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ABSTRACT

In this study, we tested the main prediction derived from the “A Theory Of Magnitude”
or ATOM, according to which discrete (e.g., numbers) and continuous (e.g., space,
material) magnitudes are processed within the right hemisphere. To do so, we examined
11 right brain-damaged patients, 19 left brain-damaged patienss, and 30 healthy
subjects on different tasks assessing magnitude estimation: symbolic and non-symbolic
numerical magnitude as well as spatial (i.e., length) and material (i.e., weight)
magnitude. Contrary to the ATOM’ predictions, we did not find significant
correlations between all the magnitude estimation tasks in right brain-damaged
patients. Correlations between numerical and length magnitudes were found in left
brain-damaged patients and healthy subjects. Our results support the existence of a
partial independence between the different forms of magnitude estimation processing.

Keywords: numerical cognition; numerical magnitude; material magnitude; right
hemisphere
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1. INTRODUCTION

Numerosity and numbers surround us in everyday life. All cultures possess a
vocabulary to refer to quantities and compare sets of objects (e.g., Pica et al., 2004).
Several studies have demonstrated that humans perform additions without a precise
numerical system (e.g., Pica et al., 2004), or that infants (e.g., Izard et al., 2009)
and some animals (Agrillo & Bisazza, 2018) could discriminate numerical
quantities. Based on this propensity for numerosity manipulation, a complex
learned achievement of the human brain has allowed the development of a
symbolic system containing Arabic digits.

In this context, Dehaene and colleagues have developed the Triple Code
Model theory (TCM), which posits the existence of three numerical representations
(e.g., Dehaene & Cohen, 1995). Two codes are symbolic, verbal and culturally
dependent. The auditory-verbal code gives a verbal label to the quantities (e.g., the
word "three"), allowing the counting and retrieval of arithmetic facts via long-term
memory. This code is lateralized in the left angular gyrus and perisylvian areas. The
Arabic code corresponds to the visual form of quantities (e.g., Arabic digits)
allowing parity judgments and resolution of multi-digit operations. This code is
located within the occipito-temporal regions (Dehaene & Cohen, 1995). The third
code is a pre-verbal and non-symbolic representation of quantities, allowing
comparison, estimation and approximate calculation. In other words, this
analogical code contains the number sense linking a symbol to a quantity (Dehaene,
1997). It is innate, automatic and common to all human beings and some animals.
Two preverbal mechanisms underlie the analogical code. Subitizing is defined as
the perception of small quantities without counting (Mandler & Shebo, 1982).
Beyond four elements, the Approximate Number System (ANS) takes over
(Dehaene, 1997; Piazza, 2010; Pica et al., 2004; Verguts & Fias, 2004). This
system supports the numerical quantity representation in an approximate and
compressed manner, so that two sets can be discriminated only if they differ in a
given numerical ratio, according to the Weber law (Piazza, 2010). The data
collected by Dehaene and Cohen (1995) allowed them to implement the analogical
code in both intraparietal sulci (IPS; see also Faye et al., 2019).

More recently, Walsh (2003, 2013) have documented a series of studies, in
which the presence of mutual interference between different types of magnitudes
(i.e., space, time, number) have been reported. He has proposed that the ANS is
not specific to the numerical magnitude but part of a generalized magnitude
system. This hypothesis is part of ATOM (A Theory of Magnitude; Walsh, 2003,
2013) according to which all the prothetic magnitudes, namely the dimensions
described according to "more than-less than" relationships, are represented and
processed in the similar way. The ATOM includes all dimensions that require an
estimation of quantities, whether discrete or continuous. The generalized
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magnitude system might be useful to produce a rapid judgment about the physical
world around us and would be located in the right IPS (Walsh, 2003, 2013; Bueti
& Walsh, 2009). In other words, there would not be a number sense but « sense of
magnitude (Leibovich et al., 2017). However, the literature has mainly focused on
the relationships between magnitudes represented spatially (e.g., number, size,
length). An unresolved issue is whether this sense of magnitude could be extended
to the material magnitudes (e.g., weight) or whether this sense only concerns spatial
magnitudes (e.g., length).

The goal of this article is to tackle this issue. To do so, we tested two patient
groups with left or right brain damage (LBD, RBD) and a control group on (1) a
battery of classical tasks assessing symbolic (Exact Addition, Approximate Addition,
Number Comparison) and non-symbolic (Dot addition, Dot comparison)
numerical skills and (2) two experimental tasks of length and weight estimation.
According to the ATOM, we expected significant correlations between all the tasks
involving magnitude processing (i.e., Number comparison, Dot comparison,
Length estimation, Weight estimation), particularly in the RBD patients. These
predictions diverge from those derived from the TCM concerning the ANS,
according to which associations should be found only between the Approximate
Addition, Number Comparison, Dot Addition and Dot Comparison tasks.

2. METHODS
2.1 Participants

Nineteen right-handed LBD and eleven right-handed RBD patients were recruited
from the rehabilitation unit of the Henry Gabrielle Hospital, Saint-Genis-Laval,
France (see Table 1). The patients were hospitalized following a cerebrovascular
accident. Twenty-four were returned home and 6 were hospitalized. Patients were
included only if (1) they had unilateral brain damage (2) they passed visual perception
tests (e.g., PEGV, OTA; see Table 1) in order to exclude visual deficit (e.g., agnosia)
or spatial neglect, and (3) they could understand the instructions. Patents used their
ipsilesional hand to control for the potential impact of sensorimotor deficits (e.g.,
hemiparesia). Thirty right-handed healthy subjects without psychiatric and
neurological history were matched to the patients with respect to gender, age and
educational level (see Table 1). They were recruited through advertisements published
in pamphlets and posted on social media websites. Half of the control subjects used
their right hand. The other half used their left hand. Written informed consent was
obtained from all participants prior to the study. The study was conducted in
accordance with the Declaration of Helsinki, seventh revision.
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Table 1. Demographic and clinical dara

LBD RBD CONT LBD LBD RBD
(n=19) (n=11) (n=30) versus  versus versus
RBD CONT CONT
Gender (n): /M 9/10 3/8 15/15 ns ns ns
Age (years) 50.90(9.2)  55.13(19.12) 50.79(13) ns ns ns
Education (years) 13.92(3.41)  12.67(3.68)  14.77(2.27) ns ns ns
Laterality (n): 17/0/2 10/0/1 26/1/3 ns ns ns
right/left/ambidextrous
Type of lesions: 16/3 10/1 - ns - -
Ischemic /hemorrhagic
Post-injury delay 19.47(25) 6.09 (5.22) - s - -
(months)
Hemiparesis (n) 4 5 - - -
Hemiplegia (n) 1 0 - - -
Hemianopia (n) 2 1 - ns - -
Visual perception
(PEGV)*
Similar Figures 9.84 9.23 - ns - -
Overlapping Figures 35.73 34.15 - ns - -
Bell test” 1.74 2.9 - ns - -
OTA test’
Oblivion 0.3 1.5 - s - -
Circled 0.1 0 - ns - -
Line bisection test 22 2.3 - ns - -
(percentage of
deviation)”

Legend: LBD, left brain-damaged patients; RBD, right brain-damaged patients; CONT, control
subjects; n, number of participants; F, Female; M, Male; CVA, Cerebrovascular accident; ns, non-
significant (p > .05); s, significant (p < .05). Intergroup comparisons were performed with the x 2 test for
gender, laterality, and type of lesions, and with the Mann-Whitney test for the other variables. Standard
deviations are given in brackets and italics. *Protocole Montréal-Toulouse d’Evaluation des Gnosies
Visuelles (PEGV). In the Similar Figures subtest, the participant had to choose the picture similar to the
target item (pathological score < 8). In the Overlapping Figures subtest, the participant had to choose the
three pictures that compose the target item (as in the Poppelreuter test; pathological score < 30). “Bell
test. The participants had to circle 36 bells scattered on an A4 sheet among distractors (pathological score
> 6 forgotten bells). POTA test. The participant had to circle the full circles and to cross the open circles
arranged on an A3 sheet, displayed horizontally. The pathological score corresponded to three or more
oblivions. “Line bisection test. The participant had to mark the center of 10 lines, presented horizontally,
one after the other (pathological score > 10% of deviation).
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2.2 Assessments
2.2.1 Numerical cognition

For all the tasks presented in this section:

(1) The presentation order of items was random. Participants were prompted to
respond as quickly and accurately as possible;

(2) The symbolic tasks contained Arabic digits in black Calibri on a white
background. The non-symbolic tasks consisted of sets of dots;

(3) The stimuli were presented using the OpenSesame software. The participant
sat approximately 30 cm from the monitor. The response keypad was on the left or
right side of the computer, depending on the hand used. The participant had to press
the right or the left key to respond. This did not concern the task of non-symbolic
addition (see below);

(4) The scores corresponded to the total of correct responses. They were
converted into percentages.

Symbolic tasks

Exact and Approximate Addition. We used the task created by Stanescu-Cosson et al.
(2000). Twenty additions in Arabic notation were presented in two tasks. Problems
with the same digits (e.g., 2 + 2) were excluded. In the Exact Addition task (i.e.,
arithmetic facts), one response was the correct result, and the other was a false result
differing by no more than two units (Figure 1). In the Approximate Addition task,
the correct response corresponded to the exact result with plus or minus one unit of
difference, while the incorrect response deviated by three to eight units from the exact
result (Figure 1). The stimuli appeared for 200 ms and the responses for 1000 ms.
There was a fixation point of 1400 ms between the additions and the responses and
between the responses and the subsequent additions. The test phase was preceded by
four examples. One point was given if the response was correct and 0 point if the
response was incorrect (max = 20 points per task).

Number Comparison. This task was based on the tasks developed by Nuerk and
colleagues (e.g., Nuerk et al, 2004). Forty pairs of two-digit numbers, ranging from
21 t0 99, were presented in Arabic notation (Figure 1). Three parameters were
controlled: (1) the distance between the units (small: 1-3 versus large: 4-8), (2) the
distance between the tens (small: 1-3 versus large: 4-8), (3) the congruence between
the two pairs. A pair was congruent when the unit of the smaller number was also
smaller than the unit of the largest digit (e.g., congruent: 21-57 vs. incongruent: 29-
51). Tens, numbers too close and numbers divisible by each other were excluded.
The ratio between the numbers of each pair was not controlled but the ratio was
different for most of the pairs presented. The ratio between pairs was balanced and
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ranged from 0.2 to 0.4, 0.4 to 0.6, 0.6 to 0.7, and 0.7 to 0.9. The stimuli were
presented for 1000 ms and were separated by a fixation point of 1400 ms. The test
phase was preceded by four examples. One point was given if the response was correct
and 0 point if the response was incorrect (max = 40 points per task).

1400 ms

200ms 1400 ms
e 1400 ms
C - I
o 3o BN o X« |
Ll ol
1400 ms
1000 ms
1400 ms
Time

Figure 1. Symbolic tasks. A and B show the course of the Exact Addition task (A) and the
Approximate Addition (B) task. The participant had to choose either the exact result (A) or the
result closest to the exact result (B) of the addition presented. C illustrates the course of the
Nurmnber Comparison task
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Non-symbolic tasks

Dot Addition. This task was inspired by the work of Barth et al. (2006). Participants
were presented with 40 non-symbolic additions. The operands contained 9 to 30 dots
while the result included 12 to 98 dots (Figure 2). The ratios between the sum of the
first two sets of dots and the third set were plus or minus 0.6 and 0.8. In other words,
we divided and multiplied the correct result of the addition by 0.6 and 0.8 to obtain
the third set of dots. The size of the dots was constant, and their position was
randomized. They were presented in black on a gray background. The first and
second sets of dots appeared for 800 ms, they were separated by the "+" operator for
1000 ms. Then a "RESPONSE" slide was presented for 1400 ms in order to prepare
the participant to give their response. Finally, the third set of dots appeared for 1500
ms. The stimuli were separated by a fixation point of 1400 ms. The task was to
choose whether the third set of dots was smaller than or greater than the sum of the
two sets previously seen. The participant responded using a keyboard by clicking on
"-" for the "smaller" response and "+" for the "greater” response. The test phase was
preceded by eight examples. One point was given if the response was correct and 0
point if the response was incorrect (max = 40 points per task).

A . -
REPONSE
1400 ms
800 ms
1000 ms 300
ms
1400 ms 1500 ms

B

1400 ms

Time

Figure 2. Non-symbolic tasks. A illustrates the Dot Addition task. The participant had 1o choose
if the last set of dots was greater or lower than the sum of the two sets of dots previously seen. B
illustrates the Dor Comparison task
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Dot Comparison. We presented the same pairs as in the Number Comparison task.
Two sets of dots were displayed. The area occupied by the dots was the same for both
sets (Figure 2). The size of the dots was defined randomly through the software
Processing. The stimuli were displayed in white on a black background. They were
presented for 1000 ms and were separated by a fixation point of 1400 ms. The test
phase was preceded by four examples. One point was given if the response was correct
and 0 point if the response was incorrect (max = 40 points per task).

2.2.2 Estimation of physical properties

Length Estimation task. Nine sticks of three different lengths were presented (i.e., 3
cm, 6 cm and 9 cm). These sticks were presented vertically on the side of the assessed
hand. A box was displayed in front of the participant, inside which a cube was placed
at 9 cm, 15 cm, 21 cm or 27 cm from the right side of the box (Figure 3), creating
four different items, each presented four times (e, 16 items, Table 2). The
participant had to select three sticks to make a tool and to drop the cube by inserting
the tool made through the hole located on the right side of the box, without
exceeding the platform. So, for each distance, a best combination of three sticks was
expected (Table 2). A demonstration and two examples were presented before the
testing trials. The score corresponded to the margin of error, namely, the difference in
absolute value between the actual distance of the cube and the participant's tool made
(e.g., the cube was placed at 21 cm and the participant assembled two 3-cm sticks and
one 9-cm stick to make a 15-cm tool; the margin of error is 21 cm — 15 cm = |6
cm |). Then, the absolute error margins of each item were summed (i.e., maximum =
240 cm). This score was converted into percentage values. The higher the percentage
value, the lower the performance.

Neuropsychological Trends — 32/2022
hteps://www.ledonline.it/neuropsychologicaltrends/ - ISSN 1970-3201

15


https://www.ledonline.it/neuropsychologicaltrends

A. Faye - E Osiurak - M. Lesourd - S. Hannoun - F. Cotton - J. Besnard - S. Jacquin-Courtois

Table 2. Best combinations for each item of the Length Estimation task

Items Best combination in cm
1:9cm 3+3+3
2:15cm 3+46+6
3+3+9
3:21 cm 6+6+9
3+9+9
4:27 cm 9+9+9

Weight Estimation task. Nine cubes of three different weights were presented (i.e., 15
g, 30 g and 45 g). These cubes were presented on the side of the assessed hand. A
scale was displayed in front of the participant. A container was hanged at the end of
the left arm. At the end of the right arm, the examiner hanged a target-weight of 23 g,
38 g, 53 g or 68 g (Figure 3), creating four different items, each presented four times
(ie., Table 3). The target-weight was attached to the scale. Participants had to choose
three cubes, which could raise the item-weight up to the rod attached on the foot of
the scale. Participants were allowed to weigh up a weight identical to the item-weight
as well as cubes, but one by one and only with the evaluated hand (Figure 3). So, for
each item-weight, a best combination of three cubes was expected (Table 3). The task
was preceded by a demonstration and two examples. Here, the margin of error
corresponded to the difference in absolute value between the expected weight (i.e., the
weight of the three cubes that raised the item-weight up to the rod) and the
participant’s response (e.g., the item-weight was 53 g and the participant proposed
two 15-g cubes and one 45-g cube; the margin of error is 53 g — 75 g = |22 gl). As
for the Length Estimation task, absolute error margins were added (maximum =
1200 g) and converted into percentage values.
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a

@Q@

Figure 3. Physical properties estimation tasks. A displays the Length Estimation task. The
participant had to choose three sticks (@) 1o drop the cube (b), without the assembled sticks
exceeded the platform on which the cube was placed. B illustrates the Weight Estimation task,
in which the participant had to choose 3 cubes (a) that must be put into the container (b) to
raise the item-weight (c) to the rod. The participant could weigh wp a weight identical (d) to the
item-weight (c)

Table 3. Best combinations for each item of the Length Estimation task

Items Best combination in g
1:23¢ 15+15+15
2:38¢g 15+30+ 30
15+ 15+45
3:53¢g 30+ 30 + 45
15+ 45+ 45
4:68 ¢ 45 +45+45
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2.3 Statistical analysis

Nonparametric statistics were preferred due to the non-normal distribution of some
variables and the small sample sizes. Between-group comparisons were performed
with pairwise Mann-Whitney tests and correlations were assessed with Spearman
rank-order correlations. Statistical significance was set at p < .05.

3. RESULTS
3.1 Between group comparisons

Results are shown in Figure 4 and Table 4. Mann-Whitney tests indicated that LBD
patients had significantly lower scores (M = 81.32) than control subjects (£ = 93.00)
on the Exact Addition task (W = 408.5; p = .004). RBD patients scored significantly
lower (M = 69.09) than control subjects (M = 85.00; W= 79.5; p = .006) and LBD
patients (M = 84.21; W= 52.5, p = 0.026) on the Number Comparison task. RBD
patients also scored significandy lower than control subjects on the Approximate
Addition task (Mrzp=73.18; Mcom= 83.83; W= 108.5; p = .048), the Dot Addition
task (Mgsp = 57.95; Mcom=71.92; W= 100.5; p = .029) and the Dot Comparison
task (Mprsp = 64.32; Mcy=77.17; W=103.5; p = .036), and produced more errors
than control subjects on the Length Estimation task (Mzsp = 8.86; M= 6.29; W=
228.5; p =.031). No other comparison was statistically significant.
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A. Symbolic tasks

A1. Exact addition A2. Approximate addition A3. Number comparison
(: 100
B
s 90
= 80 o o
3 1
13
e 60 i :
8_ 50 ° ° 3
§ 40 = -
‘6 30
g 20 * * *
I
LBD RBD CONT LBD RBD CONT LBD RBD CONT

B. Non-Symbolic tasks

B1. Dot addition B2. Dot comparison
~ 100 2 0
: %
<
< 80
8 7
2 60 =
g 50 §
2 o
E 40

*

s 30
g 20 = 5
o 10 °
©

LBD RBD CONT LBD RBD CONT

C. Estimation of physical properties

C1. Length estimation C2. Weight estimation

*

Errors (in %)

b

LBD RBD CONT LBD RBD CONT

Figure 4. LBD patients, RBD patient’s and control subjects’ performance on the numerical
cognition tasks and the physical properties estimation tasks. A represents the percentage of correct
response in the Symbolic tasks, B in the Non-Symbolic tasks, and C the percentage of errors in
the physical properties estimation tasks. The boxplots represent the median value for each group,
the interquartile range, and the mininum and the maximum. Participants whose performance
was lower or upper of the edge of the box at 0.5 were classified as outliers
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Table 4. LBD patients’, RBD patient’s and control subjects’ performance on the numerical
cognition tasks and the physical properties estimation tasks.

Symbolic Non-Symbolic Physical properties
estimation
FA AA NC DA DC  Lengh Weight
LBD 81.32 73.68 84.21 70.00 76.32 691 17.37
(23.80)  (29.05) (16.18) (17.22) (16.94) (3.62) 6.92)
RBD 89.09 73.18 69.09 57.95 64.32 8.86 15.38

(1480)  (19.01) (2059 (2492) (2086) (427)  (7.07)
CONT 93.00 83.83 85.00 71.92 77.17 6.29 16.13
(1164 (14300 (11.73) (1259 (1361) (332 (472
LBDvs  p=.004* p=29 p=.66 p=45 p=49 p=32 p=41

CONT
RBD vs p=.07 p=048* p=.006* p=.029* p=.036* p=031* p=77
CONT
LBD vs p=-30 p=59  p=026* p=13 p=-08 p=13 p=:46
RBD

Legend: LBD, left LBD, left brain-damaged patients; RBD, right brain-damaged patients; CONT,
control subjects; EA, Exact Addition; AA, Approximate Addition; NC, Number Comparison; DA,
Dot Addition; DC, Dot Comparison; Length, Length Estimation; Weight, Weight Estimation.
Standard deviations are given in brackets and italics. *, statistically significant

3.2 Correlations

Results of correlational analyses are given in Table 5. To correctly interpret the
presence of negative or positive significant correlations between our tasks, it is
noteworthy to remind that the scores of the Length Estimation task and the
Weight Estimation task reflected a percentage of errors, whereas the scores on the
other tests reflected a percentage of correct responses. In LBD patients, the
performance of the Length Estimation task correlated positively with that of the
Weight Estimation task (tho = 0.59, p = .007), and negatively with the
Approximate Addition task (tho = -0.47, p = .041) and the Dot Comparison task
(tho = -0.47, p = .039), the two latter being positively correlated (tho = 0.62, p =
.004). A positive significant correlation was also found between the Dot
Comparison task and the Number Comparison task (tho = 0.54, p = .017). We
also found in RBD patients a positive correlation between the Length Estimation
task and the Weight Estimation task (tho = 0.62, p = .043). The Length
Estimation task was also significandy and negatively correlated to the Exact
Addition task (tho = -0.64, p = .035). Significant positive correlations were also
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reported between the Number Comparison task and the Dot Addition task (tho =
0.68, p =.022), the Number Comparison task and the Dot Comparison task (rho
= 0.94, p <.001), and the Dot Addition task and the Dot Comparison task (rho =
0.65, p = .029). Finally, in control subjects, a significant positive correlation was
obtained between the Length Estimation task and the Dot Comparison task (tho =
0.40, p = .027), the Exact Addition task and the Approximate Addition task (rho =
0.60, p < .001), the Number Comparison task and the Dot Comparison task (rho
=0.51, p =.004), and the Number Comparison task and the Dot Comparison task
(tho = 0.47, p = .009). No other correlation was statistically significant.

Table 5. Correlations between performance of numerical cognition and physical properties
estimation tasks in LBD patients, RBD patients, and control subjects

IBD  Weight EA AA NC DA DC
Length  0.59* 011  -047* 013 036 048"
Weight —— 020 028 0.8 034 -0.19
FA — 0.41 0.29 0.45 0.16
AA — 0.41 0.16 0.62**
NC — 0.07 0.54*
DA — -0.06
RBD  Weight EA AA NC DA DC
Length  0.62*  -0.64*  0.09 035 042 045
Weight —— 057 023 005 008 -0.17
FA — 0.51 0.49 038 0.58
AA — 023 023 0.29
NC — 0.68* 094
DA — 0.65%
CONT  Weight EA AA NC DA DC
Length 0.1 0.09 021 012 022 040
Weight —— 0.14 0.04 0.05 007 017
EA — 0.60"* 004 0.14 0.02
AA — 0.22 0.26 0.01
NC — 0.51%  047*
DA — 0.13

Legend: LBD, left brain-damaged patients; RBD, right brain-damaged patients;
CONT, control subjects; EA, Exact Addition; AA, Approximate Addition; NC,
Number Comparison; DA, Dot Addition; DC, Dot Comparison; Length, Length
Estimation; Weight, Weight Estimation. *, p <.05; **, p <.01; ***, p < .001
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4. DISCUSSION

Globally, our results indicate that RBD patients performed worse than controls on most
of numerical tasks whereas LBD patients scored lower than controls only in the Exact
Addition task. Moreover, concerning the Length and Weight Estimation tasks, RBD
patients showed difficulties but only for the Length Estimation task. Finally, the Length
and Weight estimation tasks correlated together in both brain-damaged patient groups,
but only the Length Estimation task was associated with some numerical tasks. In the
next sections, we discuss these results in light of the predictions derived from the
ATOM and TCM.

The link between the two physical properties estimation tasks reported in both
patient groups is consistent with the ATOM, which suggests the existence of a
generalized magnitude system involved in all prothetic magnitudes (Walsh, 2003,
2013). Support for the ATOM also comes from the associations found in LBD patients
between the Length Estimation task and some numerical tasks. The conclusion of the
existence of a generalized magnitude system is nevertheless to be tempered because of
the absence of links (1) between the Weight Estimation task and the numerical tasks
and (2) between the physical properties estimation tasks and the numerical magnitude
tasks in RBD patients. The latter finding is all the more important because RBD
patients met difficulties in both the Length Estimation task and the numerical
magnitude tasks. Therefore, strong associations between all these tasks could be
expected. Two explanations can be provided.

First, the generalized magnitude system would only include the magnitudes
represented spatially, explaining the link between length estimation and numerical skills.
The magnitudes concerning material properties (e.g., weight) would be handled
through other processes, involving other brain areas than the right IPS. This first
explanation remains viable even if it does not account for the correlation found between
Length and Weight estimation tasks. A second explanation can be offered taking into
consideration this discrepancy. We can suppose a fragmentation of the generalized
magnitude system where the spatial and the material magnitudes would be processed by
connected subsystems. At the cerebral level, Newman et al. (2005) showed that the
lateral occipital complex was involved in the muld-sensory processing of spatal and
matetial properties, the IPS being activated during the processing of spatial properties
and the extra-striated area during the processing of material properties. Finally, these
explanadons support the hypothesis of partial independence (e.g., Cappelletti et al.,
2014) according to which magnitudes share common but partially independent
processes, suggesting interactions and dissociations between different dimensions.

The predictions of the TCM concerning the ANS were not fully confirmed by
our findings in that we found a link between the estimation of length and some
numerical skills. One potential explanation is that the ANS is a subsystem of the
generalized magnitude system more specifically involved in space processing (e.g.,
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mental number line; see just above for a somewhat similar interpretation). Another
explanadion is that some numerical skills such as approximate calculation (e.g., addition)
were involved in our Length Estimation task. Nevertheless, in this context, we should
also observe significant correlations between our Weight Estimation task and addition
tasks, but we did not. Besides, our findings corroborated the TCM as only LBD
patients had difficulties with arithmetic facts assessed with the Exact Addition task,
thereby confirming the left hemisphere specialization for the auditory-verbal code.

The present study presented several limitations. Firstly, the size of samples limited
us in the choice of statistical tests. It would have been interesting to perform ANCOVA
to explore whether covariables had effects on our results (e.g., visuospatial tasks, post-
injury period). Secondly, it has been shown that RBD patients may be deficient in
processing spatial dimensions (Bonato et al., 2012; Calabria et al., 2011). Therefore, it
would have been appropriate to recruit two groups of patients, one with and another
without unilateral spatial neglect. Thirdly, the Length Estimation task certainly needed
working memory and mental rotation skills. We did not explore this aspect in patients.
Future research is needed to explore whether these potential confounds had an impact
on patients’ performance.

To conclude, we would like to stress the strength of the present study, which is the
first one aiming to assess numerical and physical magnitude estimation skills in brain-
damaged patients. Although we found some discrepancies, the fact that physical
properties and numerical magnitude estimation seem to be preferentally impaired after
right brain damage incites us to pursue the research to test the existence of a dependance
or an independence between the different magnitude systems or subsystems. A potential
promising avenue for future research is to adapt our physical properties estimation tasks
to an experimental paradigm that is more inclined to investigate the sense of magnitude.
Indeed, if humans possess a sense of magnitude that shares the same characteristics as
the initial concept of the sense of number (i.e., ANS), then we should observe the same
effects for non-numerical quantities as for numerical quantities. For instance, the well-
known Spatial-Numerical Association of Response Codes (SNARC) effect reflects the
orientation of a “mental number line” (i.e., small numbers are associated with faster left
responses and large numbers with faster right responses in people raised in the context of
left-to-right writing; Dehaene et al., 1993). If this effect is not specific to the sense of
number but extends to other dimensions, then we could imagine reporting it also for
physical quandities such as the spatial dimension or the material dimension. Some
experimental evidence has confirmed the presence of SNARCHike effects for the
temporal dimension (Ishihara et al., 2008) as well as for physical properties, such as size
(Prpic et al., 2020; Sellaro et al., 2015). However, the outstanding question is whether
such an effect can also be found for non-spatial physical properties such as weight.
Exploring this aspect could help us better understand whether the sense of magnitude
can extend to any material dimension.
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