse of an initially neural network
trained for given non-symbolic stimuli as input ge. collections of dots) under
unsupervised learning. Interestingly, at the neleatl the resultant network exhibits the
properties of number-selective neurons previougpothesized by Dehaene and Changeux
(1993) and recently found by Nieder and colleagiweder, et al., 2002; Nieder & Miller,
2003), showing the classical numerical effects saghlistance and size effects. Then, the
network was stimulated by the simultaneous presientaf symbolic and non-symbolic
inputs. Interestingly, the previous number-selectneurons started learning the numerical
magnitude of symbols. During this process, numlegesive neurons do not quantitatively
change their coding scheme (thus show reminisaeptepties of the original network), but
show a quantitative improvement in the represeamagfficiency of neurons after the
presentation of symbolic input.

This finding represents concrete evidence regartlioy symbolic cognition originates
from a neural systems previously devoted to nunigrogormation from perceptual input,
suggesting the reciprocal influence between nonksjimand symbolic number processing
(Verguts & Fias, 2005). Specifically, these data iar favor of hypothetical refinement of

neuronal tuning for numerosity after the acquisitixd symbolic numbers.
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2.1.3 The case of small numbers

Small numbers (up to 3 objects) seem to represspeaial category from early childhood.
Indeed, in infants, opposite behavioral patternsevelown in case of processing small or
large sets of items. While in case of large setgemhs, the children responses are more
selective for the numerical information rather ttodiner non-numerical parameters (such as
area, (Wood & Spelke, 2005), the inverse pattenesidilts was found for small numerosity
whose processing is more influenced by non-numlecmatinuous parameters (Xu, Spelke,
& Goddard, 2005) then numerical information.

Indeed most studies evidence the role of some perakvariables, such as total surface
area, brightness, density etc. All these non-nurakrariables seem to co-vary with the
numerosity, with the relative impossibility to detéene whether infants respond to
continuous spatial dimensions rather than numlssifit(Feigenson, Carey, & Spelke,
2002). Although some studies documented that iafeegpond according to the numerical
magnitude versus other continuous spatial parasd@rannon & Gautier, 2003), the
performances of 6- and 8- month-old and in 10- &Bemonth-old infants seem to be
respectively related to the contour length (Cleddfi & Mix, 1999) or surface area and
volume (Feigenson, Carey, & Hauser, 2002).

In adults, numerosity identification is as fastaasurate up to sets with three or four items,
while for larger sets errors rate and reaction sinmerease progressively of about 200-400
ms/item (Revkin, Piazza, Izard, Cohen, & Dehaef@82 This pattern of data reflects the
presence of two separate processes in exact nuomgrtdte subitizing for small sets and
counting for larger sets. The nature of subitizimgs recently explored. On one hand,
subitizing may reflect the use of a common numégstimation mechanism for both small
and large numbers (Dehaene & Changeux, 1993; &hlfsGelman, 1991) that follows
the Weber's law. According to this hypothesis, iovernal variability in the representation
of small numbers may describe the advantage fordiatification of small numerosities.
On the other hand, subitizing may be considereedicdted mechanism for apprehending a

small number of items in parallel also presennifants (Feigenson, et al., 2004).
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Interestingly, Trick and Pylyshyn (1994) proposeddnsider this mechanism as a parallel
tagging process that operates over small setsiranly stage of visual analysis. The idea
of a dedicated mechanism was support by Revkin @id (2008). Indeed, using a
numerosity naming and dot comparison tasks resgdgtin adults, the subitizing range
appears dissociated from the internal Weber's ifvactunderling its distinction from
number sense domain. Our visual system can selisctch number of about four objects
based on their spatial information or to encoder tlletails, respectively for objects
individuation and identification, also explainirfgetlimited capacity of working memory to
process and successively maintain visual informatio

In summary, human beings can extract the numeqcaintity of sets without verbal
counting. This ability depends on the presence rofirmate sensitivity for numerosity,
which is approximate, analog, language-independati-limited and well described by
the Weber-Fechner law. This system represents @nemtdal residual of our evolution
shared with other species and observed in aduttscpool children and in indigene groups
with limited number lexicon. Moreover, the activitf this system starts early in the
development, as confirmed in several studies iants and newborn babies (lzard, Sann,
Spelke, & Streri, 2009). In case of few items (s 4)particular mechanism could be

recruited to count rapidly discrete elements inviseal scene, the subitizing.
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2.2 Symbolic numerical representation

Humans come to life equipped with an approximatstesy for representing large
numerosity and with an exact system for trackingoexsmall numerosities. During
development children acquire symbols for numberschvirepresent a precise way to
represents even large numerical information. Deggiterging ideas about the role and the
relations among Arabic and verbal representatitdrese is a general consensus about the
functional dissociations among symbolic represéat on the base of what found in
brain-damaged patients. Indeed functional separatweere found for comprehension and
production mechanisms, between Arabic and verbdg¢s@and, finally, between lexical and
syntactical process for each code (McCloskey, Mamar & Whetstone, 1992). The
anatomical segregation of Arabic and verbal codas @ven supported by imaging data
(Pinel, et al., 1999). In the next sections, | explthe verbal and Arabic codes, their
interplay and the relation with the preverbal reprgations during development. Then, |
focus on the contributions of language and verbahting on the development of symbolic

numbers.

2.2.1 Verbal and Arabic codes

Every model of number processing has to considerdial nature of Arabic and verbal
codes. The verbal naming of numerical quantityasaemong the cultures (Hurford, 1987).
Despite this diversity, some common principles evnmg its linguistic organization are
universally shared. One of them is the similar siz¢he lexicon, which divides the units,
from the teens and the decade names. Then, thes toh@dditive or multiplicative relations
expressed by the syntactic order of items (suclinasventy + five and two*hundred
respectively) are on the base of a more or lessparent ten-base structure of numbers.
Indeed, while Chinese numbers above 10 respecicékphdditive and multiplicative rules

(i.e. eleven is spoken as “ten one”), this is nalidvfor some western languages such as
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German, English, French, Spanish and Italian whighnot regular base-10 systems. For
these reasons, at the beginning Chinese and wegtidgdnen showed similar performances
for number up to 10 (Miller, Smith, Zhu, & Zhang9b), but for larger numbers Chinese
children from the age of 4/5 years to all elemgnsahool ages perform better compared to
western children on counting beyond 10 (Stevens@tigler, 1992).

Arabic digits represent the most common notation éoacoding numerical quantity
enabling children to read, write and understanchdaege numerical quantity in an exact
fashion. Overall, despite a less attention on tbguiition of this notational system
compared to the acquisition of verbal counting, alepmental data does not show
particular difficulties in learning the digits froihto 9 (Hughes, 1986). The only exception
to this is represented by zero which determinesipedifficulties in children while
writing numbers (e.g. 203) containing a null pasiti(Wellman & Miller, 1986)),
responsible of a modification of the kinematicstbé numerical handwriting (Lochy,
Pillon, Zesiger, & Seron, 2002). Comparable reswise found even with brain-damaged
patients who showed impairments syntactic and &xecrors regarding the zero (Grana,
Girelli, & Semenza, 2003). Probably this is dudhe absence of correspondence with the
verbal counting, but the real nature of this problés still unclear. Specifically, in
childhood, the main difficulties are representediiy positional nature of Arabic notation
where the position occupied by the digit determitesalue.

The acquisition of Arabic numbers, as well as vedmunting, can be differentiated in
several phases on the base of the child’s abibtyidentify and handle them. First,
preschoolers have to distinguish Arabic digits JG#®m non-numerical symbols (Noél,
2001). At 3 years of age, their performances arehance. About 1 year later, children
identify as numerical symbols the Arabic number80%) but also letters. 5 years old
children are sensitive for Arabic symbols and threlated quantity information, and are
even able to put in relation the Arabic number$liie relative words (for 70% of cases).

In the late preschool age, at 5 years, childrenamempare the numerical information (the
magnitude) contained in Arabic symbols while sodvaddition and subtraction problems

(Gilmore, et al., 2007) however they seem to doirs@ strictly approximate fashion
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(considering their approximate cardinality and mio¢é exact numerical value). Cross-
sectional studies exploring the ability to compArabic digits in preschoolers, school age
children and adults, showed that numerical distanfiaences all groups performances
with a stronger effect in younger children (Ans&arcia, Lucas, Hamon, & Dhital, 2005;
Dehaene, Dehaene-Lambertz, & Cohen, 1998; Hollo&axnsari, 2008). Converging
results were reported also by Duncan and McFarBadcan & McFarland, 1980).

These findings suggest similar Arabic represematia both children and adults which are
influenced by our approximate system for numerositye decrement of the slope of
numerical distance in young children might reflgébeir progressive refinement of
magnitude mapping on symbolic numbers. Indeed @ngtrautomatic access to Arabic
number magnitude was reported at 7-8 years of ragghly 1-2 years later the ability to
compare Arabic numerals (Girelli, Lucangeli, & Bartvorth, 2000; Rubinstein, Henlik,
Shahar-Shalev, & Berger, 2000). In other terms, eékgerience of children with Arabic
numerals induces a more precise mapping of magnitudthese symbols, progressively
amplifying their competence with larger numbers €gllin & Noel, 2007, 2008), and
automatizing the access to semantic representations

During the development, verbal numerals are acduared used before Arabic numerals.
Despite the fact that in western cultures numberd&@re use to teach the Arabic code at
school, these two codes can be dissociated as stedgg@ neuropsychological studies by
using transcoding task consisting in the transfoionarom a numerical format to another
one (e.g. from Arabic notation to number-word, @aqiti & Butterworth, 1995;
McCloskey, et al., 1992)).

However, some evidences from developmental studiedearning and cross-linguistic
aspects support the idea of a verbal influence rabi& code, at least in the first stages.
Indeed the transparent verbal systems of South&sst based on a clear ten-base
organization can facilitate the acquisition of Arbdigits compared to western
nontransparent systems (Miura, et al., 1994 ). Thugeast initially, the acquisition of an
Arabic system seems to be dependent on the trarspaof preexisting verbal system for
numbers. Generally, at the second grade, childrnarestablish a direct association between
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the analogue quantity and the Arabic digits withegrbal recoding, suggesting the
dissociation of these two codes (see also (Dometop, & Hitch, 1998)).

Several models were proposed to describe the mad&ational system for numbers on the
base of the performance of brain-damaged pati®@ato¢he & Seron, 1987; McCloskey,
Caramazza, & Basili, 1985). Among them, the modeppsed by Dehaene ((Dehaene,
1992) (Dehaene & Cohen, 1995); Fig. 7), calledpt&ricode model. The name of this
model derives by the assumption that numbers camdetally represented in a visual
system, a verbal system and a quantity systemitiegytihree different neural circuits. The
visual system is sensible for the encoding of g&ief Arabic numbers and its neural
equivalent is probably represented by occipito-terap regions. The verbal system is
involved in the lexical, phonological and syntaaticepresentation of numbers. Despite a
first location in the left frontal and temporal tarage areas, recently this system is thought
to depend on the angular gyrus (Pesenti, et abQ;2Bago, et al., 2001). The last system,
also called the core semantic system for numbergams an abstract representation of size
and distance relations among numbers (Dehaend, @083). This system emerges from
the activity of intraparietal sulcus (IPS) duringunmber comparison, approximate
calculation and subtraction, and may play a cruca@é in the interaction between

numerical and a spatial domains.

quantity
represantation

quantity
represantation

strateoy
choice and

strategy
cholce and
planning

ledt basal ganglia
and thalamus_

Fig. 7. Schematic anatomical and functional depictionh#f triple-code model, adapted from (Dehaene &
Cohen, 1995).
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After acquiring a vast body of formal knowledge tire Arabic and verbal numbers,
procedures (verbal and finger counting) and ariticak principles (e.g. one-to-one
correspondence), children learn to retrieve thelte®f simple calculation. Since 4 or 5
years of age, children can solve simple additiosmgia vast repertoire of strategies
(Siegler & Shrager, 1984). For instance, they dant $rom 1 adding the two operands,
helped by fingers and verbal counting, or childcan consider the larger operand and then
counting forward for a number of positions equathte magnitude of the smaller operand.
These two strategies are called counting all anchtbeg on (Baroody, 1987; Fuson, 1982)
or sum and min procedures, respectively (Ashcra®32; Groen & Parkman, 1972).
Interestingly, cross-sectional and longitudinaldfimgs showed the progressive shift from
the use of counting all to counting on during sdimgp(Siegler & Jenkins, 1989). Thought
practice, some arithmetic facts can be stored mang-term memory determining a direct
retrieval of the results without counting or compgt and helping us in the solution of
complex operation via decomposition in partial fssijAshcraft, 1982). The transition
from counting-based strategies to retrieval-basees aharacterizes the acquisition of all
simple operations (Siegler, 1988), despite the tfabbature of the stored representation of
these problems. Arithmetical facts can be concdiptthas abstract formats (McCloskey,
et al.,, 1985), with operation-dependent nature. (a.greferential verbal format for the
solution of multiplications and some additions, @ene & Cohen, 1995)) or individual
preference (Noel & Seron, 1993).

The use of a retrieve-based strategy for arithnfatits depends on the size of the operands
(the problem-size effect, (Geary, 1996)). Indeathey RTs and more inaccurate responses
were described in relation to the operand sizes @3 vs. 7+8) in the solution of all the
problems involving additions (Ashcraft & BattagltE978), subtractions (Geary, Frensch, &
Wiley, 1993) and multiplications (Campbell, 1987).

This effect seems to reflect the associative stterf a problem with a given result
compared with other possible (not correct) resppn&egler & Shrager, 1984), well
described by the peak distribution around the coresmswer for simple operations, in
contrast with a flat distribution of more difficuiroblems. Children’s performances in
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simple problems can be influenced even by a moterrial threshold, the confidence
criterion, related to the child reliability abounet exactness of the retrieval response (R. S.
Siegler, 1988).

2.2.2 From pre-symbolic to symbolic numbers

Despite a fast and easy acquisition of the firgbaknumbers, the implicit association
between the verbal labels to specific quantities elécit particular difficulties. A sort of
“transition phase” was reported during which creldknow the number words, but they are
unable to associate them to precise cardinalitidsting the early development, a
considerable amount of time is necessary to uraleisthe exact quantity hidden behind
number words such as “three” and “four” (Wynn, 18P2 Even the particular
nontransparent and conventional structure of thst faumbers especially of western
languages does not help the number understandmgdhi$ way, the name dose not
contribute to inform about the relative quantitiius “four” is bigger than “five” just
because its position on the verbal sequence. Hmsition from a preverbal representation
to a verbal code involves a long period in whicksihecessary to constitute a precise and
automatic access to exact cardinal quantity frompte number names. Jordan and other
authors (Huttenlocher, Jordan, & Levine, 1994; dardLevine, & Huttenlocher, 1995)
proposed the presence of a precise computationethanesm applicable to small quantity
independently of linguistic or cultural influencebhis mechanism may depend on the
objects file manipulation or on an abstract repneséon based on discrete and symbolic
code.

According to Butterworth (Butterworth, 1999, 2008)e core of our arithmetical abilities
consist in the innate capacity to discriminate reepnt and manipulate small numerosities
(subitizing). In Butterworth’s proposal, three seggad components are thought to play a
relevant role in numerical representation and @siog. This component involves: our

innate ability to discriminate small numerositissilfitizing), the functional use of fingers
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through fine motor movements (finger movement), ahd accuracy of the finger
representation (finger gnosis). Within this framekycsubitizing represent a fundamental
component for the mapping of verbal numbers to mosiges (Benoita, Lehalle, & Jouenb,
2004).

Coherently to Butterworth’s proposal, a recent wastk on first graders (N=146) showed
clear dissociations among three behavioral tagk@rding subitizing speed (on RTs), finger
gnosis and finger tapping, while arithmetical algg were predicted from subitizing skills
both directly and indirectly via number knowledd&(ner-Wilger, Fast, LeFevre, Smith-
Chant, & et al., 2007). Clinical studies on dysaohtc children indicate a impaired
subitizing skill (Landerl, Bevan, & Butterworth, @) in dyscalculia.

Fewer studies have focused the attention on tlaioel between preverbal representations
and numbers presented in the Arabic form. Behavdata suggests that the comparison of
large numbers in adults follows firstly a sequdnpeocedure (processing the different
digits one after the other), and only successitbBy used a holistic procedure taking
account of the overall quantity (Hinrichs, Berie, Mosell, 1982; Poltrock & Schwartz,
1984). Contrastingly, in adults, comparisons of-ametwo-digit numbers suggests the idea
that Arabic numbers are directly activated and @ssed holistically on the basis of
analogue representation, rather than considerimglitfits and their position in the number.
Coherently to this, no decade break effect wasrtegavhile comparing two-digit numbers
(Brysbaert, 1995; Dehaene, Dupoux, & Mehler, 19B@ynvoet & Brysbaert, 1999).
However, numbers larger than two-digit numbers seefre compared using an analytical
procedure regarding a serial analysis of the nundmenponents. Moreover, unclear
evidences concern the numerical threshold for tesgge from a holistic to an analytical
processing and about the between-subjects vatiabili

Interestingly, a distance effect was showed in gmtade comparison task in both children
and adults, suggesting an early access of anajmgsentation of numbers. This analog
representation of numerosity was firstly documerigdhe study of Moyer and Landauer
(Moyer & Landauer, 1967) by using an Arabic numaricomparison task. These authors
found an inverse correlation between RTs and eater with the numerical difference. In
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other terms, small numerical distances (e.g. 3Hdited slower RTs and higher error rates
than large distances (e.g. 3-9). This phenomena called “numerical distance effect”
and it assumes that numbers are automatically ctad/einto an internal-analog
representation and compared each other (but segui¢e& Fias, 2005) for a different
interpretation). This effect was found also compgrnumber words (Foltz, Poltrock, &
Potts, 1984), dots arrays (Buckley & Gillman, 19@a)l, even for two-digit Arabic number
comparison (Dehaene, et al., 1990) suggesting iaticalepresentation of numbers bigger
than 9 on the number line (Brysbaert, 1995), intiamt with a compositional single-digit
representation (Nuerk, Weger, & Willmes, 2001). &ay the numerical distance, another
effect may reflect the number magnitude processiing “size effect” determines higher
latencies in comparing large than small numbersy@®& Landauer, 1967) due to the
stronger compression (Dehaene, 2003) or highealiity (Gallistel & Gelman, 1992) for
larger numerosities

A ratio-dependent performance in preschool age feasd by Gilmore and colleagues
(Gilmore, et al., 2007) while children solve exadtition problems, underling the common
influence of Weber’'s law in both presymbolic andnéwlic representation of numbers.
Again, numerical distance at 6 to 8 years old chitdfound in symbolic and non-symbolic
numerical tasks correlates with arithmetic outcome.

Specifically, children showed that mathematical i@ebment correlated with symbolic
distance effect with a peak at age of 6 followedalgyrogressive decline up to 8 years, but
not to non-symbolic distance effect (Holloway & Anis 2008). Differences in the relation
between symbols and magnitudes were accounted giaiexthis result, although other
mechanisms can be involved, e.g. the identificattdnArabic numbers or symbolic
mapping onto a magnitude representation. Takerthegethese findings support the idea
that preverbal numerical representation constitateatural basis for formal arithmetic.
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Interestingly, mathematical competence from kindeen to sixth grade was compared
with the ability to compare non-symbolic numerastof 14 years old children (Halberda,
Mazzocco, & Feigenson, 2008). Despite a high vdiigbn the Weber’'s fraction among

participants, data showed that numerosityﬂm_
acuity (the precision of the numerosity |
comparison) at age of 14 retroactively |
correlated with the early mathematicag o]
skills, even controlling the effect of speedLE i

of processing and 1Q. Thus, the precision _

in non-symbolic numerical information

processing was tightly related to symbolicIi

mathematical competence from the age of ™
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number representations from 6 to 8 years

of age (Mundy & Gilmore, 2009). Then,

using a Stroop-type task in school age childrenahdts, it was possible to note the level
of automatic numerical processing (Girelli, et 2D00). The task consists in comparing the

physical size or the magnitude of two different fmens written in congruent or
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incongruent dimensions in respect to the numemcagnitude. In the case of physical
comparison, the mismatch between physical and noatenformation afflicted just older
children and adults, suggesting the gradual prooésmutomatization in Arabic number
processing.

In summary, the easy structure of Arabic code, @apg for small quantities, is quickly
learnt and used but a long phase is necessarycfssing to the associated precise

quantity in an automatic fashion.

2.2.3 The role of counting

The acquisition of counting represents the firéerapt toward a precise and symbolic
representation of numbers. In this way, childreagpessively learn a particular way to
symbolize numerosity (“digitization”) that allowssuo better identify larger numerical
quantity and constitutes the starting point for capacity to perform complex arithmetical
operations. As seen above, from about the ageabiil@ren start to recite the sequence of
number words but do not understanding basilarcpies related to counting (Wynn,
1990). Indeed, roughly 4 years are necessary toir@cgll the sequence of number words
and its properties, from a sterile repetition ofregto a deeper knowledge of their meaning
(Wynn, 1992b).

This long-lasting process was documented in Englraking children who progressively
acquire the meaning of “one”, after about 6 morntes meaning of “two”, 9 months later
the meaning of “three” up to “twenty” at 6 yearsl.ol'he number “four” seems to represent
the turning point of this process, which, once aegly allows children to understand the
logic of number chain and the successor functioelfan & Gallistel, 1978; Wynn,
1992b).

The refinement of verbal counting continues frome afto age 7 o 8 with orderly
qualitative differences in the elaboration of numiverds sequence, extensively studied by
Fuson (Fuson, 1988; Fuson, Richards, & Briards, 219&ive different phases of
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elaboration were identified: a) string level, numi@rds are undifferentiated in a forward
form starting always by 1, b) unbreakable list leveumber words start to be
distinguishable , c) breakable chain level, the benmwords sequence can by recited from
arbitrary points , d) numerable chain level, thedgoare abstracted and become units that
can be matched and counted, and finally, e) bitioeal chain level, the sequence can be
repeated in forward and backward direction.
The practice of verbal object counting represerfisndamental factor of the development
of these phases and the acquisition of importamciples (Gelman & Gallistel, 1978).
Indeed counting procedure contributes to the adepns of five different counting
principles:
1. the one-to-one correspondence between objects améar words. This principle
implies that every object must be counted only once
2. the fixed order of the number words sequences wbdaenting (stable order
principle),
3. the flexible order of elements counted for the owality of the set (order
irrelevance principle),
4. the nature-independent format of elements that bancounted (abstraction
principle) and
5. the cardinality of a set represented by the lastdwio the count (cardinality

principle).

The role of counting principles in the developmeihhumber knowledge was demonstrated
in a recent study on children (Le Corre & CareyQ202008). Interestingly, this studies
show that, while the numbers from “one” to “fourtamapped onto the core representation
of small magnitudes before the acquisition of cowgnhprinciples, verbal numbers beyond
“four” are only mapped onto analog representatiooua six months after the acquisition of
counting principles. Then, since the verbal numbeasned prior to the introduction of
counting principles are within the numerical ramgeto 4, this is taken as evidence that the

construction process involves a system dedicatexni@l numbers (alone or together with
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analog representation of small numbers), but doet involve analog magnitude
representation of sets larger than 5 elements @reeCVan de Walle, Brannon, & Carey,
2006).

Developmental studies showed that children are @bleerbally quantify sets only for
known number words (within their counting rangehiles other numerosities elicit scalar
variability typical of the approximate number seifPehaene, 1997; Le Corre & Carey,
2007; Wynn, 1992hb). 3-years-old preschoolers caardangle small known number words
from larger unknown ones, but it is not sure ifythese a strategy based on numerical
ordering or magnitude (cardinality). Indeed thstfevidence for a clearer understanding of
numerical cardinality beyond the counting range rgg@& generally from 5 years of age
(Lipton & Spelke, 2006). Indeed if a large set tdms beyond the counting range is
presented together with its number word, childran detect the cardinality changes in case
of addition or removal of items but no changesreported in case of items rearrangement
or substitutions. This means that after a long @sedo learn the meanings of the first three
number words, 5 years old children understand tigec |of number words meanings
applying a specific, unique cardinal values.

Doubts on the interplay of verbal counting and prbal approximate system in the
construction of an exact number system still rem#&mleed the verbal counting may
represent a first way to map well-known number \goomto approximate representation
despite the unclear nature of this mapping. Fumloee the approximate system for
numerosity may contribute to give the basic conoepodf counting (e.g. in the numbers
ordering) that constitutes an essential elemenvédobal counting (Dehaene, 1997; Wynn,
1992b). Alternatively, other authors suggest theaia nature of principles involved in
learning to count verbally (Gelman & Gallistel, B)7In contrast, Fuson (Fuson, 1988)
points out the primary role of experience in th&cdvery of counting principles.

In summary, several studies show on innate, preyeribn-symbolic ability to extract
numerical information from the environment evemawborn infants (lzard, et al., 2009).
Then other studies focused their attention on ¢mg Iconstitution process of a symbolic
system for numbers, supported by the contributibrtaunting. However, some doubts
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remain regarding the interaction of the developmletrajectories of these two systems
during the development, indeed the only commoro+@épendent behavior for symbolic
and non-symbolic numerical processing across agestienough to clarify even and when
these two systems converge during the early chddhcoherently with a longitudinal

prospective.
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Chapter 3
CONTRIBUTIONS OF NON-NUMBER RELATED PARIETAL
FUNCTIONS TO NUMBER PROCESSING

As shown in the previous chapters, number cognigimrerges as a function of a complex
interplay between a set of abilities mostly relatedparietal cortex comprising quantity
processing, visuo-spatial abilities, finger gnaammgl objects estimation through action. At
the behavioral level, important relations amongs¢éh&unctions are found across ages in
children, adults and patients. This chapter conteb to better describe these relations on
the basis of behavioral and functional imaging ifiggd in healthy and brain-injured adults
and children. It will become clear that despitevéoaing evidence for significant relations
among these domains, there is still a quite crummn question on whether and to what
extent these relations are based on genuine araifispiinctional links among these
domains or whether and to what extent they reftmchmon maturational processes of

close cortical regions.

3.1 Space

More than a century ago, several investigationsG@aton (1880) on mental imagery
suggested that many western educated adults menggitesent numbers in a stable and
mostly 2-dimensional internal space, organized diosyncratic number-lines. Some
individuals even report a series of visuo-spatiedpprties associated with numerical
information, such as color, and brightness, whiore gise to particular configurations
occupied by the sequence of numbers ((de Hevidai& Girelli, 2008; Galton, 1880) for

a review, Fig. 9).
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From Galton’s initial report, the idea
of a spatially oriented number lin
assuming the interplay betwee
spatial and numerical processing h
found systematic support in bot
subjects with and withouti
synaesthesia (Piazza, Pinel,
Dehaene, 2006; Seron, Pesenti, No
Deloche, & Cornet, 1992).

A behavioral effectvas classically

(bright & light)

used to document the effect of space

in the representation of numbers: thgig. 9. A ‘number form’. lllustration of the mental image

SNARC (as in Spatial Numerical evoked by a subject when thinking about numbersn{fr
Galton, 1880).

Association of Response Codes)

effect (Dehaene, Bossini, & Giraux,

1993). This effect reflects an RT advantage forlsmanbers when subjects respond using

the left response key, and an advantage for langgbers with the right response key. This

effect was found in number comparison, parity judgis and ordering tasks (de Hevia, et

al., 2008; Dehaene, et al., 1993; Hubbard, e2@05).

Interestingly, this effect is purely determined thge position of response keys and not by

the hands position, indeed crossing the hands nimtegverse the SNARC effect (Dehaene,

et al., 1993). Curiously, the SNARC effect can beerted by manipulating the spatial

representation considered by the participant: wailstandard SNARC effect emerges in

case of typical number comparison, asking partidpdo image the numbers on a clock

face determined a reverse association between tndgnand response side (Bachtold,

Baumuller, & Brugger, 1998).

The SNARC effect was found not only when the respokeys are disposed horizontally,

but also for vertical dispositions of response keysh small numbers associated to the
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bottom key and the larger ones with the top keghsas in a thermometer or in the
Cartesian axes (Ito & Hatta, 2004).

This effect emerges in different tasks even whenrthmber magnitude is irrelevant for
response selection. Indeed spatial coding of nusnten interfere with non-numerical task
involving spatial judgment (de Hevia, Girelli, & War, 2006). The SNARC effect was

found when required to discriminate the orientatadnbars superimposed on an Arabic
digits (Fias, 2001).

Another effect pointing towards an automatic assomn of number to spatial locations is
observed in physical bisection tasks. When askedndicate the midpoint of a line

composed of small numbers, the subject’'s midpoias wlaced on the left of the real
midpoint and vice versa for larger numbers (Catal&i Rossetti, 2005; Fischer, 2001).
Numerical magnitude can afflict even the eye movemsdoward left or right targets

(Schwarz & Keus, 2004). Indeed small digits elfester target detection in the left visual
filed, whereas right target are identified fastemew large digits were shown (Fischer,
Castel, Dodd, & Pratt, 2003).
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Fig. 10. Behavioural studies demonstrating numerical-spatiteractions. (a) SNARC effect. Subjects
respond whether a number is even or odd. Right-gnieft-hand reaction time differences are plottgith
values greater than O indicating a left-hand adgmt (b) Attention bias effect. Presentation ofam-n
informative digit at fixation leads to an automaghdft of attention to the left or right, and su@psently faster
responses to visual targets. Graphs indicate mratithes to detect a visual target on the leftigintrside of
space after presentation of a “low” or “high” digibpen symbols indicate left-sided targets anckdill
symbols, right-sided targets. (c) Line bisectiofeetf When asked to point toward the midpoint dfne,
subjects are accurate when the line is composat ¢€enter indicated by bold x). However, when lihe is
composed of 2's or 9’s, pointing deviates from thelpoint. (d) Visual field presentation effect. Wha
number is presented in one visual field, an intgwacbetween numerical distance and visual field is
observed. Numbers that are smaller than the stdrsteow an advantage for LVF/RH presentation, and vi
versa. Adapted from Hubbard et al., 2005.
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Electrophysiological evidences demonstrate that bemmagnitude interferes during the
response-related stages, after the closure of peweoperations but before response
selection (Keus, Jenks, & Schwarz, 2005). AdditignaEEG data showed that non-
informative symbolic cues with spatial meaning,lsas arrow and numbers, can elicit an
automatic shift of attention (Ranzini, DehaenezPé& & Hubbard, 2009) with a negative
deflection (EDAN and ADAN components) on the herhes contralateral to the direction
of attention for occipito-parietal and frontal regs, contributing to evidence that number
automatically evoke association with space.

The interplay between space and number domainstaffiven actions.

A study of Song and Nakayama (Song & Nakayama, R@fighd direct relation between
the numerical deviation and the deviation of hamgettories, suggesting that numerical
magnitude of the target is encoded as well as thmenical proximity or order along a
hypothesized mental number line. Taken togetheselresults are important proofs about
the existence of systematic interactions between@u and space.

If we consider the SNARC effect as an index of ¢patial representation of numbers, the
first documented presence that spatial numericabaation in the response codes was
found at the age of 9 (Berch, Foley, Hill, & Ryd999). Indeed cultural and education
habits can influence the SNARC effect. For exampignian subjects exhibit a weaker
SNARC effect compared to Western subjects, proballg to their right-left reading
direction (Dehaene, et al., 1993). Again, Arabieafers are faster to compare two visually
presented numbers when the larger number is placetie left side (Zebian, 2005). The
spatial features of number representation were &ifded to finger-counting habits:
American students start to count objects by raifiegfingers on the left hand while Italian
adults use the right hand first. Indeed, contrarfmerican subjects, Italian subjects reflect
a systematic association of number from1 to 5 ¢origght hand due to their finger-counting
habits (Di Luca, Grana, Semenza, Seron, & Pes&i6).

During childhood, a reduced visuo-spatial spamaasure by Corsi blocks, has sometimes
observed in children with mathematical difficulti€Bull, Johnston, & Roy, 1999).
Recently, it has been showed that the Corsi sparesent a good predictor of the pre-
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verbal numerical performance in preschool childrémit not in grade 1 children
(Rasmussen & Bisanz, 2005). Moreover, Facoetti @itbagues (Facoetti, Trussardi, &
Zorzi, 2007) found that that dyscalculia is assedawith a defective visuo-spatial
orienting in the right visual hemisphere indicated the absence of inhibition of return
effect. These authors suggest the presence of imeai in the right parietal cortex,
particularly involved in the control of attentiomienting. Subsequently, this deficit also
influences negatively the number processing, Imgitithe ability to explore the
representational space of the mental number line.

Another line of evidence in direct favor to the ahwvement of spatial codes in number
processing comes from clinical studies on patienith (right) hemineglect that
systematically misplace the midpoint of a numericdérval to bisect ((Zorzi, Priftis,
Meneghello, Marenzi, & Umilta, 2006; Zorzi, Prifti& Umilta, 2002); Fig. 11). The
midpoint is generally shifted rightward and erraterincreases with the size of the interval,
as observed in the physical bisection of simpledinThis distortion seems to emerge from
the impaired representational form of spatial nelglather than an impaired access to
numerical representations (Vuilleumier, OrtigueB&ugger, 2004). When asked to process
number as in a clock face, these patients exhit@atgr difficulties than controls for
numbers larger than 6, placed on the left siddhefdock face. These results confirm the

dynamic and flexible nature of the spatial représt@on of numbers.
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Fig. 11. Hemispheric effects in numerical-spatial interati. (a) Neglect patients also demonstrate severe
deficits in numerical distance and number bisectamks. The upper graph shows the deviation omaet
interval bisection task, as a function of intersste, while the lower graph shows reaction timesaon
magnitude judgment task with 5 as the standardWbegn rTMS is applied to the angular gyrus, respund

to a number greater than the standard takes lotiger in the no-stimulation condition. (Adapted from
Hubbard et al., 2005).
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The implications concerning a spatial represematid numbers emerge even during
mental arithmetic. Indeed a so called “operatiamalmentum” was described in several
studies (McCrink & Wynn, 2009)Empirically, this effect emerges solving additions
which incorrect results is generally larger thae torrect solution, and for subtractions,
where the incorrect results is smaller than theembrsolution. In other terms, the answers
to addition problems were systematically overedttiaand the answers to subtraction
problems were systematically underestimated.

Recently, Knops and colleagues (Knops, Thirion, lbéutd, Michel, & Dehaene, 2009)
showed that the cortical region in the posteriorngtal cortex (homologous to monkey
VIP) selectively implicated in eye movement exemutis also involved in arithmetic
calculation (both symbolic and non-symbolic). Indiea classifier trained to determine the
direction of saccades, left or right, from the fM&gnal measured in PPC generalized to an
arithmetic task. Its left versus right classificaticould be successfully used to sort out
subtraction versus addition trials.

However, a non-spatial interpretation of the operatl momentum sees it as the
consequence of the compression and expansion ahtiweal representation of quantity
while adding or subtracting on a compressed coatmuln this way, the neural circuit
dedicated to additions and subtractions process ficst undo the internal compression of
the operands, thus avoiding gross inaccuracy”, “bift this internal decompression is
inaccurate, a small compressive bias might per$iss causing the observed momentum
effect” (McCrink, Dehaene, & Dehaene-Lambertz, 200eurally, it is known that the
posterior parietal cortex (homologues to monkey)LldBntains neuronal populations that
perform vector addition for saccade programmingu¢féd, Deneve, & Duhamel, 2002). It
Is thus possible that it is the internal structoreonnectivity of such region that is reflected
by the results of the classifier and not the exeoudf spatial operations per se.

In summary, despite some less clear effects withagien interpretations, most of the
studies reported show an intensive interplay betvegace and numbers in healthy subjects
and brain-lesioned patients, with a typical assmra(SNARC effect) of small numbers
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with left response side, and large numbers withtrigsponse side. In particular, neglect
patients exhibit an impaired number bisection whieftects representational difficulties

not specific to numbers domain.

3.2 Fingers

Before the invention of symbols for numerositiesymans were unable to count and
numbers were implicitly embodied in the intrinsieatures of environment. Without
number words, our ancestor started to manipulateenosities by using bones, sticks of
wooden, stones and so on. Among these methodsheanetay to count and to
communicate quantity information was representedbbgly parts, such as toes, arms,
elbows, shoulders, but also lips, nose and eyewalays body counting strategies persist
in some tribes of New Guinea (e.g. Islander frommird®y Papuans etc.) and, despite the
heterogeneity of their strategies, most culturemrestihe use of a fruitful body part, the
fingers, as a sort of personal abacus always dlai(#frah, 1981).

Finger counting is not a recent discovery, but mveational widespread technique used at
every epoch (even by Sumerians, Babylonians, MagaAztec populations) that reached
the maximum development in China allowing to couptto three billion with both hands
by using combinations of phalanges and fingersl{ifi981).

Curiously, cross-linguistic evidences documentezltthck relation of digital domain with
the origins of some number words and verbal cognttor example, in English the word
“five” shares a common root with “fingers” and %if; alternatively in Slavic languages
the word “pet” (five) derives from “pest” (hand)t Aresent, despite the introduction of a
formal knowledge of numbers represented by Ara@ggtesn, the use of fingers to count
constitutes a fundamental pedagogic tool for ma#imal teaching and learning during

school years (Butterworth, 1999).

53



Some characteristics of fingers may elicit theie,ysarallel to counting words, to help the
transition between approximate numerosity represiemt to exact and symbolic number
knowledge (Fayol & Seron, 2005).

1. First, finger counting represents a preliminstgp toward the acquisition of the number
concept of bases (Butterworth, 1999). Althoughubke of a base-12 system would be more
fruitful for number processing due to its combipatwith 2-3-4 and 6, historically finger
counting has pressed on a base-10 system for ptizg@asons.

2. Second, unlike language, fingers configuratiafier iconic relationships with the
objects they represent. Indeed fingers can représercardinality of a set, irrespective of
the nature of the set items, and even in absenafarence objects.

3. Third, finger counting of objects requires arespondence between words (which have
time but not space) and objects (placed in theespat undifferentiated in time). This type
of association is named one-to-one corresponderioese levels, temporal and spatial,
elicited different types of errors in children froBnto 6 years old: objects can be skipped
(not counted), repetitively counted (counted twioejust pointed with the finger (without
receiving a word; (Fuson, 1988)).

4. Fourth, the stable order principle is refleddgdhe sequence of finger movements.

The extension of these principles also on fingersinting determines a process of
familiarization with frequent fingers configurat®nallowing a direct access to their
semantics (Wiese, 2003) and a link between eadeffiwith a specific number. Coherently
to this, 7 years old children extract numericalomiation faster for habitual fingers
configurations of numbers from 2 to 9 compared witfiamiliar configurations, suggesting
their holistic representation (Noel, 2005).

5. Finally, the practice with verbal and finger ntng contributes to detecting some
regularities at the basis of mathematical think{egg. arithmetical properties) and to

“digesting” numerical features such as ordinalitg @ardinality.

A longitudinal study on 5-6 years old children sleowthat finger abilities, finger
discrimination and graphestesia were significamtdpmtors of the subsequent arithmetical
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performance after one (Fayol, Barrouillet, & Mahief 1998) and three years (Marinthe,
Fayol, & P., 2001). The specific contribution afider gnosis is also confirmed by another
study on school age children, in which the predepower of finger gnosis is selective for
number domain, in contrast with what predicted ligeo cognitive abilities, such as

processing speed (Noel, 2005). On this wave, antestady reinforcing the idea of a deep
link between the finger and the number domain igening study, showing that 8-weeks
training in finger gnosis ameliorates the arithrwatioutcome of first graders (Gracia-
Bafalluy & Noel, 2008). In this study, children weseparated into three groups: an
“untrained group” with low finger gnosis abilities,“trained group” with low finger gnosis

abilities who received the training, and a “skillgup” composed of children with high

scores in finger gnosis tests. Once training waglcoled, the trained children exhibited an

improvement in arithmetical competence, reachingelke of scores similar to skilled
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showed a quadratic trend from a significant positieorrelation in kindergarten, to
decreasing positive correlations in first and secgrades, and to a small but significant
negative correlation by the end of second graderdéh, et al., 2008); Fig. 12). This
indicates the relevant role on fingers use durimg e¢arly steps of formal mathematical
education with a natural decrement of the use ©f shrategy once that the arithmetical
procedures are robustly consolidated.

From a functionalist point of view, the co-occurcerof deficits in calculation and fingers
discrimination, as well as the interaction betwédmger gnosis and math in normally-
developing children, arise experientially in theus® of the normal development. This
suggests that “the representation of numbers i®migtco-located with, but also linked to,
the representation of fingers” (Penner-Wilger & &rgbn, 2008). Indeed, individuals who
could not or did not use their fingers to represguantities (i.e. children with Spina
Bifida), have impaired finger gnosis that is co-bidr with mathematical difficulties
(Banister & Tew, 1991; Barnes, Smith-Chant, & Land@005). Interestingly, children with
developmental coordination disorder (DCD) exhilgtandeficit in finger motor agility with
a preserved finger gnosis do not show arithmeteéitits (Cermak & Larkin, 2001). This
finding suggests the role of finger, in particutafr digital gnosis, in the acquisition of
numerical representation during the developmertduiin the creation of a hypothetical
functional/developmental link between these two dims. Alternatively, however, it could
also reflect that the impairment in DCD is unretbte parietal damage.

In this way, the acquisition of fingers countingyree a process of assimilation of digital
configurations, previously observed and then reggealOn the same wave, implicit
representations of number-related actions may lEated on the base of frequent
associations between visuo-motor finger configoreti and related movements
(Butterworth, 1999). Moreover, other overlappingtiations were found in the
intraparietal sulcus bilaterally for both numericahgnitude judgments and “how many
raised fingers” task on a hand picture (Thompsdmhait, Wheaton, Syngeniotis, & Puce,
2004), suggesting that finger configurations magrehcommon processes with symbolic

numerical knowledge
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Additional indirect supports on the functional imeetation were based on recent
neuroimaging data of Zago et al. (2001) who fourdivation of premotor area
corresponding to the finger representations dursnggle-digit multiplications, while
Andres and colleagues ((Andres, Seron, & Olivi€l0%)) showed an activation of hand
motor circuits during dot counting task in aduB®th these studies speculated that these
findings represented an evidence of a developmantabers-fingers trace in the brain.
Nowadays, the investigation about connections batw&MVIG and AG with premotor areas
contributes to clarify the anatomical circuits aiger movements and their relation with
number domain. Anatomical proximity was found fdre tsites responsible for finger
agnosia and acalculia in the SMG or close to tH& (Roux, Boetto, Sacko, Chollet, &
Tremoulet, 2003).

Fig. 13.Parietal projections from areas located in therddtieank and in the fundus of the intraparietatssl|
in the macaque monkey. In order to show these athasintraparietal sulcus has been opened and the
occipital lobe removed (from Rizzolatti et al., B39

Recent developed MRI techniques, such as the rfesfilper diffusion tractography (Aron,
Behrens, Smith, Frank, & Poldrack, 2007; Rusconnel? Dehaene, & Kleinschmidt,
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2009), makes possible to quantify the connectiintyivo. A parieto-premotor network
(Fig. 13) was found in several studies documentimignections of premotor regions with
IPS, a region sensible for number quantity, and A€sponsible of bimanual finger
movements and higher-order aspects of motor cofergl conscious access of one’s own
actions; (Farrer, et al., 2008; Jeannerod, Arbizz®&atti, & Sakata, 1995; Pesenti, et al.,
2001)). These supramarginal regions were recruitethg fine control of hands and finger
movements, even while gesturing (Muhlau, et al.05)0 Mirror neurons system was
hypothesized to play a role for digital represaeataibf numbers with the presence of a
neural substrate for both finger movement executamd observation (Rizzolatti &
Craighero, 2004).

Again, a TMS study demonstrated a concomitant pigsao of performance in both
numerical tasks and digital gnosis tasks aftergation of angular gyrus, confirming the
anatomo-functional contiguity of the relative reggo(Rusconi, Walsh, & Butterworth,
2005). Taken together, these findings suggest bo#ht number processing and finger
knowledge seems to be grounded in neighboringsantetimes overlapped, regions of the
parietal cortex. Thus, the presence of such commaturational pathways might well

predict the observed correlations, in both infamd adults.

3.3 Action: Grasping

Despite several studies that have deeply investigdite grasping abilities in both monkeys
and human, just recent neuroimaging data contribteclarify the neural circuits for
grasping. Here, | describe the kinematis of gragpinhumans and its neural mechanisms.
Next, | summarize the current state of knowledgeuakthe influence of numerical
information on grasping actions.

The mechanic of grasping in humans is dependergeveral types of object attributes.
Jeannerod was the first who analyzed graspingimgef variation of the distance between

the thumb and the index finger, the so-called gpprture. Indeed, during a reach-to-grasp
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action, the initial and progressive opening of g is followed by gradual closure in

order to make contact with the objects’ (Fig. 1&)tundamental process for a successful
grasp implies a transformation of the intrinsicexakfeatures (one of the most important of
which is the size) of the objects into motor actiqdeannerod, 1984, 1997). Jeannerod
identified a particular time during grasping whére thumb-index distance is the largest
(maximum grip aperture, hereafter MGA) that ocowithin 60-70% of reaching duration

and it is significantly modulated to object sizeve®and above size, other properties, such

as texture, weight, fragility, size of the contairface, also seem to influence the
kinematics of grasping.
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Fig. 14. Kinematics of grasping. a) The hand preshapesdits journey to the target object. b) Maximal
grip aperture (distance between the tip of thumtb the tip of index finger) typically occurs withif0% of

movement completion. c) Representation of tracesostrating the scaling of maximum grip aperturghwi
respect to object size (from Castiello, 2005).

In monkey, three specific regions are responsilblgrasping: the primary motor cortex
(F1), the premotor cortex (PML/F5) and the antenotraparietal sulcus (AIP; see
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(Castiello, 2005) for a review). The integrity of I5 obviously fundamental for performing
successful grasping. The role of AIP and F5 is nmomplex and the neural response
properties of these two regions show striking santies as well as important differences.
For instance, both AIP and F5 regions code fomastirelated to the type of objects to be
grasped during precision grip movements. By cotitrafile AIP neurons are able to
represent the entire action, F5 neurons are spaltyfinvolved in the selection of the patter
of movement of the hand and fingers (Murata, Gallésippino, Kaseda, & Sakata, 2000;
Rizzolatti, et al., 1998; Sakata & Taira, 1994; &ak Taira, Murata, & Mine, 1995)
Moreover, as suggested by a study by Sakata E135; see also Murata et al., 2000), F5
selects and sends back the information regardiegetected motor command to area AlP.
Single-unit recordings tried to clarify the visuahd somato-sensory contributions of
grasping, and showed that AIP activity is influeth&y the shape of the target object, while
somato-sensory cortex classically responded ld&an tAIP region while/after the hand
touched the object (Gardner, Debowy, Ro, Ghosha&B 2002).

In humans, neuroimaging data documented the rolgriofary motor cortex (PMC) and
posterior parietal cortex (PPC) in grasping. In panson with touching, grasping actions
increased the regional cerebral blood flow (rCBFide regions of the bilateral PMC, the
PPC and the prefrontal cortex PFC (Matsumura, .et1896). Another study confronted
pointing, grasping, and matching conditions (Faite Toni, Decety, Gregoire, &
Jeannerod, 1997). In this last condition subjeed to compare the shape of the target
objects with the previous one. While grasping-pgamtcontrast showed an increased
activation of the anterior part of PPC, the gragpmatching contrast showed an increased
activation in the cerebellum, left and medial fadntortex and left IPS. In summary,
primary motor, premotor, and AIP areas were foumdbe involved in grasping circuits.
However, other regions may be involved, includiray £xample prefrontal, superior
parietal and cerebellar areas (Castiello, 2005).

Interestingly, some studies showed the influencenawinerical magnitude on grasping
actions. A recent study investigated on the elecyagraphic (EMG) recordings of hand
muscles activity during a parity judgment task witfabic digits. The participants had to
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open or close (and vice versa) their hand accorttirte parity status of the number (odd
or even). Data showed larger grip apertures in chdarge digits, and the opposite for
small digits (Andres, Davare, Pesenti, Olivier, &@&, 2004). Again, another behavioral
study shows a modulation of grasping kinematicanmdigg an enlarged maximum grip
aperture in the presence of large numbers (LindemAbolafia, Girardi, & Bekkering,
2007).

In another study, participants had to judge whetihey can grasp a rod lengthways
between their thumb and index finger. Each presentaf the rod was anticipated by
Arabic digits. When a small digit preceded the rnpalticipants overestimated their grasp;
conversely, when a large digit preceded the rdusy tinderestimated their grasp. Control
experiments allowed to exclude that the weightrengerformance on other effect, such as
perceptual factors (Badets, Andres, Di Luca, & RBs&€007). Thus, since grasping
requires the estimation of object size in orderd&termine a precise and correct hand
shaping, both coding number magnitude and graspmay share common processes
(Andres, et al., 2004). On this wave, Walsh prodasenodel by which number magnitude
and the size of objects to grasp take place indtiveal visual pathway on the basis of a
common system of magnitude (Walsh, 2003).

Anatomically, objects manipulations (Binkofski, &t, 1999), grasping (Culham, et al.,
2003), reaching (Cohen & Andersen, 2002), and Vipoating (Connolly, Andersen, &
Goodale, 2003) rely on the same parieto-premotawaorks co-activated even during
numerical tasks, such as additions, subtractiongiltiphications and magnitude
comparisons (Dehaene, et al., 2003).

For example, human dorsal premotor cortex (F2),aama plays a crucial role in
programming and controlling proximal movements dasa somatosensory information
(Shen & Alexander, 1997) also is also found activesubjects performing additions,
subtractions and numerical comparisons (Chochonalgt 1999; Fias, Lammertyn,
Reynvoet, Dupont, & Orban, 2003; Menon, Rivera, ¥hiGlover, et al., 2000). The
fronto-parietal connectivity is represented by to@nections between the F2 areas and the
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medial intraparietal areas (MIP) in the IPS regidm. particular, MIP represents an
important component of the parietal reach regiorolved in preparation, execution and
monitoring of reaching movements. Thus, the MIPeK2uit integrates both the visual and
somatosensory information to coordinate hand mowsnteward a visual target (Cohen &
Andersen, 2002; Colby & Duhamel, 1991; Eskandars&ad, 1999).

Furthermore, the AIP activity is invariant to spatocation of objects (Sakata, et al., 1995)
and it is connected to F5 throughout the premotmtral regions. Thus, the anterior
intraparietal region (AIP) exhibits a neural sehatt while grasping objects and the AlP-
F5 circuits are thought to be responsible of theadbmanipulations on the basis of their
visual and physical features (Jeannerod, Arbibz&é&tti, & Sakata, 1995). The neurons of
AIP can be divided into two groups: “object typeida‘non-object type”. The former plays
a role during object observation in absence ofgrgsmovement, while the latter is related
to the shape of handgrip, irrespective to objecseolation (Murata, et al., 2000).
Clinically, patients with parietal lesions exhibitpairments in matching the grip aperture
with object size (Jeannerod, 1986).

In summary, on the basis of neuropsychologicalisfjdve can delineate the role of MIP-
F2 and AIP-F5 circuits. On one hand, the circuiPMA2 seems to contribute to the coding
of spatial location of objects, even during enurtienatasks.

On the other hand, the circuit AIP-F5 is crucial $baping the handgrip to grasp objects (in
line with the presence of a shared mechanism fdingonumber magnitude and object size
(Castiello, 2005)). However, other investigatiome necessary to better understand if the
human homologues of AIP and MIP are located inatfiierior and medial parts of the IPS
coherently with the neural structure of monkey tr&n this wave, anatomical coordinates
of recent neuroimaging studies suggest a partigrlap of these regions (Culham &
Kanwisher, 2001; Koyama, et al., 2004; Simon, £t24l02).

Overall, these findings suggest a clear interplavben numerical processing with other

parietal functions such as spatial, digital andoacprocesses. These relations are both
explained on the basis of anatomical connectiorts @oximity of parietal regions, but
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even on the basis of functional contributions miedicby educational and cultural factors
(e.g. finger counting, grasping, displaying numbensan oriented line). However some
guestions remain open, in particular regardingpitoeesses that allow these interactions to
emerge during childhood and the relative contrioutof maturational and functional

factors.
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Chapter 4
CLINICAL EVIDENCES OF PARIETAL IMPAIRMENTS IN
NUMBER PROCESSING

In this chapter | consider evidences coming frora thnical disorders, the developmental
dyscalculia and Gerstmann’s syndrome, that predefitits in both the number domain

and in other domains related to parietal cortextions. These two disorders have different
origins. In the case of “dyscalculia”, this defiepppears during the cognitive development
from childhood, in contrast with the term “acal@lligenerally used for acquired lesions

determining impairments in numerical domain andwalkion.

4.1 Developmental dyscalculia

Developmental dyscalculia (hereafter DD ) concexrdisorder of numerical competence
and arithmetical abilities in children who fail &achieve adequate proficiency in the number
domain despite normal 1Q, proper schooling, ematiatability, adequate social relations
and motivation (Shalev & Gross-Tsur, 2001; Teml892). The term “developmental
dyscalculia ” was introduced by Ladislav Kosc (Kod4®74), even if nowadays other
terminologies are considered to describe this desoon the base of selection criteria, such
as “arithmetical learning disabilities”, “mathentati disabilities” or “specific arithmetic
learning difficulties” (Jordan, Hanich, & KaplanQ@3a; McLean & Hitch, 1999). Recent
epidemiological studies showed that this defidiict approximately the 6% of school-age
children (Gross-Tsur, Manor, & Shalev, 1996; Levidgch, & Walker, 1994). It was also
demonstrate the co-occurrence of other disorder®Dncases: 25% of children with
mathematical disabilities showed an occurrencettehtion deficit hyperactivity disorder
ADHD (Gross-Tsur, et al., 1996)) and roughly the6@3% of DD children exhibit reading
difficulties (Lewis, et al., 1994). The reason loés$e relations remains still unclear.
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Even genetic studies demonstrated that 58% of nyguodz twins and 39% of dizygotic
twins had developmental dyscalculia (Alarcon, DesyriLight, & Pennington, 1997). The
genetic susceptibility for DD was also found in ®genetic disorders such as velo-cerdio-
facial syndrome (Eliez, et al., 2001), fragile-Xndyome (Mazzocco, 2001), Turner's
syndrome (Bruandet, Molko, Cohen, & Dehaene, 208dd, Down’s syndromes (Paterson,
2001).

Difficulties in learning and remembering basic lamietical facts are consistently reported
in children with mathematical difficulties (Geary990; 1993; Ostad, 1997). Apparently,
the arithmetical facts retrieval from long-term nognremains stable across elementary
ages in these children, suggesting the presenagefsistent cognitive deficit rather than a
delayed development (Geary, 1993). The classicatldpment of calculation in children
concerns the transition from digital-verbal str&#ego memory-based ones. Interestingly,
DD children do not exhibit this shift and they pstsn using immature strategies (Geary,
Brown, & Samaranayake, 1991; Jordan, et al., 20Q&tad, 1997), showing difficulties
not only in the knowledge of facts, but also irttarietical procedures (Russell & Ginsburg,
1984). Moreover, children with mathematical difftces showed slower verbal counting
ability (e.g. counting from 45 to 65 and backwardsyl lack of some counting principles,
such as order irrelevance principle (Landerl, t2404).

Two different streams of research have proposedraltive interpretations of this disorder:
one point towards a more general cognitive defitile the other to a specific impairment
of core number system.

On one hand, the difficulties of DD children mayride from a general dysfunction
affecting processing speed (Bull & Johnston, 199v9rking memory (Bull & Scerif,
2001), general information retrieval (Geary, 20G{patial disabilities (Rourke & Conway,
1997) or finger agnosia (Fayol, et al., 1998). blslow RTs while naming letters of
numbers (Geary, Hoard, Byrd-Craven, Nugent, & Num&907), reduced digit and visuo-
spatial span (McLean & Hitch, 1999) were found lildren with mathematical difficulties.
On this wave, many evidences suggest the preserase & a form of “developmental
Gerstmann’s syndrome” in which dyscalculia is agged to a corollary of other parietal
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deficits such as dysgraphia, finger agnosia anat-t&ft disorientation (Kinsbourne, 1968;
PeBenito, Fisch, & Fisch, 1988).

Recently most of researches have been focusedeoroll of spatial abilities and finger
gnosis in DD. On the basis of the presence/abseham-morbid reading difficulties,
Rourke (Rourke & Conway, 1997) suggested that these of this disorder was due to a
lateralized hemispheric dysfunction: a left hemeghdysfunction may be responsible of
both mathematical and reading impairment. Altexdyi, right hemisphere dysfunctions
may be associated to specific problems in mathesiatiowever, some recent studies fall
to find consistent differences between DD childeerd children with DD and reading
deficits (Jordan, Hanich, & Kaplan, 2003b). Moregwemme developmental studies support
the role of finger gnosis in number acquisitiomwing for example that accuracy of finger
gnosis at the age of 5 predicts a significant prigo of variance in arithmetical tests
administered 1 year later ( Fayol, et al., 199&eIN2005).

On the other hand, some authors considered thediBearesult of a specific core deficit in
the numerical domain (Butterworth, 1999; Dehae®®7). A “number defective module”
or an impaired “number sense” were suggested teridesthe incapacity to manipulate and
understand numbers and numerical quantities. Indégscalculic children showed
consistent deficits in numerical task including $wiic quantities compared to age-
matched controls despite their phonological praogssinformation retrieval, language
abilities and psychomotor development were allhie hormal range or above average
(Landerl, et al., 2004).

Additionally, dyscalculic children exhibit a defea sensibility and a less precise internal
representation for numerosity as showed by a higtelber fraction compared to healthy
counterpart (Fig. 15). Specifically, 10 years oigahlculic children show a 5 years delay
in numerical sensibility, which is similar to whaiund in 5 years-old non-dyscalculic
children (Piazza, et al., 2010).
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In a physical number line task, participants havedtimate the position of a number on a
line, for example, from O to 100. Typically, duritige development, children shifted from a
logarithmic-based estimation (with small numbersnpoessed on the left side and big
numbers on the right side) to a linear represantatGenerally, this transition happens
between 6 and 8 years for 0 to 100 numbers (Si€gRwoth, 2004), and between 8 and 11
years for O to 1000 numbers (Siegler & Opfer, 2003hildren with mathematical
difficulties are less accurate than their countégpand they used more often a logarithmic
strategy rather than a linear one (Geary, et @072

All these data support the idea of a basic numledeéicit for DD, as the result of a
defective number sense. Indeed, compared to agehathtcontrols, children with
mathematical difficulties had poor performancedaritifying small and large numerosities
(Mandler & Shebo, 1982; Piazza, Price, Mechelli, Butterworth, 2001), calculation
(Jordan & Hanich, 2000) and placing a number ohysigal line (Geary, et al., 2007).

Even neuro-anatomical and neuro-functional datayestgstructural abnormalities in the

dyscalculic IPS as compared to non-dyscalculic rotst For instance, adults with genetic
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problems (e.g. Turner’'s syndrome in (Molko, et 2D03) and adolescents with very low
birth weight (Isaacs, Edmonds, Lucas, & Gadian,120@quently showed arithmetical
difficulties, associated with reduced grey mattelume in the IPS (Isaacs, et al., 2001;
Rotzer, et al., 2008). Functionally, fMRI studid®wed a lack of IPS modulation during
non-symbolic comparison and symbolic comparison children with mathematical
difficulties which was interpreted as either a werakarietal representation of number
magnitude, or a limited access to numerical infdroma (Price, Holloway, Rasanen,
Vesterinen, & Ansari, 2007; Soltesz, Szucs, Dekderkus, & Csepe, 2007).

The interpretations regarding the etiology of depeiental dyscalculia are multiple. On
one hand, a “core deficit” idea was suggested bgdlstudies that have reveal a defective
number sense, impaired transition from a non-symlol a symbolic representation and
structural/functional abnormalities of IPS in dyscdic children. On the other hand,
scientific literature shows the presence of vatiegaub-types of dyscalculia based on a
defective verbal symbolic representation (defigitslearning and retrieving arithmetical
facts and counting sequence), executive dysfursfimefficient strategies and arithmetical

procedures) or impaired spatial attention (defectiwbitizing skills).
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4.2 Gerstmann’s syndrome

Acalculia represents one of the tetrad of symptdimst characterize the syndrome
described by the neurologist Gerstmann (Gerstma®g7). The other deficits consist in
left-right disorientation, finger agnosia and admap This syndrome was initially found in
patients with lesions of the left parietal cortprecisely of the AG (Butterworth, 1999; J.
Gerstmann, 1940, 1957). Subdural stimulations of gk&uce the emerging of all of the
four characteristic deficits, alternatively calles the “angular syndrome” (Mazzoni,
Pardossi, Cantini, Giorgetti, & Arena, 1990). Gerahn’s clinical interpretation was based
on the presence of a selective disorder of the bhasa and its body schema representation,
“the finger sense”. A cascade of impairments wa®aated by observing that: calculation
and fingers share the ten-base system, hands edeasseference of left-right orientation,
and writing implies a good finger praxia. In pauter, acalculia may emerge as the result
of impossibility to relate numbers and fingers bsing finger counting strategies (J.
Gerstmann, 1957).

Here, | briefly report the main characteristiceath symptom:

Finger gnosisis frequently impaired in patients with Gerstmangsyndrome especially in
finger naming and verbal identification (Jung, &t 2001; Moore, Saver, Johnson, &
Romero, 1991; Tucha, Steup, Smely, & Lange, 19@7particular, the accuracy decreases
in case of lack of visual control while performitige task (Mayer, et al., 1999; Tucha, et
al., 1997). This deficit afflicts not only the owimgers but also the identification of the
corresponding fingers of the examiner's hand (Garbi Pietro, Ptak, Poglia, & Schnider,
2004; Mayer, et al., 1999).

Even the representational structure of the hanthseksrupted with the inability to know
the number of fingers between two fingers touchgdhe examiner. Higher error rates

were documented for index, middle and ring fingespared with thumb and little finger
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(Mayer, et al., 1999; Mazzoni, et al., 1990). Inegal cases, a toe agnosia was described

suggesting the idea of a more general disorddra@rbbdy schema (Tucha, et al., 1997).

Left-right confusion emerges while asking to identify specific bodytpaPatients make
more errors in absence of visual control (LevinanM & Calvanio, 1988; Mayer, et al.,
1999; Mazzoni, et al., 1990) or when asked to pthietexaminer’'s body, (Carota, et al.,
2004; Tucha, et al., 1997) especially if he/shedaihe patients. Even crossed commands
(e.g. “touch your left eye with your right hand”)eve executed less precisely than
uncrossed ones (Jung, et al., 2001; Mayer, €1$09)).

Two main types of peripheral deficit in handwritit@graphia) afflict these patients. On

one hand, the writing can be slow and illegiblehwitisaligned and scrawled letters (Jung,
et al., 2001), in particular for cursive letters gazoni, et al., 1990). This deficit may
sometimes afflict also the drawing of geometridadmes (Levine, et al., 1988), taking the
form of apraxic agraphia, as the result of a disampin motor graphic patterns in memory
(Zesiger, Martory, & Mayer, 1997 ). On the othentialetters are omitted, repeated or,
more often, substituted with other similar letters.g. p-b, g-d (Carota, et al., 2004) that
shared the same motor segments. This deficit midgctempairments at the allographic

level where letter identity is accessed from m@i@duction, as also confirmed by the lack

in the visual imagery for letter forms (Rapp & Qaazza, 1992).

Acalculia constitutes the most variegated deficit amongéh@ad of symptoms.

Syntactic difficulties frequently characterize tt@mprehension and production of Arabic
numbers (Kinsbourne, 1968; Martory, et al., 20@3¥pecially while reading three-digits
numbers versus one- or two- digits ones (Varneyg4l9Even syntactical relationship
among number words can be impaired (Martory, e28D3).

The spatial disorganization of digits often indueesors in writing calculation, suggesting
the presence of a spatial acalculia (Strub & GeguthwL974). The effects of this syndrome
on arithmetic and calculation are more debated.
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In accordance with the interpretation of Gerstmahig syndrome should involve basic
arithmetical difficulties due to their intimate krwith the finger counting in childhood (J.
Gerstmann, 1940).

Alternatively, Dehaene and colleagues (2003) ptatiet number processing and complex
operation should be disrupted in contrast withhamitical facts (e.g. small additions or
multiplications) retrieval relying on language ae®oreover, the presence of deficits in
arithmetical facts in some patients can be imputethrger lesions involving the AG, a
fundamental area for the verbal processing of nusatferobably, verbal processing does
not represent the core of the problem, consideghagthose patients did not exhibit aphasic
disorders. An extensive study contributed to cjatife consequences of angular lesion,
concerning impaired simple and complex calculaad semantic knowledge of numbers
(Martory, et al., 2003), indeed patients are unablglace numbers on a straight line and to
recite numbers series (Cipolotti, Butterworth, &r@e, 1991; Delazer & Benke, 1997;
Varney, 1984).

Although the existence of this syndrome was occetip questioned (Poeck & Orgass,
1966) and despite an uncertain localization onicarior subcortical substrates, the left
angular gyrus lesion may represent a sufficientditan for the syndrome onset. Not
surprisingly, angular gyrus seems to be responéibléhe initialization of bimanual finger
movements (Roux, et al., 2003), which are thoughbé typically used during finger
counting.

Furthermore, other non- Gerstmann deficits werented in clinical studies, together with
some heterogeneity in the neural localization. &sitee studies on brain-damaged patients
documented the presence of other symptoms, sucoregructional apraxia and reading
difficulties that correlated with the typical tedraf Gerstmann’s syndrome (Kinsbourne,
1968). In particular, the agnosia, left-right caifin, agraphia and acalculia were mostly
associated to aphasic patients than to non-apbasis (Poeck & Orgass, 1966; Poeck &
Orgass, 1975)). Thus, these cardinal symptoms neayhb consequence of language

disorder and verbal comprehension of the task otsitélowever this hypothesis was ruled
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out by two studies (Strub & Geschwind, 1974) whityx@ majority of Gerstmann patients
did not exhibit language disorders.

In this view, Roeltgen and colleagues (RoeltgewuSle, & Heilman, 1983) firstly asserted
that the territory of the left AG and SMG were resgpible of the syndrome in case of
patients without aphasia, normal IQ and preservezinamy, spatial processing and
constructional apraxia. Again, TMS over the left AGadults is associated to impairments
in both numerical and digital tasks (Rusconi, et 2D05). Taken together, these data
support the idea that the neural territory of thi AG represents the sufficient condition
for emerging the syndrome.

Recently, Dehaene et al. (2003) suggest anotherprgtation of the syndrome. The co-
occurrence of the tetrad of symptoms was the resfukinatomical proximities of the
regions involved in calculation, manual tasks aistie-spatial processing in the IPS.

All these regions are irrigated by the middle cemklterritory. Thus, the common
vascularisation determines a conjunction of thécdsfof different parietal subregions.
However this explanation does not account clinczees where IPS is not involved in the
etiology of the syndrome, such as in patients witim-angular lesions, such as in hiv-1
encephalopathy (Cirelli, Ciardi, Salotti, & Ross894) and diffuse cerebral atrophy (Jung,
et al., 2001). This non-converging data may sugthestdea of a wider network in the AG
of cortical and subcortial regions responsiblehaf Gerstmann’s syndrome. To address this
point, the incidence of Gerstmann’'s deficits in Admer patients was considered.
Surprisingly the Gerstmann’s symptoms did not eustogether during the cortical
degeneration supporting the idea of distinct nenetWorks for each function in the AG
(Jung, et al., 2001).
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Fig. 16. Functional and structural imaging results of |edirietal lobe organization in the human brain. The
upper left-hand picture provides a rendering of léfe hemisphere cortical surface for referencee Tour
middle panels show functional activation resultpesimposed onto a left parietal zoom of this swefac
rendering. Activations are from experiments sedyaprobing the four domains as labelled in theurfeg
These different task-related activation zones doshow significant overlap across all four domaihaking
these activation foci as seeding points permitskirg fibres connected with these cortical zonessfown in
the lower left-hand panel by different colours fbe different domains of the tetrad. The upper triggnd
panel tracks fibres from a bottleneck in parietdliter matter and the lower right-hand panel shoves th

disconnection effect from such a ‘virtual’ lesion the cortical surface (from Rusconi et al., 2009).

More recently, Rusconi and colleagues ((Rusconialet 2009); Fig. 16) clarified the

organization of the fiber tracts of the classicarad by using fMRI with high spatial

resolution. Curiously, a great subcortical overegs found among fiber bundles activated
for numerical, spatial, writing and digital task$1eir interpretation consists in considering
the Gerstmann's pure forms a sort of “syndromeifigothnection”. In other terms, its cause
is not determined by a lesion to a shared cortcdistrate, but due to an intraparietal
disconnection between segregated cortical regiomsiietal cortex to their related regions
in the frontal cortex. Thus, Gerstmann’s syndrommese likely emerge after damage to

subcortical white matter region.
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Together, developmental dyscalculia and Gerstmagyridrome represent the main clinical
evidences regarding the role of abnormal parieétattires and functions in the etiology of
numerical deficits. Interestingly, both there padlgies showed a tight relation of number
cognition with other parietal domains involved ihet processing of space, finger
representation and action, based on the anatomigcgimities among these regions within

the parietal cortex.
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EXPERIMENTAL SECTION

75



76



Chapter 5
EXPERIMENTAL QUESTIONS

The present thesis investigates the developmerdpdctories of several both number-
related and non-number related parietal functiaming the preschool years, with the aim
of identifying clusters of associations across fions and their relative role as functional
predictors of arithmetical abilities during thestiryear of primary school. In particular,
within the number domain, we were interested indoainderstanding the relation between
pre-existing non-symbolic quantity system and th#ucally mediated symbolic number
system. Second, we were interested in measuringrelaive contributions of both
guantity-related and non quantity related functiagasthe development of arithmetical
skills.

Developmental trajectories of the pre-symbolic andymbolic numerical systems

In humans, two different systems can be recruitadtifie manipulation of numerical
information. On one hand, an innate, approximateran-symbolic system for numerosity
represents the natural sensitivity for numericardity shared by both humans and non-
human animals. On the other hand, an exact and dignbystem for number is
progressively acquired during development on theisb@f cultural factors, such as
mathematical education at school. Previous resdasltsuggested an interplay across these
two systems. Here, we investigated the maturatiothese systems in preschool age and
capitalize on the study of their relative developtaétrajectories to better understand the
nature of their interplay. The questions were: @aninter-individual difference between
children in these two domains reveal something altoet development of the relation
between the pre-symbolic and the symbolic system?te analysis of the development of
such relation reveal something about the directibthe causality link between the pre-

symbolic and the symbolic systems?
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Contributions of spatial, digital and sensory-motorprocesses to number processing
Studies on children and adults showed interactodmsimerical abilities with other parietal
non-numerical domains, such as finger gnosis, vipatial processing and sensory-motor
abilities. These non-numerical functions are thaugtbe relevant for the acquisition of an
exact and abstract concept of number and for aetizal procedures. Here, we
investigated the pattern of correlations acrossdhgarietal functions in preschoolers, in
order to isolate functional clusters that couldnbare safely interpreted as pre-determined
(or pre-existing) associations vs. culturally méslihassociations due to explicit training.
For comparison, we also considered the associatioreng all these parietal functions in
adulthood after a long period of familiarizationdgpractice with numbers, in order to see
whether the adult pattern of functional correlasiagmowed similar functional clusterization

and cross-domain interactions as well as in childre

Predictive power for arithmetical achievement

The last section of the present thesis is dedidat@uvestigate the predictive power of both
guantity and non-quantity related (i.e. space, dingnosis, grasping abilities) factors
measured in preschool, for arithmetical achievenosat year later, at the end of the first
year of primary school. In the literature only fetwdies have adopted a longitudinal and
extensive approach to explore which cognitive fioms can predict the subsequent
arithmetical performance, especially during th@sraon from kindergarten to school. Our
aim was to determine whether and which quantitynon quantity-related function,
measured during the last year of kindergarten, peadict the subsequent number
processing and the arithmetical outcome 1 year,lateahe end of the first year of primary
school.
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Chapter 6
NUMBER ACUITY CLUSTERIZES WITH OTHER PARIETAL
FUNCTIONS IN PRESCHOOLERS AND ADULTS

6.1 ABSTRACT

Parietal cortex is the major component of the doss@am supporting several different
functions mainly involved in perception for actidn. particular, the integrity of parietal
cortex is fundamental for visuo-spatial, sensoryencand quantity-related skills. In
numerical cognition, during development, all thdsactions are thought to play an
important role, especially in the construction loé tconcepts of exact numbers and their
governing principles. Previous developmental reseaas focused on a restricted number
of functions (mainly sensitivity to non-symbolic merical quantity and finger gnosis in
school age children). This study explores an extenset of parietal (presymbolic and
symbolic numerical abilities, finger gnosis, vissjpatial span, grasping abilities) as well as
ventral (faces and objects recognition) functiamsilarge sample of preschoolers and of
human adults, with the aim of determining clusteirgorrelations among these functions
and their development during life-span.

Firstly, our data show a general improvement intasdks during development between 3
and 6 years of age. In preschoolers, our findinggest that anatomical proximity is a
strong predictor of behavioural correlations acr@sgnitive functions with a clear
segregation of dorsal and ventral functions. Intast, data from adults reveal a higher
degree of specialization within parietal functicasd the presence of some dorso-ventral
functional correlations. Concerning the relationtwe®en pre-symbolic and symbolic
numerical abilities, our results show that the tstart from a general independency in
preschool age to a close relation in adulthoodalkin our data also point towards a
particularly strong correlation between numerosityd finger processing, which, being

strongest in young children, allows us to concltatethe presence of important anatomo-
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functional links between the two domains in childdoeven prior to the formal use of

procedure (like finger counting) that may eventuattengthen this link.

6.2 INTRODUCTION

Parietal cortex is the major component of the doss@am supporting several different
functions mainly involved in perception for actif@oodale & Milner, 1992; Ungerleider
& Mishkin, 1982). Data from macague monkeys and &usn(based on cytoarchitectonic,
patterns of connectivity and neural response pt@s@rconverge in revealing a complex
anatomo-functional parcellisation of parietal crrite sub-regions.

This parcellisation is organized along a caudalesiral functional gradient by which
information is coded with a systematic transformratirom sensory to effector-specific
properties. Caudal regions (LIP in monkeys anditsian homologue hLIP) are involved
in the control of eye movements and of attentionthe extrapersonalspace, code
information mainly unimodally (either visual or atmty) and in eye-centered reference
frames (Sereno et al., 2002). Medial regions (M@ BVIP) are involved in complex co-
ordinate transformation and multi-modal integratiorucial in motion and quantity
processing (Bremmer, et al., 2001; Duhamel, Cafb@oldberg, 1992; Piazza & Dehaene,
2004) (Nieder & Miller, 2003) and the control ofattion inperipersonalspace (Colby &
Goldberg, 1999). In these regions neural resporgemassively multimodal (audio-visual,
visuo-tactile, visuo-vestibular) (Grefkes, et 2004; Schlack, Sterbing-D'Angelo, Hartung,
Hoffmann, & Bremmer, 2005) and mainly centered eachco-ordinates (Vallar, Bottini, &
Paulesu, 2003) (Duhamel, Colby, & Goldberg, 198#)ally, more anterior regions (AIP)
are involved in programming hand-related actiond particularlygrasping code space in
hand-centered co-ordinates (lwamura, Iriki, & Tamak994), and mainly proprioceptive
and visuo-motor information, thus tuned to the mammponent of hand-actions
(Bodegard, Geyer, Grefkes, Zilles, & Roland, 20@ushara, et al., 1999) (Jancke,
Kleinschmidt, Mirzazade, Shah, & Freund, 2001).
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Whether this pattern of anatomo-functional spezaion already exists at birth or whether
and to what extent it develops as a function ofeglgmce and/or brain maturation is still
unknown. However, it is well known that during thest several years of life the human
brain undergoes a long process of maturation. ttiqodar, in the case of parietal cortex,
maturation follows a cubic-like developmental tcagey, with a progressive increase in
cortical thickness during infancy, reaching itskpaeound 10 years of age, declining during
adolescence, and stabilizing in adulthood (Gog&tyal., 2004; Shaw, et al., 2008). A
similar pattern of synaptic pruning and of increhsayelinization of cortico-cortical
associative fibers is observed during the first yigars of life (Huttenlocher, 1990)
(Yakovlev & Lecours, 1967). Given that maturatianplies at least some degree of
functional specialization it is highly probable ttihe pattern of functional specialization
observed in adults is laid down within the 10 adityears after birth.

Among the different parietal cortex functions revesl above, in this study we were
particularly interested in quantity and number4edafunctions. Number processing has
been associated to parietal cortex by a vast nurobetudies hinging upon different
methodologies, from neuropsychology to functiomahging. Parietal cortex is the major
site for both acquired and developmental dyscacudi disability that selectively affects
number processing and calculation (Rotzer, et 2008; Temple, 1992), and it is
systematically activated in subjects performing takarithmetic tasks as well as many
other number-related task (e.g. comparing numlaktgcting numbers, judging the parity
of numbers; for a review, see (Dehaene, et al.3900

Moreover, a system for extracting and internallynipalation approximate non-symbolic
numerical quantities (i.e. the number of elememtsai collection) is based on neural
populations localized precisely around the med@izontal segment of the intraparietal
sulcus (Knops, et al., 2009; Piazza, et al., 20&tikatraman, et al., 2005). This system is
evolutionary ancient, shared with other animalsh@mne, 1997), and deployed by humans
spontaneously at birth (Izard, et al., 2009). Tystem is considered as one of the most
basic building blocks on which culturally mediatatbwledge of symbolic numbers builds

upon. Indeed, its “acuity” (the precision of thenmerosity estimate) is an excellent
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predictor of the success in arithmetical taskshiddeen and adolescents (Gilmore, et al.,
2007; Halberda, et al., 2008), and also prediatsstverity of the dyscalculic disease in
developmental dyscalculia (Piazza, et al., 2010).

Over and above this basic pre-symbolic numericalitgbhowever, a series of other
cognitive functions have been seen as crucial apisly the development of numeracy.
These functions comprise finger gnosis, fine visuator co-ordination, and visuo-spatial
abilities. Finger gnosis, for example (defined ke intact internal schema of one own
fingers), also successfully predicts mathematicdlievements in first and second grade
children (Fayol, et al., 1998; Marinthe, et al.02) As numerosity discrimination ability, it
is also often impaired in children with dyscalculenson & Geschwind, 1970). Finally,
the strong association between fingers and numbelso reflected in automatic number-
finger associations in human adults (Andres, Seto@®]iver, 2007; Di Luca, et al., 2006;
Sato, Cattaneo, Rizzolatti, & Gallese, 2007).

A secondary, even thought not less important asgieitte number-finger interaction is the
fine visuo-motor co-ordination and control of fimg@osture during grasping movements.
Planning to grasp an object depends to a largenexte magnitude processing, since it
requires a translation of physical magnitude infation (i.e., object size) into an
appropriate grip aperture. Indeed, considerableaielal evidences indicate a tight and
automatic link between number and the and sizeripf aperture during grasping in adult
subjects (Andres, et al., 2004; Andres, et al.,72Qndemann, et al., 2007; Moretto & di
Pellegrino, 2008; Song & Nakayama, 2008). Littlekisown on the relation between
grasping abilities and mathematical abilities inldien. However, it is well known that
impairments in grasping abilities, very common éxample in dyspraxia, are also quite
often associated with calculation disabilities, reve cases of overall preserved general
intelligence (Yeo, 2003).

Finally, another function that seems to be of samsl relevance in developing of
mathematical skills seems to be the ability torimidly represent visuo-spatial information.
During childhood, visuo-spatial span (as measuseddniants of the Corsi test) represents
another good predictor of numerical performancechildren (De Smedt, et al., 2009;
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Holmes, Adams, & Hamilton, 2008; Rasmussen & Bis&@005). Visuo-spatial abilities
are also often severely impaired in developmenatalculia (for a review, see (Wilson &
Dehaene, 2007)). Finally, in adults, several typésnumber-space interactions occur
(Hubbard, et al., 2005).

It is possible that the parietal cortex subregispecialized for the representation of fingers
and their control during grasping, the represemtatof spatial information, and the
representation of numerical quantity, are stronighgrconnected and undergo common
developmental trajectories due to anatomical prax{(enner-Wilger & Anderson, 2008)
(Dehaene, 2009). However, it is also possible tiatmplementation of cultural practices
such as finger counting and ordering numbers oorigmted number-line greatly influence
the functional associations between these domains.

To date it is not possible to disentangle the odleulture-based training from the role of
anatomical proximity in the emergence of these @ations because most studies reporting
interactions between number and other parietaltfomg either test adults or children in the
initial primary school years, in a period where Idfgn undergo intensive training
specifically aimed at creating links across theseans. Notably, during the first years of
school, the intensive use of new procedures (irgef-counting, finger use in simple
arithmetical operations, number-to-space assoaiatith the use of the number line) may
contribute to create or reinforce the associatiogtsveen number and fingers and number
and space, thus confounding what is due to commeurorfunctional maturational
processes from the effect of learning proceduresrder to verify the presence of genuine
(non-culturally driven) associations among funcsigamior to formal training one needs to
test younger children who did not yet undergo fdrteaching aiming at boosting these
associations.

The present study investigates a large set of ahfienctions in preschoolers, traces and
compares their developmental trajectories, and tai@g®s on the inter-individual
differences to isolate clusters of correlations aghéunctions indicating the presence of

early connections prior to school-based trainingagdociations across domains. We also
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tested some non-parietal functions (face and olgemtessing) to test the hypothesis that

dorsal and ventral streams undergo different dgretmtal trajectories.
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6.3 METHODS

6.3.1 Participants

We obtained a signed informed consent from thempsu@r the legal representatives of 109
kindergarteners from two schools in Rovereto, Jtaind from 36 adults without

neurological or psychiatric disorders, and normatarected-to-normal vision. The data
from 15 children were not included in the analystber because they did not speak Italian
sufficiently to understand the tasks instructiofs=7), or did not complete any of the

proposed task (N=8). The final sample consiste@dothildren (mean age= 56+11 months,
range = 37-76 months; right-handed= 91.5 %; malek3 %) and 36 adults (mean age= 27
years, range= 20-45; right-handed= 91.7%; males350%e study was approved by the

local ethical committee.

6.3.2 General testing procedure

Children were tested in a quiet room in the schiwwing school hours. They carried out 6
tests in two separate sessions (mean inter-sessien 6 days), each lasting for about 30
minutes. The tasks-order randomly varied acroskl ahith the only constraints that the
SPAN test was always the first test proposed dutireyfirst session because it did not
involve unfamiliar external devices other then #@oden colored blocks and because it
required continuous interaction with the experireenChildren could take breaks between
each task and anytime during testing, upon requéstt the PC-based tasks (based on
MATLAB psychotoolbox — MathWorks MA:USA software rfdoth stimuli presentation
and response recording), children were seated ajppately 40 cm from a 15-inch LCD
monitor.

Adults were tested in a quiet room in the Laboratoir Experimental Psychology of the
Center for Mind/Brain Center in Rovereto, Italy.| #ésts were performed, in randomized

order, in one session lasting approximately 1 hour.
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Numerosity comparison

Subjects were presented with pairs of arrays o da&re on a computer screen. Their task
was to choose the array containing more dots. @hldhade their choice by pointing to the
chosen array, while adults pressed the button sporeding to the chosen array. Every trial
started with a fixation cross for 1 sec. followegdtbe appearance of two lateralized arrays.
Subjects were given an unlimited amount of timg@raduce their response, but they were
asked not to perform exact counting.

The number of dots of the two arrays was variesrter to modulate the comparison
difficulty. One of the two arrays always include@ dr 32 dots (nl1), while the other could
contain 5-9-12-15-17-20-23-27 dots (or 10-18-2433040-46-54 dots respectively, n2).
Each pair was repeated 8 times for children antm@s for adults, for a total of 128 trials
for children and 192 for adults. Dot arrays wer@eagated by a computerized program
controlling the effect of dot size and array arBar each pair, half of the trials were
controlled for dots size and the other half forsdatea, so that response to number could
not be attributed to any single non-numerical vispatial parameter. Before starting the
experiment subjects performed 8 practice triale lal order was randomized both within

and across subjects.

Symbolic number comparison

This task was the symbolic version of the previtask. Subjects had to choose the larger
among two two-digits numbers, which were preseintetie auditory modality in children
(as most of them could not read Arabic digits sdlge experimenter would say “what is
the largest number between 16 and 257?”) and invibeal modality in adults (on a
computer screen). The ratio between the numberdots in the two arrays spanned 4
values: 0.4, 0.5, 0.6, or 0.8, while for adults wged the same ratios and digits used in the
numerosity comparison task. Additionally, only fahildren, we introduced -eight
supplementary digit pairs (16-11, 40-15, 60-31,120-28-22, 23-18, 20-10, 21-13), with
the same ratio as the “standard pairs” but comtgofbr word length. Children performed

24 trials, whereby each digit pair was presentelg once. Indeed, in order to keep the
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experiment short the order of the numbers (largenber first or second) was not
counterbalanced but randomly assigned to each Tié was not the case for adults, who
performed a total of 256 trials (each pair beingested eight times). The trial order was
randomized both within and across subjects.

Fingers gnosis

Subjects sat on a chair in front of a table, andewasked to place their dominant hand
(DH), palm down on the table, in front of the expenter. The experimenter then covered
the subjects’ DH to their sight by putting a whitertical panel at the level of their wrist.
Then the experimenter started the stimulation, Wwidansisted in touching either one or
two fingers (in sequence). The experimenter themoked the panel and asked the subject
to point to the finger(s) that were previously tbed, maintaining the same order. Children
performed 10 trials for the one finger conditiomadle finger was stimulated twice) and 10
for the two fingers conditions (all 10 finger paiere stimulated once), while for adults we
also added a three-fingers condition (10 additidanals) to avoid ceiling effects. The trial

order was randomized both within and across subject

Visuo-spatial SPAN

In order to measure visuo-spatial short term menadijities we used a standard measure
of capacity (SPAN) using the Corsi block-tappingktgCorsi, 1972). The test material
consisted of nine blue wooden blocks (40x40x18 mmaynted on a white-colored board
(420300 mm). The digits 1 to 9 were printed on s of the blocks, visible to the
experimenter only. Subjects, set in front of theraier, observed him/her tapping the
blocks with his/her index finger, at a rate of apgmately 1 block per second. The
experiment always started with a sequence of twacksl Once the experimenter
terminated the sequence the subjects was requiestefdeat the action using his/her index
finger. Subjects were given 3 trials for each numbketouched blocks. If the subject
succeeded on 2 out of 3 trials, the experiment@eased the number of touched blocks by
a unit. The test was terminated if the subjecethtb reproduce at least 2 sequences (out of

87



3) of a given number. Only complete and correctusaqges were scored as correct; and

self-corrections were allowed.

Grasping

We measured grip aperture during grasping objdal#fferent sizes using the Zebris
CMS20S system (ZEBRIS, Medizintechnik-GmbH, Germanich is based on the travel
time measurement of ultrasonic pulses (40 kHz)stratted by miniature transmitters
(markers: 10 x 8 mm, 1 g) to three microphonestlmitib the measuring sensor. It gives
spatial coordinates in the 3-D space with a reswoiugf 1/10 mm.

The subject sat in front of a table with the twd#g markers wrapped around the tip of the
thumb and index fingers of his/lher DH by a softthea stripe. Their task consisted in
grasping a wooden cylinder that was placed 13 cayawfront of them. They started from
a “neutral” position, with their hand lying on ti&ble close to them, and with the index-
thumb distance of 0 cm. After the experimenter’daeinput (“Go”), the children grasped
the cylinder, put it in a box located on the tablethe opposite side of the DH (cylinder-
box distance of about 25 cm) and, then returnétddneutral” position. Cylinders were of
two different sizes (3.1 and 5.1 cm diameter). 8cisj performed 10 trials with each

cylinder size, in random order, for a total of gals.

Faces and objects recognition

This experiment comprises a study phase and ghese. During the study phase, children
were shown 16 gray scale images (7 x 7 cm), reptiege8 different Caucasian male faces
and 8 novel 3-D objects, one after the other, forséconds each (images courtesy of
(Golarai, et al., 2007)). Some second after theadride study phase, the test phase started.
In this phase, the children were asked to clas®fymages (consisting of 16 old and 16
new) as already seen or not. For adults, in ordeavbid ceiling effects, there were 28
stimuli in the study phase (14 faces and 14 objextd 56 in the test phase.
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6.4 RESULTS

The results from children and adults were analysegghrately.
6.4.1 Experiment 1A: CHILDREN

For each task, we first describe the average mesumitl main effects, and then we report
their developmental trajectory during the studige @eriod (from 3 to 6 years of age).
Finally, we describe the interactions among tassgicorrelations and cluster analysis.

Numerosity comparison

Overall, “larger” responses to n2 followed a classigmoid curve. The slope was
approximately twice as large for trials where tliengli were twice larger, replicating
earlier findings of Weber's law for numbers (FigurgA). The curves became parallel
when plotted on a log scale (Figures 1B), and supposable once expressed as a function
of the log ratio of the two numbers (Figures 1Cyrdss age ranges, the slope of the central
portion of the sigmoid became steeper, indicatifayressive refinement in the internal
representation of numerosity during the life-spaomfpare the columns in figure 1). On the
basis of these accuracy distributions we then eséich the internal Weber fraction
(thereafter w), a measure of the precision of theéedying numerical representation. This
measure corresponds to the standard deviationeaotshmated Gaussian distribution (on a
log scale) of the internal representation of nursiéyothat generates the observed
performance (a method previously described in thgpfmental Data from (Piazza, et al.,
2004), and also used in (Halberda & Feigenson, PO08e first fitted the individual
subjects’ data to exclude subjects with too vaeadguasi-random) response distributions.
10 out of 94 children were excluded, either becahsditting procedure using to derive w
did not converge (N=7), or the R2 of the fit waswiw (<.2; N=3). The data from the
remaining 84 children was used to calculate theamew, which was equal to 0.71 (model
fit: R2 = 0.96), a value twice as large as the wported in previous studies on children of
the same age range (Halberda & Feigenson, 2008zd&& Izard, 2009).
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Fig. 1. Performance in the numerosity comparison task &smetion of age group. Graphs represent the
proportion of the trials in which participants resped that n2 was more numerous than nl. Perfoemanc
plotted as a function of n1 on a linear scale (8yarithmic scale (B) and on the logarithm of thenerical

ratio (C; see Piazza et al., 2004)

Close inspection of response distributions inditateat children made more errors that
what expected on the basis of previous reported idaparticular when the total occupied
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area was kept constant across numerosities, thes Wte individual dot size increased
with number (see figure 2A), and especially in thaesnditions where n2 was larger than
nl and. To address this effect statistically, we aumixed 3x8x2 ANOVA on the accuracy
with age group as between-subjects factor anddhahles ratio (8 levels) and control type
(2 levels, area vs. size) as within-subjects fact®esults showed a main effect of age
group [F(2,91)=16.4, p<.000], ratio [F(7,637)=270.p<.000] and control type
[F(1,91)=397.5, p<.000]. As expected, ratio was ulaikd by age group [F(14,637)=2.9,
p<.000], and control-type [F(7,637)=145.0, p<.00A]larger N2/N1 ratios young children
made more errors then older. Ratio was also maehlilay control-type: errors in large
ratios errors were especially large for trials colted for area. This effect did not vary as a
function of age group (as evident in no triple rattion age*ratio*control-type). This
pattern of results suggests that for the presentitand setting children were often misled
by the size of the individual dots, selecting theeaw where the dots were bigger,
irrespective of their number (see discussion). &ids response bias was identical across
age groups (see figure 2B), we could be sure thatdffect was not responsible for the
observed difference in w across groups.

Irrespective of the bias to choose the set withdaindividual dot size, as expected, the
overall w decreased with age [F(2,81)=15.4, p<.GdlDjplanned comparisons ps<.020],
starting from an average of 0.95 for the youngB3£0.92), down to 0.74 for the medium
(R2=0.91), and to 0.55 for the oldest kinderganterfR2=0.98). Linear regression between
w and age as a continuous variable indicated thaiminuously decreased as a function of
age (§ =-.51, p<.000), denoting a progressive improvememntumerosity discrimination

abilities during development (see figure 3).
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W (index of precision of
judgement)

Age (years)

Fig. 3. Distribution of Weber fraction (w) as a functiohage.

Symbolic number comparison

Some children, in particular among the youngesinéobthis task very difficult, as they
never encountered the large two digits numbers us#te experiment before. Indeed, the
experimenter noticed that some children overconie difficulty by almost systematic
employing the strategy of choosing the second nurabéhe pair whatever its magnitude
(the last number pronounced by the experimenterprdler to exclude the trials in which
children used such “chose the last number” strategyce the stimuli order was not
counterbalanced neither within nor across subjewetsrestricted our analysis to the trials
where the first number was the larger. Performandiese trials would not be “polluted”
by particular response strategies, but would ratlefliect a genuine ability to perform
numerical comparisons. Errors in these trials desad with age [main effect of age range
F(2,91)=10.8, p<.000] going from 74 % to 69% an&odid 3, 4, and 5-years old children.
Moreover, they were modulated by the ratio betwden numbers [main effect of ratio
F(3,273)=3.2, p<.050] and this modulation increaseith age [age range * ratio
interaction F(6,273)=2.3, p<.050]. Linear regressbetween overall errors and age as a
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continuous variable indicated that error rate farmerical comparison continuously
decreased as a function of afe=(.488, p<.000), denoting a progressive improvenaén

number abilities during development (see figure 4).

100 - . o0

% Errors

w
N
(&)
o ¢

Age (years)

Fig. 4. Distribution of the performance in symbolic numibemparison (% errors) as a function of age.

Finger gnosis

The overall mean error rate was 38% and it declawdss ages starting from an average of
52% for the youngest down to 35% for the medium 26 for the oldest kindergarteners
[F(2,91)=29.9, p<.000; all planned comparisons @s8]. On average, 77% of the errors
corresponded to trials where two fingers were dited (85%, 77%, and 75% for the
young, medium, and old group, respectively). Oftherrors, 81% were due to an incorrect
discrimination of one or two fingers (hereaftersclimination errors’ 83%, 76%, and 83%
for the three groups), while 19% were due to awrrect report of the order in which the
fingers were stimulated (hereafter ‘inversion esrat7%, 24%, and 17% for the three

groups).
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Linear regression between the overall error rateaage indicated that finger discrimination
progressively increased as a function of giye-(65, p<.000, see figure 5). This trend was
confirmed even when trials were separated on thes lod the number of stimulated fingers
(B =-.46, p<.000 an@ =.-64, p<.000 for one vs. two fingers stimulatedpectively). Both
discrimination and inversion errors also lineargckased with ag@ E-55, p<.000, an@

=-.29, p<.010 for discrimination and inversion esroespectively).

% Finger discrimination errors

Age (years)

Fig. 5. Distribution of errors (%) in fingers discriminati as a function of age

Visuo-spatial SPAN

The overall SPAN (index of the capacity of visu@sal short term memory) was 3 (£0.9).
It increases with age, starting from an averagg.#ffor the youngest, 3.0 for the medium
and to 3.6 for the oldest kindergarteners [(F(222)8, p<.000; all p.s <.002] (see figure

6), as also confirmed by linear regressipr(60, p<.000).
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Fig. 6. Mean visuo-spatial SPAN for age group.

Grasping

The maximal grip aperture was modulated by the gizbe to-be-grasped cylinders: it was
9.8 cm for small and 10.8 cm for big cylinders [B{)=503.5, p<.000]. The difference
between the max grip aperture for the large andsthall objects, indicating the ability to
modulate the grip aperture on the basis of the®izbe to-be-grasped object progressively
increased with age (it was 0.7 cm in 3 years oldnlin 4 years old, and 1.1 cm in 5 years
old children [main effect of age range on max @uerture size modulation (large object
max grip aperture — small object max grip apert€),91)=10.3, p<.000; all planned
comparisons ps <.000], also confirmed by linearasgjon § =.44, p<.000) (see figure 7).
This difference was mostly, but not entirely dueato increase of the maximum grip
aperture with age for the large objept= .21, p<.050). Indeed, hierarchical regressions
showed that the increased difference between thegnp aperture for the large and the
small objects with age remained significant eveterapartialling out the effect of the
increasing grip aperture to large objects (potéptessociated to pure “hand enlargement”)
(r = .513, p<.005, r2=.247). Indeed, both cylindesizes were way below the children’s

maximum grip aperture.
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Big-Small Grip (cm)
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Fig. 7. The difference between the max grip apertureferarge and the small objects was plotted as a

function of age.

Faces and Objects recognition

In order to quantify recognition abilities excludithe effects due to response biases (e.g.,
tendency to consistently respond “no” or “yes” e fquestion “have you seen this image
before?”) we used d’, a measure commonly usedgnasidetection theory, calculated as
the difference between the hit rate (old imagesently categorized as old) and the false
alarm rate (new images incorrectly categorized ld}, dor faces and objects separately
(Green & Swets, 1966; Macmillan & Creelman, 199%&nsitivity improved with age
[F(2,88)=3.7, p<.050] and was higher for objectsntho faces [F(1,88)=239.4, p<.000].
Linear regressions confirmed that recognition #&biimproved with age, and that this
improvement was steeper and more significant foesgl =.27, p<.010) than for objectf (

= .22, p<.040) (see figure 8A and 8B, respectively)
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Fig. 8. Sensitivity for faces (A) and objects (B) as adiion of age.

Interactions among Tasks

The main goal of the present experiment was tontityeclusters of correlations among the
tested functions. Towards this aim, we selectedntbst significant index of each task to
describe subjects’ performance. The chosen indiees w for the numerosity judgments,
overall accuracy for both the symbolic number pssogg task and the finger gnosis task,
SPAN for the visuo-spatial memory, the difference@perture for large vs. small objects in
grasping, and d’ for faces and objects recognit@mory. For each subjects we extracted
these indexes, and we investigated the patter lafioes using a Principal Component
Analysis (thereafter PCA). In order to better sapar(and thus interpret) the isolated
factors we also applied Varimax rotation to the Pigadings (Jolliffe, 2002). A very clear
two-cluster solution, accounting for 56% of the isace emerged (figure 9). The two
factors sharply separated dorsal from ventral fonst the first included number related
tasks (symbolic and non-symbolic comparison), all a® fingers gnosis, visuo-spatial
SPAN and grasping, and the second included facels adojects recognition. Paired
correlations among the individual tasks within the factors confirmed the presence of

significant correlations among the dorsal and teatral functions and the absence of
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consistent correlations across dorsal and verdsMst (see table 1 for the full correlation

matrix).
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Fig. 9. PCA among the tasks. Coefficients of linear catieh (loadings) express the degree of influence of
each variable on the component. Lines show sigmifiinteractions between tasks partialling outetffiect of

age.

We then focused on the pattern of correlations aasks, and performed hierarchical
regressions partialling out the effect of age. Tdnalysis aimed at isolating functions that
characterize individual differences over and abthee presence of similar developmental
trajectories (those cases are indicated by a stdable 1). These were: finger gnosis and
numerosity comparison (r2=.427, p<.030; see Fig, fidger gnosis and visuo-spatial

SPAN (r2=.439, p<.030); symbolic number comparisma visuo-spatial SPAN (r2=.382,

p<.050, and, finally, faces and objects recogni{i8a.199, p<.000). All these correlations

are reported in fig. 9 (lines).
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Table 1

Numerosity Symbolic Finger Grasping SPAN Faces Objects
comparison number discrimination recognition recognition
comparison
Numerosity 1

comparison
Symbolic number p=.322

comparison p<.005
Finger p=.484
discrimination p<.000 *
Grasping B=-.153
p=.164
SPAN p=-.345
p=.001
Faces p=-.152
recognition p=.172
Objects B=-.240
recognition p=.029

1

p=.433 1

p<.000

p=-.318 p=-.296 1

p<.005 p<.005

p=-.452 p=-.534 p=.353 1

p<.000 * p<.000 * p<.000

p=.072 p=-.149 p=.031 p=.031 1
p=.499 p=.159 p=.769 p=.770

f=-.115 f=-.151 B=-.006 p=.190 @ p=.423, 1
p=.272 p=.149 p=.952 p=.068 | p<.000 *

* Significant relation even excluding the effectaafe

To better explore the relation between finger gnasid numerosity comparison we carried

out separate data analyses considering the nunilsmualated fingers and the types of

errors. Concerning the former, while both 1-fingerors =.415, p<.000) and 2-fingers

errors (3=.404, p<.000) significantly correlated with thelipto discriminate numerosities

(w), only 1-finger errors only survived the coriiectfor the effect of age (r?=.223, p<.050).

We performed the same analysis to investigate ¢etion between finger gnosis and
SPAN, and show that wile both 1-finger errdis{315, p<.005), and 2-fingers errors (both
discrimination p=-.389, p<.000) and inversiof%-.415, p<.000) errors) correlated with

SPAN, only 2-fingers inversion errors (r=.417, @350r?=.156)) remained significant after

controlling for the effect of age.

100



0 20 40 60 80 100
Finger Gnosis (% Errors)

Fig. 10. Distribution of Weber fraction (numerosity comsam task) as a function of (%) errors in finger

discrimination task.

6.4.2 Experiment 1B: ADULTS

Numerosity comparison

The classical sigmoid response distributions, \@etiounted for by the Weber’'s law were
recovered. On the basis of individual performanee calculated w for each participant.
Overall, the mean w was equal to 0.19 (model #t=R.99; fig. 11), a value that is slightly
higher compared to what reported in other studieb4( Pica et al., 2004; 0.15 in Piazza et
al. 2009, 0.11 in Halberda et al. 2008).

Similarly to children, an 8x2 ANOVA with ratio arabntrol type (size vs. area) as within-
subjects factors was performed on error rate. Tiayais showed the main effects of
numerical ratio [F(7,245)=105.4, p<.000] and cohtype [F(1,35)=42.6, p<.000]. Separate
analysis for each control type revealed that erabe increased when total occupied area
was kept fixed, especially for larger ratios [F@5P=3.6, p<.000; see fig.12]. This pattern
was coherent with what showed in Exp. 1, underlimgt dot size represented relevant

information for numerical processing, especiallyhwthe current set of stimuli
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Fig. 11. Performance in the numerosity comparison tasi\
(adults). Graphs represent the proportion of tredstrin
which participants responded that n2 was more nouser
than nl. Performance is plotted as a function obnla
linear scale (A), logarithmic scale (B) and on the

logarithm of the numerical ratio (C).
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Fig. 12. Distribution of errors (%) separated for control-

type (size vs. area).
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Two 2x4x2 repeated measures ANOVAs were carriedbauboth RTs and accuracy with

nl magnitude (16 o 32), ratio (4 levels), and sifigehe larger number (left vs. right).

Results showed the classical magnitude and disteffeets: first, pairs with smaller

magnitudes (n1=16) were responded faster to thas path larger magnitudes (n1=32)

[F(1,35)=85.7, p<.000; accuracy n.s.]. Second, ih and error rate decreased with
increasing ratio [F(3,105)= 175.8, p<.000 and R{8)%18.6, p<.000 for RTs and errors,

respectively].
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Fingers gnosis

The mean error rate was 11%. All error relatedrigdr discrimination. No inversion errors
were made. Errors were modulate by the number rfefis stimulated (F(1,35)=23.2,
p<.000). The three-fingers trials significantly repented the most difficult condition (67%
of overall errors) compared to two-fingers triaB3%o; three- versus two-fingers trails: t

(35)=-4.8. p<.000]. No one-fingers error reported.

Visuo-spatial SPAN
The overall SPAN was 6 (1) with a range from # tacross subjects.

Grasping
The maximum grip aperture was modulated by the gizbe objects, being higher for the
big cylinder than the small cylinder’s aperture.pL@m vs. 9.6 cm; t(35)=1.9, p=.07 (0.04

one tail)].

Faces and objects recognition
Mean d-prime for faces and objects were of 2.04 208 respectively, a non significant

difference (p = n.s.).

Interactions among tasks

In order to explore the presence of clusters ottion we entered one index for each
function (w in numerosity judgments, accuracy iimbwlic number processing and in
finger gnosis, SPAN in visuo-spatial memory, diéiece in aperture for large vs. small
objects in grasping, d’ in faces and objects reitmyn memory) into a PCA applying a
Varimax rotation. A three-cluster solution was am¢a, accounting for 68% of the
variance among variables (figure 13).

The first cluster included the numerical tasks (sght and non-symbolic comparison). A
second cluster involved grasping abilities anddingnosis and the last one included visuo-
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spatial SPAN, faces and objects recognition. Paicgtelations among the individual tasks

within the three clusters confirmed the presencagrfificant correlations (see table 2).

0.8 ~

0.6 B Componentl

& Component2

Loadings

0.4 + O Component3

0.2

Fig. 13. PCA among tasks. Coefficients of linear correlat{tpadings) express the degree of influence of

each variable on the component. Lines show sigmifiinteractions between tasks.
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Table 2

Numerosity Symbolic Finger Grasping SPAN Faces Objects
comparison number discrimination recognition recognition
comparison
Numerosity 1
comparison
Symbolic number B=.557 1
comparison p<.000
Finger B=.235 B=.053 1
discrimination p=.168 p=.760
Grasping p=-.113 p=-.081 =.033 1
p=.510 p=.638 p=.848
SPAN p=-.343 p=-.032 p=-.319 p=-.051 1
p=.041 p=.851 p=.058 p=.769
Faces f=-.148 p=.189 p=.058 $=.153 p=.392 1
Recognition p=.388 p=.271 p=.735 p=.373 p=.018
Objects =-.085 p=-.022 p=-.023 B=-.027 | p=.455 p=.369, 1
Recognition p=.622 p=.899 p=.895 p=.876 p=.005 p=.027
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6.5 DISCUSSION

The aim of this study was to trace developmenggettories of the sensitivity of numerical
quantity (measured by numerosity and number comsparitasks) and other parietal
functions such as visuo-spatial SPAN (Corsi teftiger gnosis (measured by a finger
agnosia test) and grip aperture (measured by ttexithumb distance while grasping
objects) in preschoolers and adults. As controksasve also tested face and object
processing abilities (measured by a recognitiok)fashich are related to the functioning
of occipito-temporal regions.

Firstly, our data showed a general improvementlitaaks during development between 3
and 6 years of age.

Among parietal functions, numerosity acuity (w) ttones the process of progressive
refinement that starts from birth (Halberda & Feigen, 2008; Izard, et al., 2009). While in
absolute terms the estimated Weber's fraction saldeparted from those reported in
previous studies, the rate of decrease acrosgéselmpol ages that we observed, fitted with
previous reports (e.g. 40%, compared to 42% optiesent study respectively from 3 to 6
years of age (Halberda & Feigenson, 2008; Piazdaa®d, 2009)). The factors liable for
the reduction of w with age are still unknown; aliigh maturational processes are more
likely to play a significant role from birth up teefore schooling, arithmetic education may
account for later and further refinements.

Finger gnosis also improved. Two factors can bertakto account in explaining this trend.
On one hand, our digital task involved a tactiledgual integration and parietal maturation
that can determine more precise cross-modalityptag. On the other hand, “one factor
that determines a correct movement of one parthefldody to another is the sensory
differentiation of the point or locus which is tgeal of the movement” (Lefford, Birch, &
Green, 1974). Thus, the development of fingersibgitg is related with the concept of
body schema and body image (Benton, Hutcheon, &m®ay, 1951) and their
modifications during the development. Thus, improeats in both the pure sensory
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representation and/or in the higher level repredmmt at the level of the body schema can
account for the observed improvement.

Visuo-spatial span increased linearly with age vaithenlargement of 0.6 elements every
year, confirming previous reports (Pickering, 2001)

Grasping also becomes more rigorous and objecifgpédaring these years. Indeed, across
ages, the maximum grip aperture is progressivelgerrdluenced by the objects size: small
objects determine a reduced aperture while bigatdjdetermine bigger aperture in the
initial moments of grasping action. This result gested a refinement of grasping ability in
terms of a more precise modulation of grip apertsed on the physical magnitude of
objects.

Among ventral functions, processes such as facédsobjects recognition improved with
age. This result is also in line with previous népaas documented by in a combined
behavioral and fMRI study on older children (agekl] showing that face, but not objects,
processing improved during the development and titesd was strictly related to the
anatomical maturation of fusiform face area - Fig®larai, et al., 2007). In this way, the
refinement of faces sensitivity seems to involvetghout a longer period when compared
to objects sensitivity.

Data reduction analysis allowed us to explore tHations among these tasks. Results
showed that in young children anatomical proxinnys a strong predictor of behavioural
correlations across cognitive functions. Indeed, albserved a clear separation between
dorsal and ventral functions. In this respect, dadan adults showed a quite different
picture: a much higher degree of specializatiorhiwiparietal functions, and the presence
of correlations between dorsal and ventral fungjosuggesting that experience and
education act by modifying the pre-existing patterh functional (and maybe also
anatomical) connections.

In children, hierarchical regression analysis shibwet while some correlations between
tasks were due to common developmental trajectaiesrrelation was present even when
the effect of common developmental trends was oblatf for. Thus, the presence of even

stronger associations within subjects is evidetween some functions.
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The first strong correlation observed was the ost&vben finger gnosis and non-symbolic
numerical acuity. Given that this part of the ctatien was not accounted by common
maturational factors, it would be tempting to &ttite it to common functional factors, such
as finger counting. Indeed, even when preschoddlien do not receive formal teaching at
finger counting, it is possible that some of themvénalready started using finger-counting
in quantification tasks. On one hand, the use wf§dr counting would improve finger
gnosis via increasing awareness of one’s fingerthen relative position in space. On the
other hand, it is also possible that this operatwonild produce some degree of refinement
of the internal representation of magnitude (VesgitFias, 2005). As a result, children
with high finger gnosis would also have high numbeuity (functionalist account). An
alternative interpretation is the presence of highctional connections among regions
related to finger gnosis and quantity processingsent at the architectural level, and
irrespective of training finger counting. In orderdisentangle these two interpretations, we
explored the numerosity-finger interplay within kage group. Contrary to the predictions
from the functionalist hypothesis, we found thag gtrongest association between finger
and numerical discrimination was present in 3 y@&tchildren =539, p<.010), and that,
even among the youngest children, this correlatonained significant after partialling out
the effect of age (r=.554, p<.020, r2=.237). Duatiamnited influence of functional factors
(e.g. finger counting) in early childhood, thisding supported the view that the strong
interplay between numerosity and fingers discrimamais mostly driven by anatomo-
functional connections which are not modulated kgegience. On the contrary, it seems
that education and experience determine a distipetialization of these two domains;
indeed, the two abilities did not correlate in aslul

On the other hand, symbolic number processing sgeimebe more related to spatial
abilities in preschoolers. Indeed, the idea of mrdespatial distribution of numbers on a
line and the mental number line could contribute smve the relative task easier.
Furthermore, spatial span memory interacted witlgdr gnosis, especially in the case of
correct discrimination of fingers, but with an imiexl sequence (inversions). Indeed,
children with lower spatial span had the higheste&ncy -when solving the digital task- to

108



start from the last stimulated finger rather thle first one (although instructed to avoid
this strategy). Probably, the use of this stratemy help low-span children to solve the
task with less mental load.

Experiment 2 gave us the possibility to explore shme cognitive functions in adulthood
when maturational processes linked to development@ncluded, or limited.

Interestingly, symbolic (number words) and non-sghitb (dots) number processing
exhibited a peculiar trend in early childhood axdlthood. These two abilities seemed to
converge during the development, from a generaépeddency in preschool age to an
intimate relation in adulthood. A possible causéhts phenomenon derived from the effect
of the exact numerical manipulation that contridute the mapping of the symbolic
representation on a preexisting representatiorunfanosity. In other terms, the acquisition
of symbolic knowledge for numbers may determinefanement of the numerosity acuity,
as suggested by Verguts & Fias (2005).

Spatial memory is considered more important fortadduring the processing of numerical
information. Dot arrays (vs. Arabic digits) may ilmphigher contributions of spatial
processing during the phase of visualization anehparisons of the array pairs due to
different spatial complexity of these stimuli. lontrast to preschool data, in adults SPAN
is more related to ventral memory-based tasks.dbigbthis is due to a stronger impact of
common and shared memory-related processes of mgprkiemory for visuo-spatial

information retention.

In summary, our findings contributed to disentanglehe developmental trajectories of
dorsal and ventral functions. In particular, wewstd the relation of number domain with
space, finger gnosis and action among parietal comms. Interestingly, this extensive
approach gave the possibility to investigate adasgt of parietal functions in preschool
age, comparing their developmental trajectoriesl, @mpitalizing on their inter-individual

differences in order to isolate functional clustefgorrelations across domains.
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Chapter 7
INDIVIDUAL DIFFERENCES IN FINGER, SPATIAL AND
QUANTITY REPRESENTATIONS CORRELATE WITH MATH
ACHIEVEMENT IN FIRST GRADERS

7.1 ABSTRACT

Previous studies have shown the existence of agswts between single abilities (e.g.

numerosity estimation, subitizing skills, fingeragis, linear number to space mapping) and
calculation. Curiously, few studies adopted a largerspective measuring all these
important functions at the same time. Thus, itn&nown how both numerical and non-

numerical abilities interact with each other angmart formal arithmetical calculation.

This study aims at overstepping these limitaticars] considers the pattern of relations
across several different cognitive domains reldtethe numeracy development such as
numerosity estimation, number comparison, fingeosig subitizing, number to space

mapping and simple mental arithmetic in 6 yeardlddren, at the end of the first year of

primary school.

Functional clusterization shows three distinct congnts that respectively include

subitizing skills, quantity processing and arithimspace-finger domains.

Subitizing skills do not correlate with any othernmerical abilities, supporting the non-

numerical interpretation of subitizing as an indegent mechanism for parallel estimation

of small numerosity.

The strong relation between symbolic and non symbaimber comparison is dependent
on the fact that both these tasks are thought aoesh common cortical representation of
quantity on the basis of a “cortical remapping” tbe preexisting neural system for

numerosity during the acquisition of symbolic numsbe

Performance in addition and subtraction problemstiengly associated with symbolic

number comparison, finger gnosis and with the degfdinearity in the mapping numbers
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to a line, suggesting the role of all these factorsalculation. In particular, a mixed
anatomo-functional interpretation regarding thehanetic-finger association is suggested

as a function of a higher influence of educatidaators across ages.

7.2 INTRODUCTION

Humans, as well as other human primates, comda@duipped with a system, based on
parietal cortex circuitry (Piazza & Izard, 2008)r estimating and internally manipulating
numerical information (the approximate number gjfeots in a collection). Thanks to this
system they can match, compare and perform simpleulation like additions and
subtractions on sets of items. This system is agmi@te in nature and in humans it appears
to be complemented by a second system that allodiseat apprehension of the exact
small number of up to three or four items (calledbitizing” or “object file system”). For
some time subitizing and estimation were thoughtrélect a common system for
approximate numerosity, which precision decreasesha number of items increases,
according to Weber's law (Dehaene & Changeux, 19938llistel & Gelman, 1991).
Recently, however, it is becoming clearer that tzibg reflects a truly separate
mechanism which is non-numerical in nature, limitleccapacity, and based on indexing
multiple objects in parallel ((Revkin, et al., 2008ick & Pylyshyn, 1994); see (Feigenson,
et al., 2004) for a review).

Both subitizing and estimation are thought to acstrt-up-tools for the development of
further mathematical knowledge (Butterworth, 19%%haene, 1997). However, while
much empirical research have focused on the rel&tgween symbolic numerical abilities
and the pre-verbal approximate estimation systédtig is known on the role of subitizing
during numeracy development.

Indeed, to date we have convincing empirical ewdefor the foundational role played by
the approximate number system: first, its acuityreates with symbolic number
comparison in adults and children ((Gilmore, et 2007), and see the results of chapter 5

of this thesis), second, it predicts mathematicalievements in normally developing
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children and adolescent (Gilmore, et al., 2007;bdala, et al., 2008), and finally, it is
impaired in dyscalculic children (Piazza, et alQ1@). On the contrary, while some
researchers have proposed that subitizing is evae ©rucial then estimation abilities in
the development of number processing (Butterwdr®99), we still lack strong evidence in
favour of the foundational role of subitizing inmaracy development (but see (Landerl, et
al., 2004)).

A key step in numeracy development is the acqaisibf symbolic numbers as arbitrary
signs for exact numerical quantity (cardinality)ai§ important acquisition is achieved
thanks to several strategies. The first one isagdyt the implementation of counting.
Counting (at least in our society) is very oftemfpened with the aid of fingers, used as
“abstract” place holders. Indeed, even if fingems themselves concrete objects, they can
be used to represent physical objects of any ngaoends, visual objects, movements,
ideas). Moreover, given their fixed spatial confafion, they help the access to exact
guantities even when their number exceeds theizsugjtlimit (e.g., if all fingers of a hand
are raised we do not need to count them to knowtlieae are exactly 5, and this is because
we recognise a specific spatial configuration).sTtandy” tool is spontaneously recruited
by children not only to count objects but also twve simple arithmetical problems
(Jordan, et al., 2008). Indeed, finger gnosis é&hidity to mentally representing one’s own
fingers and their spatial relations) is a good mmted of symbolic arithmetical abilities in
children in the first years of schools, and it i&en severely impaired in dyscalculic
children (Fayol, et al., 1998).

A second and probably also very important strategyards a full understanding of exact
number concepts is the establishment of spatialaphetrs for numbers. Indeed, the
introduction of the idea that numbers can be odi@nespace, along an oriented number
line is part of the educational program of thetfysar in Italian elementary school. This
linear number to space mapping helps children psbatheir internal representation of
numerical quantity which is initially approximatacacompressed (logarithmic) towards an
exact and linear one. Indeed, by using the nunipepéce task, where children are asked

to position different numbers on a line represent@ngiven continuum, researchers have
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shown that during development there is a shift f@rhogarithmic to a linear number-to-
space mapping (Berteletti, Lucangeli, Piazza, Debaé& Zorzi, 2009; Siegler & Opfer,
2003), and that this shift occurs between the yastr of preschool and the first year of
elementary school. This mentalized number linbéntused by children for calculation and
measurements. Indeed, the degree of linearity ®mntimber-to-space mapping correlates
with mental arithmetic scores (Berteletti, et &Q09) and is immature in dyscalculic
children (Wilson & S., 2007).

While we now know that both number-to-finger and ttumber-to-space associations play
important roles in the transition between presyntbta symbolic number processing, the
exact steps underlying this transition are stiliyviittle understood. In particular, little is
known about therelative contributions and the interplay between numeriadl non-
numerical functions in numeracy development. Ini,faevious studies report the existence
of associations between single abilities and cataui, but never approached the question
from a large perspective measuring all these inapbifunctions at the same time.

As a result, it is unknown how both numerical anshimumerical abilities, such as
estimation, subitizing, finger gnosis, and theigbtb attribute numbers to linear positions
in space interact with each other and supportraetical calculation.

This study aims at overstepping these limitaticasg considers several tasks tackling
several different cognitive domains relevant in ewacy development: numerosity
estimation, finger gnosis, subitizing, number t@ap mapping, number comparison, and
simple mental arithmetic. We propose those tasks years old children in the end of the
first year of primary school in order to investigahe pattern of relations across these tasks

and their role in predicting performance in meamiahmetic.

7.3 METHODS

7.3.1 Participants

The study recruited 19 children (age=84 +4 montigit-handed= 89.5%; males= 52 .7%)
attending Gradel classes in Rovereto (ltaly). Befstarting the study, we obtained the
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approval by the local ethical committee and a signéormed consent from the parents (or
the legal representatives). The testing took piadspril-May 2009 towards the end of the
school year.

7.3.2 General testing procedure

Children were tested in a quiet room while seatesltable, in front of a familiar examiner
and approximately 40 cm from a 15-inch LCD monit@hildren were given breaks
between each task and anytime during testing, upgoest. Computerized tasks were
based on MATLAB psychotoolbox software (MathWorksAMSA) for both stimuli

presentation and response recording (reaction firRds). The overt use of fingers
counting was recorded by the experimenter. Eacldl dairried out 7 tasks in one session

lasting about 50 minutes. The tasks order was rahgdassigned to each child.

Numerosity comparison

Children were presented with pairs of arrays osdwt a computer screen. Their task was
to point to the array containing more dots. Eveayl started with a fixation cross for 1 sec.
followed by the appearance of two lateralized ardyhildren were given an unlimited
amount of time to produce their response, but weged to avoid exact counting. One of
the two arrays always included 16 or 32 dots (whje the other could contain 12-13-14-
15-17-18-19-20 (or 24-26-28-30-34-36-38-40 dotspeesively, n2). Each pair was
repeated 8 times, for a total of 128 trials. Datgs were generated by a computerized
program controlling the effect of dot size and wraaea, so that response to number could
not be attributed to any single non-numerical vispatial parameter. Indeed, for each pair,
half of the trials were controlled for dots sizedatte other half for dots area. Before
starting the experiment, children performed 8 peactrials, followed by 128 trialsThe
trial order was randomized both within and acraggexts.
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Number comparison

In this task, children were presented with pairsateralized two digit Arabic numbers,
black on a white screen, and had to press therbatimesponding to the numerically larger
number (buttons: ‘D’ and ‘L’ of the keyboard). Tisastarted with a fixation cross for 1 sec.
followed by the stimuli. The children had an unlkied amount of time to give their
solution. The numbers used were identical to thesarsed in the numerosity comparison
task. Each pair was showed twice for counterbalhreft-right stimuli assignment, and
repeated 2 times for a total of 64 trials. Thel toer was randomized both within and

across subjects.

Fingers gnosis

Children sat on a chair in front of a table, andevasked to place their dominant hand
(DH), palm down on the table, in front of the expenter. The experimenter then covered
the children’s hand to their sight by putting a ightertical panel at the level of their wrist.
Then the experimenter started the stimulation, Wwidonsisted in touching one, two, or
three fingers (in sequence). The experimenter rechdfie panel and asked the child to
point to the finger(s) that were previously toucheintaining the same order. For the one
finger condition, each finger was touched twice {{idls), for the two fingers condition, all
finger pairs were touched once (10 trials), whdethe three fingers conditions 10 random
triplets of fingers were touched. The trial ordesmswrandomized both within and across

subjects.

Additions

Children were asked to solve orally 20 simple addg showed on a Pc screen. As soon as
the children gave their answer the experimentdect&d their responses and press on a key
to record the approximate RTs. The addends weraligitenumbers (between 1 and 9). In
order to modulate difficulty, in half of the probhs the result was inferior to 10, while in
the remaining half it was superior to 10. The aleidhad an unlimited amount of time to
give their solution. The trial order was randomibadh within and across subjects.
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Subtractions

18 subtractions were solved orally by children withtime restrictions for responses. As
for the addition problems, the experimenter co#ldcthe children’s responses and the
relative RTs. The subtractions were divided forficlilty level on the basis of the
magnitude of the minuend: simple (with 4/5), medi@@®) and difficult (14/15). The
subtrahend was 2, 3, or 4. The trial order wasaanmged both within and across subjects.

Number-to-line task (thereafter “Line”)

Children were shown a horizontal white segmenthm middle of a black screen labeled
with “1” on the left and “10” on the right side. Feach trial, children had to indicate the
position on the segment of a top-centered targethan (Arabic digit). The children placed
the number by using the arrow of the mouse. All tirget-numbers from 2 to 9 were
showed three times, avoiding repetitions. The wiaer was randomized both within and
across subjects.

Enumeration

Children were presented dots arrays and instrutbechame the number of dots as
accurately and quickly as possible using a microphdhe dots were black on a white
disc, appearing on a black background of the dyspieach trial began with a double
flashed fixation cross, to announce the arrivaltied dots. Then a flicker mask was
displayed, and finally a black screen (see fig. @hildren performed 4 practice trials,
followed by three blocks of 16 trials each one @atotal of 48 valid trials). For each dots
pattern, half of the trials were controlled for slgize and the other half for dots area (cfr.

(Revkin, et al., 2008)). The trial order was randted both within and across subjects.
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Until response

Order randomly
reversed across
trials

300 ms

Fig. 1.In the 1-8 naming task, after a fixation crossHked twice, participants were shown a group ofé to
dots, followed by amask; the task was to name thsgmted numerosity as quickly as possible usiag th
labels “1” through “8.” (from Revkin et al., 208)

7.4 RESULTS

Here we first report the results in each individizak, end the then pattern of correlations
across tasks. About half of our sample (N= 10/1€3duintensively fingers to count in
solving both addition and subtraction problems. #M&s run a t-test comparison for each
task to check for significant difference betweengér-counters and non-counters. No
comparison was significant. Thus we collapsed #ta dom counters and non-counter for
all analysis. For all RTs analyses, we considdnechtean RT (£2 s.d.) as cutoff.

Numerosity comparison
Overall, “larger” responses to n2 followed a classgmoid curve. With the aim to measure

the precision of the numerical judgment, the iraéM/eber fraction (thereafter w) was
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estimated for each subject. This measure corresptmdhe standard deviation of the
estimated Gaussian distribution (on a log scaléhefinternal representation of numerosity
that generates the observed performance. Threeecisbyvere excluded because the
psychophysical model did not converge (one subjectjhe R2 of the model was too low
(<.2, two subjects). The data from the remainingch@dren was used to calculate the

average w, which was equal to 0.27 (model fit: RR65; fig. 2).

6 Year-Olds
A « 100
prd
2 80
o
o 60
K]
g 40
0
(0]
X 20
N
0
12 16 3240
N2 (linear scale)
B «~ 100
pd
2 80
T Py
D 60
8
g 40
(%)
(O]
0 20
N
0
126 32 40

N2 (log scale)

C 100
) /
- )
k w = .27 M

60 : -
40 A

o’

N

0.3

% Resp. “larger” to N2

1 1.9
N2/N1 (log scale)

Fig. 2. Performance in the numerosity comparison taskt(firaders). Graphs represent the proportion of the
trials in which participants responded that n2 wasre numerous than nl. Performance is plotted as a

function of n1 on a linear scale (A), logarithm@k (B) and on the logarithm of the numericala€).
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Number comparison

We carried out two separated 2x4 ANOVAs on RTsdffa sec. (57 data points out)] and
accuracy with n1 (16 or 32) and ratio as withinjeats factors. Only main effects were
significant: magnitude (pairs around 16 elicitedvée errors and faster responses in
comparison with pairs around 32 [F(1,18)=11.3, {t8;0~(1,18)=43.1, p<.000 for error and
RTs respectively], and ratio (reaction times insezhlinearly with the ratio between paired
numbers [F(3,54)=6.4, p<.000], no effect for accyja

Finger gnosis
The error rate increased from 9% to 41%, and 54P4-{ests ps<.030; see fig. 3) with the
number of touched digits.

70 ~

1 finger 2 fingers 3 fingers
N°of stimulated fingers

Fig. 3. Mean distribution of errors (%) as a functiontbe number of stimulated fingers.

Additions

Two ANOVASs on RTs [cutoff=27sec. (20 out)] and aaoey, with task difficulty (results
above/below 10) as within-subjects factor, confidnteat additions below-10 were the
fastest [6.3 vs. 10.8 sec.; F(1,18)=66.2, p<.00@] with the lowest error rate [6 vs. 18 %;
F(1,18)=36.3, p<.000].
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Subtractions

Two ANOVAs on RTs [cutoff=30 sec. (19 out)] and axy, with difficulty (simple,
medium, difficult) as within-subjects factor, camfied a significant increase of both RTs
[7.6, 9.7 and 12.1 sec. respectively; F(2,36)=p<4010] and error rate [3, 9 and 8 %;
F(2,36)=5.0, p<.050] from simple to difficult tasknditions.

Number-to-Line

We calculated the goodness of fit?Rf the linear regressions on the estimated number
positions for each subject. Data showed a lingairesentation of numbers (mean R2=.97)
in all children, even thought there was an overafidency to overestimate the spatial

position of the number on the line, exhibitingghtisided bias (Fig. 4).
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Fig. 4.Location of each target number (from 2 to 9) ongpatial line from 1 to 10.

Enumeration

The errors distribution followed a sigmoid curvetlwa stable high accuracy for the first
three numbers (mean Error= 4%) and a progressiee iecrease from 4 to 5 (respectively,
mean Error= 28% and 50%) and a stabilization froto 8 (Mean Error= 73%; fig. 5). We

calculated the subitizing range for each particigmnfitting the full accuracy curve with a
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sigmoid function of numerosity and consideringiitdexion point (Revkin, et al., 2008).
The model was highly accurate in all subjects (rhdide mean R2=.82) with a mean
subitizing range of 4.8. Comparable results weranéb when considering the RTs

distribution with a mean subitizing range of 4.3€H9).
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Fig. 5. Error rates (%) as a function of the presented raur(&timuli)

Correlations

For each task and each subject we considered alex irepresenting proficiency in the
different tasks: w for numerosity comparison, aecyrfor Arabic number comparison,
finger gnosis, additions and subtractions, the fRhe linear model for the number-to-line
task, accuracy based subitizing range for subgifime obtain comparable results using
RTs based subitizing range). This analysis showstidoag correlation between numerosity
and numbers comparisorfs £.585, p<.02 with 3 subjects out), and betweentadtd and
subtractions [{=.835, p<.00). Additions and subtraction correlatedh both number
comparison [{= .559, p<.03, an=.504, p<.03 respectively) and finger gnols.684,
p<.01 and3=.449, p=.054). (See table 1 for the full corr@atmatrix).
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Table 1

Numerosity Symbolic  Finger Additions Subtractions Number  Enumeration
comparison number discrimination To
comparison Line
Numerosity 1
comparison
Symbolic number p=.585 1
comparison p=.017
Finger B=.432 B=.305 1
discrimination p=.095 p=.204
Additions p=.185 p=.559 p=.684 1
p=.492 p=.013 p=.001
Subtractions p=-.005 p=.504 B=.449 p=.835 1
p=.987 p=.028 p=.054 p<.000
Number-to-Line  f=.269 f=.243 B=.425 p=.431 $=.200 1
p=.314 p=.316 p=.070 p=.065 p=.411
Enumeration p=-.076 f=-.150 B=-.275 p=.082 p=.053 p=.008 1
p=.780 p=.539 p=.225 p=.738 p=.829 p=.975

Interactions among Tasks

Given our interest in exploring the global pattefrrelations among the different tasks, we

decided to use a Hierarchical clustering approdférarchical algorithms find successive

clusters using previously established clusterssé&ladgorithms begin with each element as

a separate cluster and merge them into successarglr clusters. We used this method to

explore the possibility of finding hierarchical fgnhs reflecting the typical step-by-step

educational procedure to teach mathematic in tiaBsaadel classes. Thus, all the relations

among tasks were explored by using a Buttom-Up dfiadrical clustering on all the

Pearson’s correlations among individual measureséeh task (on 16/19 subjects) (see

fig. 6). Results show a clear segregation of szibdi skills from the other numerical and

arithmetical abilities. We found a functional pdlisation of the pure basic numerical

abilities from more and more complex tasks and gulaces, which are acquired and

practiced progressively during the first year dicd (fig. 7).
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Fig. 7. Graphical representation of the hierarchy of taskated to calculation (indicated by the arrowin
6).

Moreover, the presence of functional clusters vilevestigated entering one index for each

task (w in numerosity judgments, accuracy for sylchaumber processing, finger gnosis,
subtractions and additions; the goodness of fif) (Rr number-to-line task and the
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subitizing range) into a PCA applying a Varimaxatan. A three-cluster solution was
obtained, accounting for 81% of the variance amaargbles (figure 8).

The first cluster included subitizing skills alonEhen, the second cluster involved the
numerical tasks (symbolic and non-symbolic compars The last cluster included

number-to-line task, finger gnosis, additions amiotsactions.
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Fig. 8. PCA among tasks. Coefficients of linear correlatftnadings) express the degree of influence ofieac

variable on the component. Lines represent sigmifiinteractions between tasks (dashed line: trgred054)
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7.5 DISCUSSION

Correlational results together with cluster anaysiethods suggested a high degree of
correlations as well as segregations among thesimgaged functions. Three main
functional components, representing distinct dosiaiamerged: one concerned only
subitizing, while the other two components - ondytlly segregated - concerned quantity
representations as well as arithmetic, finger gnasid spatial processing.

The fact that the acuity of the system for apprelivena limited number of items in parallel
(subitizing) did not correlate with any other nuroal abilities supported the non-
numerical interpretation of subitizing which haseady been suggested by previous studies
(Revkin, et al.,, 2008). However, it disconfirmede thhypothesis that subitizing is
fundamental for the development of symbolic nunarabilities (Butterworth, 1999).

In contrast to subitizing, the other two domaineveéd more inter-cluster and intra-cluster
interactions. The strong relation between symbatid non-symbolic number comparison
is coherent with functional imaging studies thatwld a convergence across the symbolic
and non-symbolic modalities towards a common calrtiepresentation of quantity (Piazza,
et al., 2007). This convergence was also predidigdthe models of Dehaene and
Changeaux (1993) and of Verguts and Fias (200&prdmng to which the acquisition of
symbolic numbers determines a progressive cortmalapping of the preexisting neural
system for numerosity. According to this slow “reliyg” process, the correlation between
symbolic and non-symbolic numerical comparisonitid is much stronger in first graders
compared to preschoolers (see Experiment 1 othbss).

Interestingly, the ability to compare Arabic nunaftso highly correlated with the success
in solving arithmetical problems such as additiamsl subtractions. Indeed, in all these
problems, Arabic numbers constituted the typiclicle of numerical information for their
solution. Performance in addition and subtractiovbfems is also strongly associated with
finger gnosis. This correlation did not differ siigrantly between children that explicitly

and overtly used finger-counting compared to theg® did not use finger-counting.
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Indeed, we did not find significant differences tasting finger counters versus non-
counters in all the investigated functions in fgsaders.

Considering the findings on preschoolers (ExpwE) can define two separate contributions
of finger gnosis to the numerical domain. On onadheefore going to school, finger
discrimination abilities are related to numerosityity possibly because of the existence of
important connections among neighboring parietglores supporting these two different
functions (see Exp. 1). At the same time, no retatilearly emerged between finger gnosis
and symbolic number comparison. This pattern is pletaly reversed in first graders:
finger gnosis clusterizes with symbolic calculat@ilities but became more independent
than approximate number processing. These findsuggested a functional association
between finger gnosis and arithmetical proceduees. (n additions, subtractions) which
was mediated by the use of finger to count (fingaunting) that is explicitly taught during
school ages.

The correlation data suggested that the degreamedrity in mapping numbers to a line
seemed to be independent from the other numerizkilies, even if there was an almost
significant correlation with both additions (p=.0Gtnd finger gnosis (p=.070). Indeed, the
PCA analysis associated it to the calculation camepg indicating an early recruitment of
spatial strategies for solving arithmetical probéesuch as the number line. Hierarchical
clustering places this ability in between the chttan and the number domains, again
confirming this idea. The use of spatial strategresental calculation, and especially in
additions and subtractions (versus multiplicatiombich are mainly retrieved by memory
(Dehaene, et al., 2003)) was demonstrated by theotisnterference paradigms (Lee &
Kang, 2002).

Another source of evidence for an automatic nuniespace mapping is the phenomenon
of “operational momentum”. Empirically, this effeceévealed the solving additions in
which incorrect results was systematically oveneated when compared to the correct
solution, and the subtractions, where the incorreesults was systematically

underestimated compared to the correct solutiocQivhk & Wynn, 2009).
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In conclusion, cultural factors like the use ofgiéms and the association between ordered
sequences to spatial positions allowed childrepddially reshape their innate quantity
representations so as to generate discrete repagsas of numerical quantities attached to
symbolic numbers. The link between these factors exadent very early in development,
as early as the end of the first grade, and thezeéfavas not surprising to observe it even in

adult subjects.
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Chapter 8
PREDICTIVE POWER OF NUMERICAL AND NON-NUMERICAL
ABILITIES FOR ARITHMETIC: A LONGITUDINAL STUDY

8.1 ABSTRACT

Both quantity-related (e.g. number acuity) and goantity related abilities (e.g. finger
gnosis, visuo-spatial processing) were previoublyws) to play an important role during
the acquisition of formal arithmetic and numbergassing. However, the relation between
these abilities and math achievement is often niadeesting each of these functions
individually.

In the present study, we take a more compreherggmpeoach and contrast the relative
power of a large set of functions in predictingfadichievements in number processing and
mental arithmetic. We thus perform a longitudinaldy on a group of children from
kindergarten (T1) to the end of first grade (T2heTmeasures used for predictions (T1
measures) were numerosity comparison, symbolic euandomparison, finger gnosis,
visuo-spatial SPAN, grasping abilities and, as mrasks, face and object recognition. At
T2 we additionally measured additions, subtractismatial mapping of numbers and
subitizing skills.

Results indicate a strong continuity of non-symbalimber and finger acuity in time as a
contrast to a discontinuity in symbolic number @®ging. It suggests an important
functional reorganization of the internal repreaéinh of numerical quantity during first
grade. In terms of predictions, we find that gooedgctors of performance in arithmetical
tasks are verbal number processing, visuo-spatidities and finger gnosis. Moreover,
hierarchical multiple regressions reveal a relaindependent contribution of finger gnosis

at T1 and at T2 in influencing arithmetical abdgi
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8.2 INTRODUCTION

The acquisition of abstract concepts of exact numbaring school ages is a long process
that involves the contributions of preexisting nuited and non-numerical abilities.

Within the number domain, the innate sensitivity &pproximate numerical information
(called Number Sense) is thought to constituteftinetional and neural base on which we
build an exact representation of number and to caenprithmetical problems (Dehaene,
1997). However, other non-numerical abilities méym crucial role in the transition from
an approximate to an exact representation of numeieven for calculation such as finger
gnosis, fine visuo-motor coordination, and visuaig) abilities (Butterworth, 1999).
Finger discrimination is based on an intact intesehema of one own fingers and it
represents a good predictor of the subsequent matiwl achievements in first and
second grade children (Fayol, et al., 1998; Madntt al., 2001), in contrast with other
cognitive skills such as reading abilities.

Moreover, finger counting constitutes a frequerdtsgy used by children to count and to
create discrete representations of numerical questiJordan, et al., 2008). Interestingly,
repeated training sessions on finger gnosis in §raders have beneficial and indirect
effects on processing of Arabic digits (Gracia-Bafa & Noel, 2008). As numerosity
discrimination ability, impairments regarding fimggnosis are reported in dyscalculic
children (Benson & Geschwind, 1970). Automatic 8ngqumber associations were also
reported in human adults as a developmental trdcénger-related strategies during
numerical tasks (Andres, et al., 2007; Di Lucaakt 2006; Sato, et al., 2007). More
recently, a TMS study in adults revealed impairmmantboth digital and numerical tasks
after the stimulation of angular gyrus suggestimg anatomical proximities of the regions
involved in numerical and finger discriminationsu@goni, et al., 2005). On this regard,
both VIP and AIP areas (involved in quantity amgér —related processes, respectively)
lie in close proximity within the intraparietal suls, suggesting a high probability of shared
circuits between a quantity-related circuit and phecessing of proprioceptive and visuo-

motor information of hand-related actions (Bodegaidal., 2001; Bushara, et al., 1999;
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Hubbard, et al., 2005; Jancke, et al., 2001). Desmme evidences during primary school,
little is known about the predictive power of fimggnosis on match achievement in
preschool age, when the effect of functional facterg. finger counting) is limited.

Another important aspect of the finger-number iat&ions regards the fine visuo-motor co-
ordination during grasping movements. Indeed, thecipion of grip aperture while
grasping depends, among other parameters, on tiheagen of the physical magnitude of
objects (Pryde & Roy, 1998). At the behavioral lewee modulation of the numerical
magnitude on the size of grip aperture during graspras found in both adult and children
(Andres, et al., 2004; Lindemann, et al., 2007; &ftor & di Pellegrino, 2008; Pryde &
Roy, 1998; Song & Nakayama, 2008). Interestinglyanoal tasks such as objects
manipulations (Binkofski, et al., 1999), graspi@u(ham, et al., 2003), reaching (Cohen &
Andersen, 2002), and visual pointing (Connolly,aét 2003) rely on the same parieto-
premotor networks that is also active during nuo@ritasks, such as additions,
subtractions, multiplications and magnitude congms (Dehaene, et al., 2003). On this
line, some studies showed that the motor compor@rgsme actions, such as pointing and
grasping movements seem to be modulated by nurharfoamation (Andres, et al., 2004,
Song & Nakayama, 2008). Again, patients with iinnpeants in grasping abilities quite
often also exhibit calculation disabilities (Yed®08). However, to our knowledge nothing
is known on the relation between grasping abiliéied mathematical abilities in children.
Another non-numerical ability that is thought toayplan important role in numeracy
development is the ability to deal with spatialommhation (Hubbard, et al., 2005). The
interplay between space and number seems may desivethe culturally mediated tools,
such as the number line (where numbers are assdd@iprecise spatial positions ordered
on a left-to-right oriented line), the Cartesiansathe measurement systems (such as the
meter and/or the thermometer). These cultural coctsbns may elicit and contribute to an
automatic association between the representatiomsnober and space (Berch, et al., 1999;
Hubbard, et al., 2005). Interestingly, during chdd, visuo-spatial span (as measured by
variants of the Corsi test) represents another go@dlictor of subsequent numerical
performance in children (De Smedt, et al., 2009jnés, et al., 2008; Rasmussen &
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Bisanz, 2005). In fact, visuo-spatial deficits aften found in children with developmental
dyscalculia (for a review, see (Wilson & Dehaen80?). In adults, a vast body of
evidence showed several types of number-spaceadatiens such as SNARC (Spatial
Numerical Association of Response Codes) effechédeee, et al., 1993; Hubbard, et al.,
2005).

Considering the pattern of interactions and coutims of quantity-related (numerosity
acuity) and non-quantity-related (finger, spacegspmg) abilities to the development of
arithmetical abilities, we performed a longitudirgtlidy on a group of children from
kindergarten (T1) to the end of first year if pripaschool (T2). The tasks used for
predictions (T1 measures) were numerosity comparisgmbolic number comparison,
finger gnosis, visuo-spatial SPAN, grasping aleiitand, as control tasks, face and object
recognition. At T2, we consider also the childreerfprmance in additions, subtractions,
spatial mapping of numbers and subitizing skills.

8.3 METHODS

8.3.1 Participants

This longitudinal study was initially based on 2&grhoolers attending the last year of
preschool, recruited from two kindergartens in Ret@ (T1). Of this initial group, only 19
children (mean age=84 4 months; right-handed=%89/males= 52 .7%) took part in the
study one year later (T2) after attending Gradeksgs. The study was approved by the
local ethical committee. For each child we obtaisgghed informed consent from the

parents (or the legal representatives).

8.3.2 General testing procedure

Each child was tested twice, in two sessions se&ghtay one year on average. During the
first session (T1 phase), which took place in quoetms of two kindergarten schools in
Rovereto (IT), each child was administered a setoghitive tasks exploring several non-

verbal functions (quantity comparisons, finger geospatial short term memory, grasping,
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faces and objects recognition). During the secassion (T2 phase), which took place in
the experimental psychology laboratories of thevdrsity of Trento, in Rovereto (IT), the
same children performed another set of tasks, soimehich were identical to the ones
performed one year before (quantity comparisons farger gnosis), while others were
different and tapped on newly acquired numerical ealculation abilities (enumeration,
calculation, and number-to-space mapping, tableHg&ye, we simply report a reminder
with the main details for each task (for more dethdescriptions see Experiment 1 and 2
of the present thesis), their relative adminisbratiphase and indexes used for the

longitudinal correlations.

Numerosity comparison (pre-symbolic): T1&T2

In this test, children were presented pairs of dotays on a computer screen. Their task
was to point to the array containing more dots. mhmerosity of the paired arrays was

ratio-controlled. On the basis of accuracy distiidou we extracted for each child the

internal Weber’s fraction, an index of the preamsa the judgment (Piazza & lzard, 2009).

The internal Weber fraction was taken as the irmfeaxumerosity comparison ability.

Number comparison (symbolic): T1&T2

This test is the symbolic version of the numerositymparison test: children were
presented with two digits symbolic numbers and wasked to choose the numerically
large one. In T1 stimuli were presented in the tugimodality, while in T2 they were
presented visually, as Arabic digits. The ratioNmetn the numbers was manipulated. Mean

accuracy for each child was taken as the indexuofber comparison ability.

Fingers gnosis: T1&T2

In this test children sat on a chair in front dihle with their dominant hand placed the
table covered by a panel from their sight. The expenter then touched one or two (in
T1), or one, two, or three (T2) fingers in sequantrder. After removing the panel, the
children were asked to point to the finger(s) tate previously touched, maintaining the
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same order. Mean accuracy for each child was takehe index for finger representation
ability.

Visuo-Spatial SPAN: T1
The “Corsi block-tapping” task was administerede T3PAN (the higher number of blocks
correctly identified by children) of each child wésken as the index of visuo-spatial

abilities.

Grasping abilities: T1

The kinematic analysis of grasping allowed us ttambthe maximum grip aperture while
children were grasping objects of either small igy $ize. This measure that is known to
correlate with object size and it reflects high gw®n grasping. Thus, we used the
difference between the maximal grip aperture dulamge object grasping and the maximal
grip aperture during small object grasping as asmeaof the ability to modulate grasping

on the basis of objects’ size (thus indirectly grag precision).

Faces and Objects recognition: T1

Cards representing faces and objects were showddlth one at a time, for some seconds.
Then, the experimenter mixed the familiar stimuilinncards representing novel faces and
objects, and presented them to the child, who badéntify the cards already seen. D’
(defined as hits-false alarms recognition perforoegqrior each child was taken as the index

of faces and objects recognition abilities.

Additions: T2
Children had to solve orally 20 additions probldgiam3$dends between 1 and 9) showed on a
Pc screen. The experimenter noted the childresgomses. Mean accuracy for each child

was taken as the index of the ability to solve tolais.

133



Subtractions: T2
Children had to solve orally 18 simple subtractiostsowed on a Pc screen. The
experimenter collected the children’s responsesufacy). Mean accuracy for each child

was taken as the index of the ability to solve aditons.

Number-to-line test (thereafter “Line”): T2

Children were shown a horizontal white segment bfaak screen labeled with “1” on the
left and “10” on the right side. For each trialjldren had to indicate the position on the
segment of a top-centered target-number (Arabiit)dithe children placed the number by
using the arrow of the mouse. For each child, wdopmed a linear regression on the
estimated and the correct positions, and took toelgess of the linear fit iRas a measure

of the linearity of the number-to-space mapping.

Enumeration: T2

Sets of 1 to 8 dots were flashed on a screen dmkguently masked. Children were asked
to report the number of dots by saying that nuntdatdoud. For each child, we fit the full
accuracy distribution with a sigmoid function, aodk the inflection point as a measure of

the subitizing range.

Table 1

| T1: 5 years old T2: 6 years old (1 year later)
Numerosity comparison Numerosity comparison

Symbolic Number comparisg Symbolic Number comparison

Finger gnosis Finger gnosis
Visuo-spatial SPAN Additions
Grasping abilities Subtractions
Face recognition Line
Objects recognition Subitizing
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8.4 RESULTS

8.4.1 Single tasks results

For a full description of the results in each & firoposed tasks, please see chapter 5 and 6

of the present thesis.

8.4.2 Correlation from T1to T2

To start exploring the data in a longitudinal pextpve, we first performed simple
correlations between the tasks’ indices at T1 dadtasks indices at T2. Three subjects
were excluded from this analysis because the RReofitting procedure used to derive w
(at T2) did not converge (N=1) or was very low (%.61=2). In order to help the reader, we
report two correlation matrices, one for the “plwagitudinal’ tasks only, i.e. tasks for
which we acquired one measure in T1 and one measuf@ (Table 2), and the other
including all tasks in T1 and their correlationgiwall “new” tasks in T2 (Table 3). As for
the pure longitudinal measures, we observed stoongelations between analogous tasks
performed in T1 and T2 only for numerosity compamig =.676, p<.005) and finger
gnosis p =.597, p<.020) but not for symbolic number comgami 3=.069, p=.800). As for
the pattern of correlations between the measurd&sliand the new measures in T2, we
observe that accuracy in solving additions andragbons is directly predicted by accuracy
in symbolic number comparison and by the visuoiap&PAN one year earlier. Second,
the linearity of the number-to-space mapping i® glsedicted by accuracy in symbolic
number comparison one year earlier. Finally, sminigj is not predicted by any numerical

or non-numerical ability one year earlier.
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Table 2

T1 Numerosity Symbolic Finger

comparison number discrimination
T2 comparison
Numerosity p=.676 B=.158 p=.381
comparison p=.004 p=.559 p=.146
Symbolic number p=.216 B=.069 p=.187
comparison p=.421 p=.800 p=.488
Finger p=.059 Bp=.716 p=.597
discrimination p=.827 p=.002 p=.015
Table 3
T1 Numerosity Symbolic  Finger Grasping SPAN Faces Objects
comparison number discrimination recognition recognition
T2 comparison
Additions p=-.126 p=.612 $=.182 f=-.338 p=-590 p=.039 p=.205
p=.642 p=.012 p=.499 p=.201 p=.016 p=.886 p=.446
Subtractions  p=-.175 f=.310 f=.101 p=-.214 p=-.621 p=.063 p=.342
p=.516 p=.242 p=.710 p=.426 p=.010 p=.817 p=.195
Number-to-  p=-.108 p=.621 B=.230 B=.075 p=.020 p=-.328 B=-.427
line p=.689 p=.010 p=.392 p=.781 p=.942 p=.214 p=.099
Enumeration p=-.249 B=-.245 $=-.350 $=.436 f=.238  p=-.051 B=-.145
p=.352 p=.360 p=.183 p=.071 p=.375 p=.850 p=.592

8.4.3 Hierarchical Models

In our longitudinal simple correlational analysie did not observe the expected
correlations between finger gnosis and numerogitytya at T1 on one side and symbolic
number processing (number comparison and ment#instic) at T2 on the other.

However, previous findings (see Exp. 1 and 2) shibsteong interactions between these
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abilities in both preschoolers and first graders.pteschoolers, finger gnosis, number
comparison, and numerosity acuity were part ofsti@e functional cluster, while in first
graders finger gnosis, number comparison and memithiimetic were heavily correlated.
However, using a longitudinal approach, it is pblesthat functional discontinuity during
development masks the presence of genuine but coon@lex correlations between these

functions.Here we thus considered the most relevant disaaitigs.

The relation between non-symbolic and symbolic nundr processing during

development

Considering the strong correlation between numgroacuity and symbolic number
comparisons found in first graders (.59, p<.020) and between numerosity acuity at
Tl and T2 =.68, p<.005), we expected that numerosity acuttyTh would predict
symbolic number processing at T2. However, no &gant relation was found between
these two factors in the longitudinal analysis (&dxe 2). We reasoned that the absence of
correlation could indicate the presence of a deurakntal discontinuity in numerosity
acuity between kindergarten and first grade. Theeahtinuity would indicate that the
presence of cultural factors (the introduction gibolic humbers and arithmetic) may
account for (part) of the refinement of numerosityity in first graders.

Thus, we carried out three hierarchical multiplgressions among the numerosity acuity
(measured with the Weber’s fraction) at T1, at md the Arabic number processing at T2,
taken two at the time and excluding the effecth® temaining factor of the triad. The
results first confirmed an absence of a direct ipte@ power of numerosity acuity at T1
for the symbolic number processing at T2, evenigdhng out the effect of numerosity
acuity at T2. Second they show that numerositytgati T2 still correlated with symbolic
number processing at T2 even after partiallingtbeteffect of numerosity acuity at TE%r
.31; p< .020). Taken together these results sughaspart of the refinement of numerosity
acuity during first grade is due to maturation, vhpart is due to the acquisition of

symbolic numbers.
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Model 1

. Rz = .61
Age: 5 years b= 004
(T2 Symbolic
number excluded)
Age: 6 years

R2=.31
p=.016

(T1 Numerosity
excluded)

Number
Comparison

The relation between finger gnosis and arithmetic dring development

Analysis of correlations across tasks in our grotifirst graders (see chapter 6), revealed
correlations between finger gnosis at T2 and astical proficiency [§=.68, p<.005, and
B=.45, p=.054, for additions and subtractions retpelg). Longitudinal analysis between
finger gnosis at T1 and T2 also revealed a sigmificorrelationf{=.60, p<.020). However,
surprisingly, longitudinal correlations of fingenasis at T1 and arithmetical proficiency at
T2 were not significant. Thus, in order to betteplere the unclear predictive role between
finger gnosis and arithmetical performance, we iadplthree hierarchical multiple
regressions among finger gnosis at T1 and T2 atithaetical outcome for additions in T2,
taken two at the time and excluding the effecthaf temaining factor of the triad. Results
revealed a relative independent contribution afdingnosis at T1 % .62; p< .010) and at
T2 (P= .62; p< .000) in influencing arithmetical ab#i§i. Indeed, finger gnosis at T1
became a significant predictor of arithmetic onliien the shared variance with finger
gnosis at T2 was excluded. This suggests that Bwgar gnosis may exhibit a qualitative
change during the development under the intensectefff functional factors (finger

counting) that support the relation with arithmatiabilities.
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Model 2

-
\’*{\%\J@{ R2=.62
. M1 ; . p=.008
Age: 5 years Y | 7 T1 Finger (T2 Finger
{ gnosis gnosis excluded)
Age: 6 years l 3+2 l
v R2=.72 R? = .62
p=.001 p=.000
(T2 Arithmetic (T1 Finger
excluded) gnosis excluded)

8.5 DISCUSSION

The transition from kindergarten to school deteesimmplicitly important new functional

associations, which sometimes can create discotdisuluring the cognitive development.
Considering that the first year of school represamtintensive period for the acquisition of
arithmetical operations and the symbolic numbetesgswe tried to delineate the principal

contributions of each preexisting abilities to nuite and arithmetical domains.

Continuities and discontinuities during development

Firstly we considered the relations among thoskstdlsat we repeateded at T1 and T2:
numerosity comparison, number comparison and figgesis. While we observed a strong
continuity in time indicating consistency in chigr's abilities to discriminate dot arrays,
and to correctly identify their fingers, we foundliscontinuity (absence of correlation) in
the ability to compare symbolic numbers betweenldseyear of preschool and the end of

first grade. In other words, performance at T1 mldd significantly predict performance on
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the same task at T2. As depicted in figure 1, tmgrovement from T1 to T2 for the number
comparison task was not homogenous among chil@&eme of them improved more than
others, and curiously, few of them (N=3) exhibigen an inverse trend (showed worst
performance in T2 compared to T1). It would be tenip to speculate that this

discontinuity is due to a major reorganization loé tinternal representation of numbers
during first grade, and that this reorganizationymat be strongly influenced by the pre-
training intuitions that children have on symbatiombers. Indeed, a key change during
first grade is the introduction of Arabic digitshieh are not formally taught (at least in

Italy) during preschool. Moreover, the introductioh Arabic digits is also accompanied

with procedures such as finger counting and spatégdping of numbers. It is possible that
these procedures affect the children’s internateggntation of numbers in a way that is

idiosyncratic.
80 4
70 4

60

% Errors in number comparison task

T1 T2

Fig. 1. Error rates for the symbolic number comparis@peetively in T1 and T2 for each participant.

However, we should consider a caveat in the inggagion of these results, which relates to
the fact that while in T1 the stimuli were presenss verbal numbers, in T2 they were
presented visually as Arabic digits. While we eerguthat all children could correctly read
the Arabic digit numbers by asking them to readnthaloud before making their
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comparative judgment, it is possible that the défee in the input modality may have
masked a potential convergence across modalitiesartts internal representation of
numerical quantity. Thereofore, this difference mhgve negatively influenced the

correlation between T1 and T2 in number comparsmres. Indeed, while several results
reported a convergence between the different tygfemodalities towards a common

representation of magnitude (Dehaene & Akhavei®5).9other studies found that Arabic

and verbal numbers were processed in a notatioardigmt manner, suggesting that Arabic
and verbal codes are represented separately evre aemantic level (Cohen Kadosh,
Henik, & Rubinsten, 2008).

Processing symbolic and non-symbolic quantity

Since previous research have reportied an importdation between non-symbolic and
symbolic numerical abilities, we further explordtie relation regarding the link between
them (Gilmore, et al., 2007; Halberda, et al., 20®3 using hierarchical regressions, we
observed that the precision of the internal repredi®n of numerical quantity in first
graders resulted from independent contributionghef previous ability to discriminate
numerosity (one year before), and also the actuisiif a new system to represent and
manipulate exact numerosity (Arabic digits). Indetdte hierarchical regression showed
that the independent portions of variance of the-symbolic acuity in T2 were accounted
for by the previous numerosity sensibility in Thdathe precision of symbolic number
comparison in T2. In other words, these resultgestgd that the observed refinement of
number acuity (at least in first grade) was pdstialue to the acquisition of symbolic
Arabic numbers. Such partial remapping of non-syimbmumber representations during
the symbol acquisition was previously predicted bgomputational model (Verguts &
Fias, 2005).

Grasping abilities at T1 also seemed to predict dbdity to perform Arabic digits
comparison at T23(=-.512, p=.043). Indeed, grasping ability as dsdilby our measure is
the ability to modulate grip aperture on the sifehe to-be-grasped objects during the
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execution of grasping movement. This modulationordy possible when a correct

estimation of the objects’ magnitude is perform&sehaviorally, the effect of Arabic

magnitude of grip aperture while grasping objects vdemonstrated in a recent study
(Badets, et al., 2007) in which the small versug miagnitude of numbers was able to
modulate the grip aperture determining, respectj\ah overestimation vs. underestimation
of the object size to grasp. Our results thus cowdd that numerical and non-numerical
magnitude processing is deeply related to eachr aihd influences one another even

during development.

Arithmetic, finger and spatial processing

Coherently with previous research pointing towaadsimportant relation between finger
processing and arithmetical abilities (Noel, 2008 observed a strong correlation
between finger discrimination abilities at T1 andhanetical abilities at T2. Nevertheless
this correlation emerged only when the finger diegration abilities at T2 was partialled
out.

This suggested the existence of a partial refinéroefinger gnosis in first graders which
was not directly explained by the preexisting finggosis in T1. This discontinuity,
masking the predictive power of finger gnosis at fb2 the subsequent arithmetical
performance was possibly due to an increasing enfte of cultural factors, (like finger
counting).

Then, we also observed that spatial memory (SPANdipted the arithmetical
performance one year later, confirming previouseoleions that spatial processing is a
key component in mental arithmetic. Indeed the rdoutions of space in the numerical
domain even during simple calculation are well-knoggee “Operational momentum”,
(McCrink, et al.,, 2007)). Specifically, spatial lménces on numerical processing -
consistent with the orientation of the mental nuniibee- can emerge during the solution of

arithmetical problems.
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Chapter 9
GENERAL DISCUSSION

From the results of these experiments, it is pésddotrace the main contributions of this

thesis to cognitive development, specifically omeuical cognition.

9.1 Developmental trajectories of numerosity acuity and
symbolic numbers

Numerosity sensitivity represents one of the fuordipresent at birth (Izard, et al., 2009).
Despite some knowledge about its modifications sxroéhe life-span (Halberda &
Feigenson, 2008), little is known about its intagpWith the system for representing exact
numerical quantities that emerges during the deveént as the result of a long process of
symbolization of numerosity into discrete quansitterough the use of symbolic numbers.
In particular, while it has always been suggeshed the approximate number system has a
causal role in determining maths achievement, t&ults to date are still equally
compatible with the opposite interpretation whidates that the ability to manipulate
symbolic numbers and perform calculation is not th@sequence but the cause of the
refinement in the acuity of the approximate nungetem (Halberda, et al., 2008; Verguts
& Fias, 2005).

Our data concerning the developmental trajectormwherosity acuity (measured by the
internal Weber’s fraction) are in favor of a matioaal interpretation of the refinement of
numerosity acuity during development before schgplilt is in line with previous
observations pointing towards a dramatic refinendeming the first years of life (Piazza &
Izard, 2009), which cannot be explained by cultfmators. The maturational interpretation
seems also to be in line with recent cross-cultatatlies showing that, even in cultures
with limited number lexicon and with absence ofnfial mathematical education, adult

number acuity appears to be quite similar to adubi: educated western society (Pica, et
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al., 2004). However, it is possible that the psidid research in those pre-numerical
cultures lacks the necessary sensitivity to regetgntial differences across cultures.
Indeed, our data supports the idea that part obbserved refinement of the numerosity
acuity during the first year of primary school isaaccounted by the introductions of
symbols for numbers and arithmetic. Indeed a catalé change (partial recycling) of the
numerosity acuity was found in children at the ehdhe first year of primary school. In
this way, the impact of educational and culturatdas on numerosity acuity increases, and
becomes additionally relevant, especially in sclam@ when education influences robustly
the experience and the practice with numerical tityan

In the same manner, also the symbolic verbal reptaton of numbers (number words) is
subject to refinement during development. From dge of 3 to 5 years, the ability to
compare verbal numbers increases from a randoneeli©2%) up to 25% of error rates.

It is probable that the verbal numbers knowledgd eounting can play a role in the
improvement of representation of numbers, contiiiguto provide an insight about the
numerical organization at least for the first femmbers (e.g. one, two, three etc.) based on
their order relations and on the understanding ealursive aspects (e.g. the linguistic
transparence) of verbal numerical sequence. lartiqularly evident for larger numbers
(e.g. twenty-three, thirty-three, forty-three).

Using a cross-sectional approach, the interplawdetn presymbolic (dots) and symbolic
(number words, Arabic digits) numerical represeotat was investigated from childhood
to adulthood. In preschoolers, even though datstelung analysis (PCA) associated the
two functions, we observed no significant correliasi across children, suggesting that these
representations are only very slightly linked iregwhoolers. Interestingly, other non
numerical variables (such as length, luminancdpWad the Weber’s law, accordingly to a
ratio-based modulation on the behavioral perforragibayan & Abbott, 2001). Due to this
shared Weber-like behavior for both numerical armh-numerical variables, ratio-
dependent performance cannot be considered perssanaevidence of converging
development between numerosity acuity and symbulimber system. On the contrary,
stronger evidences can be taken from correlati@tadlies. In this respect, the data
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presented in this thesis showed that at preschgml presymbolic and symbolic number
processing follows partially separated developniemggectories. Successively, the first
evidence for strong converging trajectories betweesymbolic and symbolic numerical
representations emerges behaviorally from the ygat of primary school. During this long
period, characterized by an intensive arithmetmdlication, the manipulation of exact
numbers could additionally contribute to the forimiatof a deeper association between
numerical symbols (e.g. Arabic digits) and an ienand approximate sensitivity for
numerosity.

Thus, the progressive effect of symbolic numbershenpreexisting numerosity acuity can
be elicited on the basis of an intense manipulatioprecise numerical quantities from the
initial verbal numbers and during the first yeafsschool with the introduction of a new
symbolic system for numbers, the Arabic digits.

Moreover, behavioral data shows that this cortrealycling does not concern the overall
system dedicated to numerosity acuity, but jusar of it. Indeed different proportions of
the inter-subjects variability in numerosity acuitly6 years of age are correlated to the pre-
existing numerosity acuity and to the recently a@glisymbolic number processing. The
fact that the numerosity acuity in preschool doesdirectly predict the symbolic number
processing after 1 year can support the idea ofréap qualitative change (in terms of
retuning) within the numerical sensitivity durinfgetfirst year of primary school. Thus, the
manipulation of symbolic numbers (in the form ofahic digits) can determine a quite
important change in the internal representatioguaintity, strengthening the link between a

preexisting ability to process numerosity and agesymbolic system for numbers.

9.2 Finger gnosis and its relation to number domain

During early childhood, finger gnosis, as well asnerosity acuity, develop on base of
maturation processes involving the hand schemdtanohtegration of visuo-tactile inputs.
In our digital task, since we asked preschoolegoiat to the finger(s) that were previously

touched, both these factors can play a relevaat f@h one hand, the correct movement of
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a body part to another one is influenced by thes@gndifferentiation of the locus or place
which is the target of the movement. Second, fingane stimulated tactically, but the
children’s response is based on a visual-guidedemewt of the hand that implicitly
involves two-sense integration. The effects of naumpuactice and manipulations over time
can affect the chronological organization, inteigratand interpretation of sensory inputs
during the development (Lefford et al., 1974).

A relevant result from our experiments concernsdineous trajectory of finger gnosis in
relation to the number domain. This relation appezarly in both preschool and school
age, but shows relevant peculiarities.

Before going to school, children exhibit a genuiekation between fingers and numerosity
discrimination. Due to a limited effect of cultueducational factors at this age, the
anatomical proximity of numerical and digital reggowithin the IPS can be suggested to
explain this relation. This view is also supporteg the presence of a strong and early
number-finger relation particularly in 3-year oldildren.

Then the interplay between number and digital dosa@hanges during the first year of
primary school. In first graders, this relation ¢akthe form of a functional association
involving finger gnosis and arithmetical abilitiest this age, thanks to its contributions to
calculation, finger counting is thought to play adiator role in shaping this relation.

Taken together, localizationist and functionalisterpretations on the development of
digital and numerical interplay in childhood werensidered (for a review see (Penner-
Wilger & Anderson, 2008)). Indeed, in the early qm@ool age, this association is mostly
driven by anatomo-functional connections not mothaay experience. Therefore, before
going to school, the existence of important conpast among close parietal regions
supports the relation between finger discriminatiabilities and numerosity acuity.
Curiously, in first graders, this pattern is moelifiby the functional use of finger to count
(finger-counting) that is explicitly taught duringchool ages. Indeed, finger gnosis
correlates robustly with symbolic calculation diek (versus approximate number
processing), suggesting a functional associatiamvden finger gnosis and arithmetical
procedures (e.g. additions, subtractions).
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9.3 Contributions of quantity-related functions to arithmetical
achievement

From longitudinal and cross-sectional data, syntbalimber comparison seems to be
directly related to arithmetical abilities. Accuyaic symbolic number comparison tasks in
both preschoolers and first graders correlates \aiithmetical abilities. This finding
supports the idea that formal arithmetical procedurecruit the manipulation of exact
numbers, and that knowledge of numbers predicteeaeiment in arithmetic. This finding
is not trivial if one considers that while the nuenltomparison tasks involved large two
digits numbers, most arithmetical problems involtbd manipulation of much smaller
numbers. Thus, the relations does not simply rekealwledge of the precise numbers
involved, but a more general phenomenon in whidfigency in manipulating symbolic
numerical quantities in preschool is a good predion achievement in simple arithmetic
in first grade. Moreover, our data shows that (a§rimnumber comparison abilities in
preschoolers predict the precision of the lineawityhe (Arabic) numbers to space mapping
in first graders, suggesting that a refined knogéedf magnitude relations between
numbers influences the linearization of the interrepresentation, irrespective of the
symbolic notation used (verbal or Arabic)

Quite surprisingly, neither in preschooler nor irstfgraders, numerosity acuity is directly
involved in the arithmetical achievement. Desplte tack of a direct link between an
innate system for numerosity and the arithmetidalitees, numerosity acuity seems to
support more strongly the symbolic exact represemaf numbers which, in turn, has a

fundamental role for arithmetical outcome.

9.4 Contributions of non quantity-related functions to
arithmetical achievement

A last important point concerns the predictive poafenon-numerical parietal functions on

the number domain and arithmetical abilities immary school.
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Visuo-spatial memory represents the most relevantribution to arithmetical domain.
Indeed, spatial working memory is implied in thduson of addition and subtraction
problems. However, the role of space in problemvisgl is not new. A spatial
representation of numbers was suggested and caratigptd as a mental line with left-to-
right increasing numbers. This spatial metaphonwibers is also used in arithmetical
procedures. On this regard, an example of spatilieince is represented by the presence
of an “operational momentum” while solving arithmeat problems (McCrink & Wynn,
2009).

Subitizing skill (here considered as a visuo-spdtiaction because it represents the result
of our ability to detect precisely and rapidly miied number of visual items) constitutes a
separated component from the number and arithnheficanains supporting the non-
numerical interpretation of this ability, thougbthe more dependent on the visual parallel
processing of small numerosities. As a matter of, faur visual system can select a fixed
number of about four objects or can encode theailde based on their spatial information.
It explains the limited capacity of working memdry process visual information (Xu &
Chun, 2009). However contradictory evidences eméma clinical evidence in which
children with dyscalculia seem to count sets omgeeven within the typical subitizing
range (<4), exhibiting a progressive increase spoase times for each additional item
(Koontz & Berch, 1996. Moreover, coherent with Rumitoth’s proposal (Butterworth,
1999, 2005), in a vast study of first graders (RefWilger, et al. 2007), subitizing skills
predict directly calculation skills.. In this regarthree main independent components can
support the human numerical representation andepsirtg: an innate capacity to process
small numerosities (e.g. subitizing), secondly thectional use of fingers (fine motor
ability), and the precision of mental finger regmetation (finger gnosis).

In addition, a second important contribution in lexping the achievement in arithmetic in
first graders seems to be finger knowledge. Indéedjrst graders, finger knowledge
strongly correlate with arithmetical achievemenpe@fically, not only finger gnosis
correlates but also partially predicts the subsetueithmetical achievement. Indeed
independent contributions of finger gnosis at Td anT2 influence arithmetical abilities.
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This data is in accordance with a very well docuraéract that finger counting represents
a useful and spontaneous strategy used by chitdrenlve the problems. Again, counting
with fingers is thought to be an important stepnfr@ continuous representation of
numerosity to discrete numbers (Jordan et al., ROQ&riously, the performance in
addition and subtraction problems does not sigamifily differ between children that
explicitly and overtly used finger-counting compart® those who did not use finger
counting. Actually, we did not find any significadifferences contrasting finger counters
versus non-counters in all the investigated fum&ion first graders. It is likely that the
result is due to the fact that, in our case, batiger-counters and non finger-counters

respectively use explicit or implicit finger-reldtprocesses to count.

9.5 Practical implications

All these findings represent an important inputwtthe rising framework of “educational
neuroscience”, regarding new prospective for mattmal education at school. Following
this line, innovative teaching methods should idelunot only typical numerical
components (such, as numerosity acuity) but alke tato considerations the cognitive
contributions of other non-numerical parietal fuocs (e.g. finger gnosis, space
processing, grasping abilities) with the aim to foye the arithmetical learning of
symbolic numbers and arithmetical procedures 8t Graders.

Meanwhile, new educational plans about “proto-miadec” should be introduced from
preschool age so as to strengthen and boost tiye manerical abilities. In this way,
preschool children may have a robust numerical kedge and processing that will help
them during the acquisition of the formal arithroett school.

Finally, these findings allow us to trace additibe@idences regarding the complex pattern
of arithmetical deficits during childhood (develogpntal dyscalculia) and the role of non-

numerical functions for new approaches about thabitation of numerical impairments.
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9.6 Limits and future directions

Although these studies render a clearer cognitie@opma of preschool cognitive
development, the kindergarten-to-school transigippears more uncertain and confusing.
Indeed, despite typical linear trends of cognitiumctions during the preschool age,
important and relevant behavioral discontinuities de found in first graders. These
changes may represent the result of the educatiarfailence on the functional
reorganization of the brain that can elicit quanivie and qualitative modifications in the
behavioral performances in various tasks and iir theerrelations across ages. For these
reasons, it seems highly necessary to understaiter bleis transition phase with further
investigations.

Moreover, a critical observation from the liter&uconcerns the paucity of scientific
evidences regarding preschoolers compared to schgel children, in particular their
cognitive development of numerical abilities and&ational implications.

Specifically, additional investigations could teke real functional association between
functions (e.g. number processing and finger gidei®ugh cognitive training at school.
An example on this line derives from a recent st@@yacia-Bafalluy & Noel, 2008)
regarding the functional link between finger gnaasimgl number skills. Surprisingly, these
authors found that training in finger discriminatiocreases not only finger gnosis but it
improves indirectly numerical performance in schage children. Taken together,
cognitive training on specific functions can regms an interesting research line of
educational neuroscience to improve learning aadhieg methods in both preschool and
school age children.
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Chapter 10
APPENDIX

Gender differences and cognitive development

In the study on preschoolers (Exp. 1), we consa@leo the possible effect of gender on
cognitive development contrasting male versus fenp@rformance, especially regarding
the developmental trajectories of parietal function

Results
The two samples do not show relevant differenceserms of either age distribution

[t(42)=-1.3; p=.197] or task performance (all comgans n.s.). Here, we report briefly the

significant correlations between tasks (p<.050).

Table 1
Numerosity Symbolic Finger SPAN Grasping Faces Objects
comparison number discrimination recognition .

. recognition
comparison

Numerosity

comparison

Symbolic number & - 9(.06)

comparison

Finger 3-2 3(.06) -2

discrimination

SPAN 3-9 3-% 3-%

Grasping ) 3 )

Faces Recogn.

Objects Recogn. 3-Q

Significant correlations fof? femaled male

Correlations analysis and PCA (fig. 1) showed saimdevelopmental trajectories of the
parietal and ventral functions in male and feméldédcen from 3- to 6-years old. The only
cross-gender difference concerns the strongeraictien of grasping abilities with most of
parietal functions in male children compared todésrcounterpart (see table 1).
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Fig. 1. PCA among tasks and divided for gender (on toptemibelow: female). Coefficients of linear

correlation (loadings) express the degree of imfbgeof each variable on the component.
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