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ABSTRACT

Fingers can express quantities and thus contribute to the acquisition and manipulation of numbers as well as
the development of arithmetical skills. As embodied entities, the processing of finger numerical configurations
should therefore be facilitated when they match shared cultural representations and are presented close to the body.
To investigate these issues, the present study investigated whether canonical finger configurations are processed

faster than noncanonical configurations or spatially matched dot configurations, and whether their location in the



peripersonal or the extrapersonal space is involved. Analysis of verbal responses to the enumeration of small and
large numerosities showed that participants (N = 30) processed small numerosities faster than large ones and dots
faster than finger configurations despite visuo-spatial matching. Canonical configurations were also processed
faster than noncanonical configurations but for finger numerical stimuli only. Furthermore, the difference in
response time between dots and fingers processing was greater when the stimuli were located in the peripersonal
space than in the extrapersonal space. As a whole, the data suggest that, due to their motor nature, finger numerical
configurations are not processed as simple visual stimuli but in relation to corporal and cultural counting habits,

in agreement with the embodied framework of numerical cognition.

INTRODUCTION

In everyday life, culturally determined finger representations are commonly used to manipulate quantities and
to communicate socially about them (Previtali et al. 2011). For example, fingers are used to keep track of counted
items such as the number of days remaining until Friday. It is also the case when a specific quantity is shown by
using fingers, as when a barman is asked to bring "three more beers" by lifting the hand and extending three fingers
(Fuson 1988; Pika et al. 2009). Although using fingers to express quantities may feel natural, finger-counting and
finger-montring strategies are culturally determined, e.g., the fingers used to express the number three differ
between Europe and Asia (Butterworth 1999a; Ifrah 1981; Wiese 2003a, 2003b) but also in Europe between
Germany and the UK (as nicely illustrated in Quentin Tarantino’s “Inglorious Bastards” where a British spy outs
himself simply by ordering a drink with three fingers up!). If these examples depict well the fact that canonical
finger configurations are frequently used as embodied cognitive tool, an outstanding challenge is to understand to
what extent the access to the semantic representation of numerosity is facilitated by the culturally determined and
the embodied nature of this type of biological numerical stimuli. To address this issue, the current study aimed to
investigate enumeration facilitation through different types of analog representations which, to the best of our

knowledge, have not yet been compared, that is finger and dot representations.

Beyond the cultural differences in the use of fingers in relation to numerical representations (Di Luca and
Pesenti 2011; Domahs et al. 2010), fingers are known to play an important role in reinforcing the understanding
of our number system (Anghileri 2006; Fuson 1988; Gelman and Gallistel 1978; Hughes 1986; Jordan et al. 1992).
Indeed, fingers may provide the sensory-motor roots onto which the number concept grows (Di Luca and Pesenti

2011; Tschentscher et al., 2012) and thus may play a functional role in the development of a mature counting



system (Butterworth 1999b, 2005; Fuson 1988; Fuson et al. 1982; Gelman and Gallistel 1978). Furthermore, it has
been suggested that the embodied aspect of numerical cognition allows the emergence of a routine to link fingers
to objects in a sequential culture-specific order (Fischer 2008; Wiese 2003a), relatively stable over time and which
adapts to the situation (Hohol et al., 2018). Fingers also play a role in the development of arithmetical skills
(Butterworth 1999a; Gracia-Bafalluy and No€l 2008; Hilton 2019; Noél 2005), as small addition problems (e.g.,
5+ 3) can be solved by representing the operands separately on the left and right hands (Geary 1994), thus enabling
the child to keep track of segments of connected words (“five, ... six, seven, eight” ; Fuson et al., 1982), and
suggesting that relying on fingers for the acquisition of numerical knowledge has a causal influence on the learning
process itself (Long et al. 2016; Noél 2005). Referring to fingers has also been found to facilitate basic arithmetical
problem-solving (Domabhs et al. 2008; Guedin et al. 2017; Jordan et al. 1992, 1994). Accordingly, teaching children
to use their hands during arithmetical problem-solving enhanced their performance significantly as compared to
children who were told to keep their hands still (Broaders et al. 2007; Cook et al. 2008). Similarly, rudimentary
finger-counting strategies in adults were found to co-occur with limited numerical knowledge, as observed in
speakers of Munduruku, an Amazonian language with a very small lexicon of number words (Pica et al., 2004).
Therefore, as a bodily anchored self-experience, finger representation provides natural embodied expressions of
numerical quantities (Di Luca and Pesenti 2011; Fischer and Brugger 2011; Sixtus et al. 2017), that may facilitate
numerical operations such as counting and calculation, in both children and adults (Hilton 2019; Moeller et al.

2011; Penner-Wilger and Anderson 2013).

Evidence of the interplay between numbers and finger representations is also provided by functional imaging
studies and neuropsychological cases. The assumption of a link between numbers and finger representations came
initially from the observation of Gerstmann syndrome in neuropsychological patients who, in association with
bilateral parietal cortex damage, exhibited concurrent dyscalculia and finger agnosia, together with dysgraphia and
left-right confusion (Ardila et al. 2000; Gerstmann 1940; Mayer et al. 1999; Rusconi et al. 2010). Other patients
such as those suffering from Apert syndrome are similarly affected. Children with Apert syndrome are born with
syndactyly, i.e. their fingers and toes are fused as a result of a mutation of the fibroblast growth factor receptor 2
(FGFR2) gene (Stark et al. 2015; Wilkie et al. 1995). Such children often undergo several surgical procedures in
early life, which may include separation of the fingers. A recent study suggested that if these children are provided
with some form of activity to help them develop their finger gnosis and fine motor skills, they are more likely to
be able to use their fingers appropriately when learning arithmetical skills (Hilton 2019). Concerning

neuroimaging, fMRI studies have provided evidence of a shared neural network for number processing and finger



control (Tschentscher et al. 2012). This network involves the parietal cortex (in particular the left angular gyrus,
Gobel et al., 2004; Liu et al., 2006; Pesenti et al., 2000; Piazza et al., 2002; Pinel et al., 2004; Zago et al., 2001),
in association with the precentral gyrus (De Jong et al. 1996; Dehaene 1996; Jancke et al. 2000; Kuhtz-Buschbeck
et al. 2003; Liu et al. 2006; Numminen et al. 2004; Pesenti et al. 2000; Pinel et al. 2004; Venkatraman et al. 2005),
and the premotor cortex (Butterworth 1999a; Hanakawa et al. 2003; Rusconi et al. 2005; Sato et al. 2007;
Tschentscher et al. 2012). Accordingly, it was found that regions associated with finger representation within the
left parietal lobe are activated during a variety of mathematical tasks (Penner-Wilger and Anderson 2013). Zago
et al. (2001) also found activation of a finger representation circuit in the left parietal lobe when adults performed
basic arithmetic. These data confirm the close link between finger representation and numerical processing.
Accordingly, the capacity to execute tasks requiring access to finger representation and numerical judgments was
found to be disrupted after transient damage of the left angular gyrus using transcranial magnetic stimulation

(Butterworth 2005; Rusconi et al. 2005).

In support of the shared network hypothesis, the processing of numerical symbols through finger representation
was facilitated when it corresponded to subjects’ finger-counting habits, i.e., canonical finger representation (Di
Luca et al. 2006; Di Luca and Pesenti 2008). Accordingly, adults made fewer errors and were faster in mapping
Arabic digits (1-to-10) to finger configurations when the mapping situation was congruent with participants’
finger-counting habits (Di Luca et al. 2006). The authors hypothesized that canonical finger configurations allow
a direct access to the semantic representation of numerosity, while noncanonical finger configurations require
explicit elaboration to access semantics (Di Luca et al. 2010; Di Luca and Pesenti 2008). In line with this, by using
either canonical finger gestures or vertical bars to present results of simple arithmetical problems, Badets et al.
(2010) demonstrated that simple arithmetical operations are based on finger representation even in adults.
However, like other types of analogical representations, canonical and a fortiori noncanonical finger configurations
are not defined only by numerosity. Indeed, sets of objects are also characterized by other features such as the area
occupied by the elements, which often covary with numerosity (Di Luca et al. 2010; Fornaciai et al. 2017;
Guillaume et al. 2018). Furthermore, the visual enumeration of numerosities might be different regarding canonical
finger configurations as in this case, visual enumeration might involve automatic (visual) recognition of particular
hand shapes (see Crollen et al., 2011), that are not present in noncanonical finger configurations and other
analogical representation such as randomly arranged dot patterns.

Regarding embodied stimuli, the processing of body-related information has often been found to be influenced

by its location in space. For example, Ter Horst, van Lier, and Steenbergen (2011) showed that the mental rotation



of back view of left-right hand presented at different orientations was modulated by whether the hand image was
presented in the participants’ peripersonal (i.e., near to the participants’ body) or extrapersonal (i.e., far from the
participants’ body) space. In their study, while the task was simply to judge the laterality of a hand image, an
increase in response time was observed when the orientation of the hand was incompatible with biomechanical
constraints, although only when the hand image was presented in the peripersonal space. It is indeed
acknowledged that stimuli in the peripersonal space receive special attention and involve multisensory processing
in relation to the motor system (Coello 2018; Ladavas 2015; Rizzolatti et al. 1981). Accordingly, the processing
of embodied numerical stimuli such as finger representation may depend on the location of those stimuli in space,
i.e., in the peripersonal or extrapersonal space.

In this context, the present study investigated numerical processing (small and large numerosities) depending
on stimuli (fingers vs dots), space (peripersonal vs extrapersonal), and configuration (canonical vs noncanonical).
According to the embodied cognition theoretical framework, visual stimuli endowed with functional properties
activate sensorimotor representations that contribute to the perceptual and cognitive processing of those stimuli
(Coello and Fischer 2015; Fischer and Coello 2016). Assuming the embodied processing of finger representations,
we expected the enumeration of numerosities to be facilitated with finger configurations instead of sets of dots.
We also expected small numerosities to be processed faster than large ones. Moreover, enumerating canonical
finger configurations, congruent to participants’ culture, should be processed faster than noncanonical ones
because only canonical configurations favor automatic access to the semantic representation of numerosity (Di
Lucaetal. 2010; Di Luca and Pesenti 2008). Finally, the advantage of cultural-dependent canonical representations

of numerosities should be essentially observed for stimuli presented in the peripersonal space.

METHOD

Participants

Thirty French undergraduate students (mean age: 22.9 years old, range: 18 - 43, 21 females) from the University
of Lille participated in the study and received course credit for their participation. All participants had a normal or
corrected-to-normal vision, reported no motor deficits or developmental disorders and were right-handed
(Oldfield, 1971). They were naive as to the purpose of the study and gave their informed written consent prior to
inclusion. The protocol received approval by the Institutional Ethics Committee (Ref. Number 2018-308-S65) and
was conducted according to the ethical principles of the Declaration of Helsinki (World Medical Association

2014).



Apparatus and Stimuli

The stimuli were displayed on a laptop screen (HP ProBook, 17-inch with 1400 x 900 resolution) using E-
Prime software (Psychology Software Tools, Pittsburgh, PA). A microphone was used to record participants’
responses. The stimuli were two human hands with the same color and luminance (Di Luca and Pesenti 2008) or
two sets of dots presented simultaneously and used as control stimuli. Each hand could express numbers through
the extension of 1 to 4 fingers. The sum of the fingers of both hands corresponded to small (3 - 4) or large (6 - 7)
numerosities. Finger configurations could be either canonical, i.e., related to personal finger counting habits (for
example, representing numerosity 6 by coupling the index and middle fingers of the left hand (numerosity 2) with
the fingers of the index finger to the little finger of the right hand (numerosity 4); see figure 1A). Or they could be
noncanonical, i.e., unrelated to personal finger-counting habits (for example, representing numerosity 6 by
coupling the index and ring fingers of the left hand (2) with the fingers of the middle finger to thumb with the
pinky of the right hand (4); see Figure 1B). The spatial equivalent of finger configurations was used in the form
of dots located at the same location as the fingertips in both the canonical and noncanonical configurations (see
Figure 1C-D). The set of dots thus corresponded the same small and large numerosities as those represented with

the hands.

For both the canonical and non-canonical finger configurations, the two hand stimuli always displayed different
quantities (e.g. 1 and 3 for numerosity 4), whatever the selected numerosity (3, 4, 6, 7). Accordingly, two
symmetrical configurations were selected for each numerosity in the canonical and noncanonical configurations,
as well as for their spatial equivalents (dots). Overall, 16 stimuli with fingers were retained (8 combinations of
canonical configurations and 8 combinations of noncanonical configurations) and 16 patterns of dots (8 canonical

spatial equivalents and 8 noncanonical spatial equivalents of finger configurations).

To present the stimuli in the peripersonal and extrapersonal space, the laptop’s screen was positioned for each
participant at either a distance corresponding to 50% or 150% of their arm length. The peripersonal space was
defined as the space easily reachable with the hand without moving the chest, whereas the extrapersonal space was

defined as the space reachable only as a result of whole-body displacement (Coello 2018; Rizzolatti et al. 1981).

/Insert Figure 1 about here /

Fig. 1 Example of stimuli presented to participants: Canonical finger configurations (panel a); noncanonical finger
configurations (panel b); dot configuration representing spatial equivalent to canonical and noncanonical finger
configurations (panel ¢ and d). Upper panel represents time sequence of presentation of finger configuration



(peripersonal space condition), a central fixation cross was presented for 1 s followed by finger configurations
displayed until participants provided their response (with a maximum time of 3 s, canonical configuration then
noncanonical configuration). Lower panel represents time sequence of dot configurations (spatial equivalents of
canonical / noncanonical configurations). Participants were instructed to enumerate verbally, as fast and accurately
as possible, the numerosity associated with finger or dot configuration. Courtesy of Di Luca and Pesenti, University
of Leuven, Belgium, for images depicting finger configurations.
Procedure

Participants were seated comfortably in front of a table with a laptop screen placed horizontally on top, while
keeping their hands on their lap under the table (palm up). Before starting the experiment, their arithmetical
abilities were assessed by a battery of arithmetical tests composed of addition, subtraction, multiplication and
division problems of increasing difficulty as proposed by Rubinsten and Henik (2005), but using the French version

adapted by Mejias, Grégoire and Noél (2012). In the present study, the usual French finger-counting configurations

were used as all participants had completed their schooling in France and had the same finger-counting habits.

Once the arithmetical evaluation was completed, the experimental task was administered. Each trial began with
a central fixation cross lasting for 1 s followed by the hands/sets of dot stimuli displayed until participants provided
their response recorded through the microphone in a maximum time of 3 s. They were instructed to provide
verbally, as quickly and accurately as possible, the numerosity corresponding to the fingers or dot configurations.
Each response provided by the participant was reported manually on a response sheet by the experimenter for

accuracy analysis (after comparison with the audio files).

The task was divided into two blocks of trials, one for each type of stimulus (fingers or dots), with each stimulus
being presented 8 times in each block. Accordingly, each block (fingers or dots) included 128 trials with 4
Numerosities (3, 4, 6, 7) x 2 Configurations (canonical vs noncanonical — or spatial equivalents) x 2 Symmetrical
presentations (NumI1-Num?2, Num2-Numl) x 8 repetitions. The participants performed each block twice: once
with the stimulus displayed in the peripersonal space, and once with the stimulus displayed in the extrapersonal
space. The order of presentation of the four blocks was counterbalanced between participants and the trial order in
each block was randomized. Overall, 512 trials were conducted by each participant. Rest periods were proposed

between the different blocks, and the full experiment lasted around 1.5 hours.

Data recording and processing

Arithmetical tests



To account for both response time and the proportion of correct answers in the arithmetical tests, we
computed the inverse efficiency score (IES) to obtain an indicator of participants’ arithmetical abilities while
controlling for speed-accuracy trade-off. The IES was obtained by dividing the total time to complete all the

subtests by the accuracy (Snodgrass et al., 2006), according to:

IES=Total response time in arithmetical testsProportion of Correct answer

A high IES corresponded to lower arithmetical ability. We then included the IES as co-variable in the statistical

analysis to account for the variability of participants’ arithmetical abilities.

Experimental task

Response times (RTs) were analyzed from verbal response recordings on correct answers only. For data
analysis, numerosities were pooled with respect to small (3, 4) and large (6, 7) numerosities. Because normality
criteria was not achieved in the data distribution, RTs were analyzed statistically using Mixed-effect models
(Jaeger 2008; Kristensen and Hansen 2004). The augmented Mixed-effect model included the variables Stimulus
(fingers, dots), Space (peripersonal, extrapersonal), Configuration (canonical, noncanonical, or spatial
equivalents), and Numerosity (small, large), as well as their respective interactions as fixed effects, and with
participants and their respective scores in arithmetical tests (i.e., the IES) as random intercepts. This augmented
model was compared to reduced models (i.e., without the fixed effects of interest), using —2LogLikelihood Ratio,
which follows a y? distribution with degrees of freedom equal to the number or parameters used). Parameter
estimates of the models were provided by ¢ values. Effect sizes were estimated using the Rm2 and Rc2
corresponding respectively to the variance explained by fixed factors and the part of the variance explained by
both fixed and random factors. Both were computed with the r.squared GLMM function of the MuMIn 1.15.6

package (MuMIn 2018) using R (version 3.0).

Response accuracy was analyzed from the information reported by the experiment on the response sheet.
Response accuracy calculated as the inverse of proportion of errors (see Table 1). As for RTs, statistical analysis
of response accuracy was conducted using the —2LogLikelihood Ratio Test in order to compare the augmented
Mixed-effect model (including Stimulus, Space, Configuration and Numerosity) to reduced models, with subjects

and IES as random intercepts.

RESULTS



Arithmetical tests

IES score, computed for individual results in the arithmetical tests, was on average 23.3 (SD: 11.8, range: 8 -
69). It correlated negatively with participants’ accuracy score obtained in the experimental tasks (accuracy mean

99.8%; r =-.502). Therefore, IES increased as response accuracy decreased.

Experimental task

A total of 15,360 trials were recorded. After having excluded noisy trials (i.e., trials with noise in the room not
related to participants’ responses) or with no recording (2.8%), 14,931 trials were considered in the data analysis.
From these trials, 4.5% were discarded for response error and another 4.3% of the data were discarded from
analysis due to a response time above or below 2.5 standard deviations from the individual mean in each condition.

Overall, 13,588 trials were retained for the statistical analysis corresponding to 88.5 % of all data recorded.

Response time

Mean RTs are shown in Table 1. The statistical analysis revealed a main effect of Configuration [y(1) = 446,
Rm?= 417, Rc? = .543, p < .001]. RTs for canonical (and spatial equivalents) configurations were shorter than
for noncanonical configurations (estimate = 94 ms, ¢ = 21.30, SE = 4.39, p <.001). There was also a main effect
of Stimulus [y(1) = 1856, Rm?*=.367, Rc? = .493, p < .001]. RTs for fingers were longer than for dots (estimate
=196 ms, t = 44.6, SE = 4.39, p < .001). Furthermore, there was a main effect of Space [(1) = 7945, Rm?= .429,
Rc? = .554, p <.001]. RTs for extrapersonal space were shorter than for peripersonal space (estimate = 45 ms, ¢ =
1.22, SE =4.4, p <.001). The analysis also showed a main effect of Numerosity [y(1) = 7945, Rm?=.800, Rc? =
202, p <.001]. RTs for small numerosities were shorter than for large ones (estimate = 454 ms, ¢t = 103.95, SE =
4.4, p <.001). There was an interaction between Numerosity and Stimuli [:(1) = 94, Rm?= 447, Rc? = .573, p <
.001]. The difference in RTs between small and large numerosities was greater for dots [2(1) = 5285, Rm?= .460,
Rc?=.605, p < .001] than for fingers (1) = 2909, Rm?= 298, Rc®= .451, p < .001; estimate = 84 ms, ¢ = 9.72,
SE = 8.6 ms, p < .001]. Numerosity also interacted with Configuration [x(1) = 209, Rm?= 444, Rc*= .570, p <
.001]. The difference in RTs between small and large numerosities was greater for noncanonical (and spatial
equivalents) [y(1) = 3530, Rm?= .356, Rc?= .482, p <.001] than canonical [;2(1) = 3728, Rm*=.362, Rc*= .503,

p <.001; estimate = 93 ms, ¢ = 1.76 ms, SE = 8.6, p < .001] configurations (see Table 1).



/Insert Table 1 about here /

Furthermore, Space interacted with Stimulus [2(1) = 21.7, Rm?= .450, Rc?= .575, p <.01], due to the fact that
Space influenced RTs for fingers [y%(1) = 5.2, Rm?= .006, Rc?= .153, p < .001], more than for dots [y(1) = 7.8,
Rm?= .009+, Rc?= .145, p < .01]. Indeed, the difference in RTs between the extrapersonal and the peripersonal
space was greater for fingers than for dots (estimate = 39 ms, ¢ = 4.59, SE = 8.6 ms, p < .001). Configuration
interacted with Stimulus [y(1) = 330.4, Rm?= .440, Rc?*= .566, p < .001], due to the fact that RTs were shorter
for canonical than noncanonical configurations with fingers [y2(1) =410, Rm*= .051, Rc*=.197, p <.001; estimate
=157 ms, t=18.3, SE = 8.6 ms, p <.001], but not with spatial equivalents stimuli [y(1) = 2.9, Rm?*=.003", Rc*=
.144, p > .05; see Figure 2]. Finally, the 3-way interaction between Stimulus, Space and Configuration was not

significant [¢(3) = .95, Rm?= . 450, Rc?= .576, p = .759]. No other main effects or interactions were found.

/Insert Figure 2 about here /

Fig 2 Mean RTs in milliseconds as a function of Stimulus (fingers, dots) and Configuration (canonical,
noncanonical — and spatial equivalents) in (a) the peripersonal space and (b) the extrapersonal space

Response accuracy

Statistical analysis of accuracy showed a main effect of Configuration [y(1) = 6.98, Rm*=.162, Rc*= .459, p
< .01], participants being more accurate for combinations of canonical finger with spatially matched dot
configurations than combinations of noncanonical finger with spatially matched dot configurations (estimate =
2.148e+,t=-2.92, SE=17.367¢*, p < .01). Furthermore, Configuration interacted with Numerosity [x:(1) = 5, Rm?*=
171, Rc?= .469, p < .05], the difference in accuracy between small and large numerosities being greater for
combinations of noncanonical finger with spatially matched dot configurations [*(1) = 62.55, Rm?= .155, Rc?=
492, p <.001] than for combinations of canonical finger with spatially matched dot configurations [y(1) = 47.56,
Rm?= .138, Rc?= .38, p < .001; estimate = 2.148¢>, t = 2.06, SE = 1.042¢>, p < .05]. No other effect was found
using the augmented model. Furthermore, participants’ mean accuracy was negatively correlated with mean RT (»

= -.347). This indicates that the data did not simply result from speed-accuracy trade off (see Table 2).

/Insert Table 2 about here /

DISCUSSION



The aim of the present study was to assess whether numerical processing benefits from using stimuli in the form
of finger numerical representations compared to sets of dots used as control stimuli (i.e., spatially matched dots),
but depending on their location in space, i.c., in the peripersonal or the extrapersonal space. According to the
embodied cognition theoretical framework, visual stimuli endowed with functional properties activate
sensorimotor representations that contribute to the perceptual and cognitive processing of those stimuli (Coello
and Fischer 2015; Fischer and Coello 2016). However, it was shown that the activation of sensorimotor
representations occurs predominantly when the visual stimuli are located in the peripersonal space (Bartolo et al.
2014; Wamain et al. 2016). For example, Ter horst et al. (2011) showed that the mental imagery associated with
the laterality judgment of a hand picture was modulated by whether the stimuli were located in either the
peripersonal or extrapersonal space. Accordingly, by assuming embodied processing of finger numerical
representation, we expected in the present study that numerosity processing would be facilitated when finger
representation was used instead of sets of dots, but essentially when the former corresponded to culturally
dependent canonical configurations and were presented in the peripersonal space. Although the data revealed an
interesting pattern of results, our assumptions were not overall validated. With finger configurations, participants
were faster in enumerating small quantities in the presence of canonical rather than noncanonical configurations,
thus confirming previous observations (e.g., Di Luca et al. 2010). Interestingly, this effect was not observed when
finger spatial equivalents (i.e., dots) were considered. This suggests that the difference observed between canonical
and noncanonical finger configurations was not exclusively due to the spatial distribution of the stimuli (i.e., the
spatial contiguity of the fingers). Accordingly, in contrast with noncanonical configurations, finger canonical
configurations seem to involve the specific encoding of numerical representations as a result of the cultural use of
fingers to express quantities (Bender and Beller 2012; Domahs et al. 2010). This interpretation is in agreement
with the embodied framework of numerical cognition (e.g., Andres and Pesenti, 2015; Sixtus et al., 2020). In
addition, dots were processed faster than fingers, which is a novel finding. Although Badets et al. (2010) have
demonstrated that simple arithmetical operations can be facilitated when using finger representation instead of
wooden blocks, major differences need to be pointed out between the procedure used in this study and the present
one. In Badets et al. (2010), the authors used a response-effect compatibility paradigm where the participant’s
verbal answer triggered the presentation of configurations either of fingers or series of rods. In that case, fingers
configurations were used as feedback information not as stimuli. Accordingly, fingers may have contributed to
facilitate number processing by emphasizing the link between the stimuli and the sensorimotor representations,

which was not possible when using the rods as feedback (see also Badets et al., 2012; Badets and Rensonnet,



2015). The present study focuses instead on visual stimuli processing, where dots were processed faster due to
their apparent simplicity allowing fast enumeration. Indeed, it has been proposed that when presenting dot patterns,
numerosity is a primary visual property that can be extracted easily from the visual scene (Burr and Ross, 2008).
In support of this interpretation, steady-state visual evoked potentials acquired using high temporal signal
resolution revealed that changes of numerosity in dot patterns are perceptually discriminated rapidly based on
occipital cortex patterns of activation (Guillaume et al. 2018; Libertus et al. 2011; Park 2017). Moreover, Van
Rinsveld et al. (2020) have recently overcome the issue of intrinsic relation between numerosity and nonnumerical
magnitudes as visual continuous parameters (e.g. the summed area occupied by the dots, which covary with
numerosity) by using a frequency-tagging EEG approach to separately measure responses to numerosity as well
as to continuous magnitudes (numerosity was the only parameter varying periodically without periodic variation
of continuous magnitudes). They show that numerosity presented through dot patterns can be processed at an early
stage in the visual cortex, as some nonnumerical continuous magnitude. Furthermore, using a rapid event-related
functional magnetic resonance imaging paradigm and controlling for non-numerical visual stimulus dimensions,
DeWind et al. (2019) highlighted a specific neural sensitivity to numerosity in the occipital cortex (areas V1, V2,
and V3). This neural activity contrasts with the neural responses generally associated with the processing of
numerical information, as well as that relating to the representation of fingers, which involves more anterior
regions like the parietal cortex (e.g., Naccache and Dehaene 2001; Nieder and Dehaene 2009; Pesenti et al. 2000;
Piazza et al. 2004). Accordingly, it is very likely that the dots in the present study were discriminated at an earlier
stage of information processing than the fingers, thus creating a more direct access to the corresponding numbers.
As previously mentioned, being able to pronounce the number corresponding to a specific finger configuration
depends on participants’ culturally embedded knowledge of how finger configurations are encoded and used to
express quantities (Bender and Beller 2011). This culturally dependent knowledge might therefore be subsumed
by higher cognitive processes associated with conceptual representation (Di Luca et al. 2010). Moreover, the
finding that the dots were processed faster than fingers was observed with both canonical and noncanonical
configurations, which underlines that numbers associated with fingers call upon representations that go beyond

the simple processing of the visual features of the stimuli.

Another important finding is that the difference in response time between dots and fingers processing was
greater when the stimuli were located in the peripersonal space than in the extrapersonal space. This might be due
to the reduction of the visual angle for stimuli presented in the extrapersonal space, which could have been more

beneficial to dot processing. However, this interpretation can be ruled out since fingers and dots were spatially



matched and subtended thus the same visual angle. An alternative interpretation concerns the embodied nature of
finger numerical representations. Since finger representations are likely more than just a different way of mentally
representing numerosities, unlike other stimuli (i.e., visual, verbal, or analogs) they rely on sensorimotor processes
that provide a non-arbitrary correspondence between finger configurations and the numerosity that they express
(Crollen et al. 2011; Di Luca and Pesenti 2011). Supporting this view, a number of experiments have demonstrated
the interference effect of motor activity when numerical information is processed (see for a review Andres et al.
2008). For instance, passive limb movements were found to alter the accuracy of numerical processing (Imbo et
al. 2011; Michaux et al. 2013 but see, Morrissey et al. 2018). The greater difference between dot and finger
processing in the peripersonal space could thus be due to the motor nature of finger numerical stimuli which
influences their processing when located in the peripersonal space. Indeed, objects presented in the peripersonal
space are known to activate sensorimotor representations, unlike those presented in extrapersonal space (Cléry and
Hamed 2018; di Pellegrino and Ladavas 2015; Iachini et al. 2016). However, according to this interpretation, one
could have expected a significant difference between canonical and noncanonical finger configuration for stimuli
located in the peripersonal space. However, this was not the case, perhaps because we used canonical configuration
according to each hand (2 and 4 for 6, for instance), which did not necessarily correspond to the familiar canonical
representation when using the two hands (1 and 5 for six, for instance). Further research would be necessary to
disentangle these interpretations, in particular by combining different finger numerical configurations and different
locations in space. In an educational perspective, this debate takes on its full meaning: it is common to use fingers
as numerical stimuli in order to favor the understanding of abstract Arabic digits. Accordingly, a step further would
be to understand if the access to the semantic representation of numerosity is facilitated by finger montring or
counting configurations, according to the distance of the numerical stimuli: one could expect that in the
extrapersonal space (i.e., displayed on a classroom’s walls), canonical finger configurations should be used for
montring as this respect daily expectancies. While in the peripersonal space (i.e., in the child's notebook), counting
configurations should subserve sensorimotor representations, i.e., congruent with the use that the child makes of
his own fingers as external quantifiers, according to his’her own culture. Accordingly, it would be interesting to
study the processing of canonical finger configuration when used for montring (i.e., for others) or counting (i.e.,

for oneself), depending on their spatial localisation.

Two notable conclusions can thus be drawn from the present study. First, despite their embodied nature,
finger representations were not processed faster than other stimuli, even in the case of canonical configurations.

However, the latter were processed faster than noncanonical configurations. Second, the higher cost of finger



configurations processing compared to other stimuli was even greater in the peripersonal space than in the
extrapersonal space. Together, these findings indicate that finger configurations are not processed as simple visual
stimuli but in relation to body/motor representations. Consequently, their processing depends on both cultural

counting habits and on where they are located in space.
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