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"Faculty of Educational Studies, Adam Mickiewicz University, Poznan, Poland, ?Action and Cognition Laboratory, Faculty of
Psychology and Cognitive Science, Adam Mickiewicz University, Poznan, Poland

One of the most critical skills behind consumer’s behavior is the ability to assess whether
a price after a discount is a real bargain. Yet, the neural underpinnings and cognitive
mechanisms associated with such a skill are largely unknown. While there is general
agreement that the posterior parietal cortex (PPC) on the left is critical for mental
calculations, and there is also recent repetitive transcranial magnetic stimulation (rTMS)
evidence pointing to the supramarginal gyrus (SMG) of the right PPC as crucial for
consumer-like arithmetic (e.g., multi-digit mental addition or subtraction), it is still unknown
whether SMG is involved in calculations of sale prices. Here, we show that the neural
mechanisms underlying discount arithmetic characteristic for shopping are different from
complex addition or subtraction, with discount calculations engaging left SMG more.
We obtained these outcomes by remodeling our laboratory to resemble a shop and asking
participants to calculate prices after discounts (e.g., $8.80-25 or $4.80-75%), while
stimulating left and right SMG with neuronavigated rTMS. Our results indicate that such
complex shopping calculations as establishing the price after a discount involve SMG
asymmetrically, whereas simpler calculations such as price addition do not. These findings
have some consequences for neural models of mathematical cognition and shed some
preliminary light on potential consumer’s behavior in natural settings.

Keywords: mathematical cognition, arithmetic operation, functional lateralization, posterior parietal cortex,
transcranial magnetic stimulation study

INTRODUCTION

Neuropsychological studies in patients and neuroimaging reports in healthy individuals show
that the neural circuits for mental calculations form a complex network of interacting areas.
They involve the parietal lobes, e.g., the bilateral intraparietal sulcus, the posterior subdivisions
of the superior parietal lobules, and the left angular and supramarginal gyri of the inferior
parietal lobule (Gobel et al., 2001; Naccache and Dehaene, 2001; Dehaene et al.,, 2003, 2004;
Eger et al, 2003; Fias et al., 2003; Piazza et al, 2004; Pinel et al, 2004; Nieder, 2005; Sato
et al, 2007; Andres et al., 2008; Brozzoli et al., 2008; Domahs et al,, 2008, 2010; Kaufmann
et al., 2008), as well as the temporal lobes, e.g., the posterior inferior temporal gyrus (Daitch
et al, 2016; Hermes et al., 2017; Yeo et al., 2017; Pinheiro-Chagas et al., 2018, 2019) and
even the left frontal lobe, with the Broca’s area and its vicinity (Schmithorst and Brown, 2004;
Shuman and Kanwisher, 2004; Majerus et al., 2010). While it is still unknown what subdivision
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of this network is the most critical for mental arithmetic,
there is some agreement that such an area should be located
in the posterior parietal cortex (PPC) on the left (Dehaene
et al., 2004; Nieder, 2005). However, recent studies also suggest
that the right PPC may exert some role in such mental operations
too (Arsalidou and Taylor, 2011; Knops and Willmes, 2014;
Sokolowski et al., 2017; Mock et al., 2018). Indeed, there is
evidence that the more difficult/complex the arithmetic task,
the more profound the engagement of the right PPC (Fehr
et al, 2008; Hamid et al, 2011; Vansteensel et al, 2014;
Klichowski and Kroliczak, 2017; Mock et al., 2018; cf. Semenza
and Benavides-Varela, 2017; Semenza et al., 2017). Whether
or not these earlier findings are relevant for more down-to-earth
tasks such as shopping arithmetic, especially discount calculations,
still remains to be seen.

The key evidence to resolve this issue could come from the
use of transcranial magnetic stimulation (TMS), in particular
repetitive TMS (rTMS), because TMS makes it possible to
demonstrate the causal role of a selected brain area in the
operations in question. Meanwhile, rTMS has been used only
in studies on simple mental calculations (i.e., based on single
digits; Salillas et al., 2012; Maurer et al, 2015) that are far
removed from such daily chores as calculating prices in consumers’
heads. To the best of our knowledge, only one rTMS study
thus far has examined multi-digit mental addition (e.g., 23 + 26)
and subtraction (e.g., 49-26), which are much closer to numbers
that consumers are likely to operate on, showing an atypical
lateralization of the rTMS effect (right > left) for the supramarginal
gyrus (SMG), a part of PPC (Montefinese et al., 2017). This
effect is probably related to the fact that in the case of complex
mental calculations on rather unfamiliar or accidental numbers,
the visual working memory is strongly burdened, and there is
also a need for maintaining intermediate results, and therefore,
increased attentional resources (Majerus et al., 2010; Fias et al.,
2013; Sokolowski et al., 2017). In fact, such difficult, memory-
based, processes are supported by the right SMG (Mock et al,,
2018). However, it is not known whether or not the right
SMG is involved in other types of complex arithmetic, e.g.,
calculations of sale prices that are characteristic of everyday
human activities (Dastjerdi et al., 2013). An example is shopping,
wherein for discounts one typically subtracts a percentage value
from small multi-digit numbers, i.e., the ones with values after
the decimal point (e.g., 8.80-50%).

Depending on the type of task, as well as on the conditions
in which a given task is performed, different neural mechanisms
might be invoked for disparate kinds of mental calculations
(Curtis et al.,, 2016; Yusoff et al., 2016; Beller et al., 2018;
Hickendorft et al., 2019). For example, complex addition or
subtraction is based on mechanisms that are distinct from the
ones for complex multiplication or division. Similarly, school
math calculation may engage different neural resources from
those used in a store. Indeed, different complex calculations
can be associated with disparate neural processes (Li et al.,
2018), and therefore, can differentially/asymmetrically engage
different subdivisions of the relevant neural circuits (Yusoff
et al., 2016; Hawes et al., 2019). Thereby, one cannot assume
that in the case of sale price calculations the role of the right

SMG will be the same as in the case of multi-digit mental
addition or subtraction (Montefinese et al.,, 2017). In fact,
operating on familiar numbers that are often seen on shop
labels (e.g., —50% or —25%) — even though they are multi-digit,
and therefore, complex - may not require right-hemisphere
resources such as visual working memory to the extent than
does operating on unfamiliar numbers (which put greater load
on memory capacity, and consequently, require critical
engagement of right SMG; Rosenberg-Lee et al., 2011; Bloechle
et al., 2016; Nemati et al., 2017; Mock et al., 2018). Therefore,
we hypothesized that the right, as compared to left SMG,
might be less critical for calculations of sale prices characteristic
for consumers’ daily behavior. We did not expect to see any
differential engagement of SMG from the two hemispheres in
our control task, that is, price addition.

The outcomes we obtained do not rule out that the right
SMG is involved in complex mental calculation, but its greater
engagement is not specific for all complex arithmetic. Indeed,
in discount arithmetic its role is less pronounced and the left
SMG dominates instead. While these findings may have some
consequences for neural models of mathematical cognition too,
they provide one of the first pieces of evidence unveiling the
neural substrates critical for consumer’s behavior.

MATERIALS AND METHODS

Our study was assessed and approved by the local Ethics
Committee for Research Involving Human Subjects (opinion
#9/10/01/2018). As such, all procedures and manipulations were
carried out in accordance with the principles of the Declaration
of Helsinki 2013 and its recent amendments.

Participants

Twenty healthy volunteers (14 women, age: 20-27, mean = 20.9,
SD = 1.6) who took part in this study gave their written
informed consents prior to participation. All participants had
normal or corrected-to-normal visual acuity. As confirmed by
the results of the revised version of the Edinburgh Handedness
Inventory (Dragovic, 2004), nearly all volunteers (18) declared
themselves as right-handed (laterality quotient = 93.6, SD = 16.3,
laterality score = 60.0, SD = 12.4), whereas two of them were
left-handed (laterality quotient = —58.3, SD = 58.9, laterality
score = —37.5, SD = 38.9). All participants were reimbursed
for their time and efforts, obtaining 50 PLN (approximately
$13 USD) in the form of a gift card to redeem at a shop
with books and CDs.

Stimuli and Procedure
To emulate the processes characteristic for shopping, we remodeled
our laboratory so that it resembled a shop (see Figure 1). For
example, at the entrance to the lab there was a shop sign with
the opening hours. Next to the TMS chair, we put a shopping
basket full of to-be-purchased items, and a supermarket shelf
displaying different products and their prices.

We used stimuli in the form of shop labels with numbers
consisting of values with decimal points and values of discounts.
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Experimental 3 ﬁ’
setup :

FIGURE 1 | Experimental setup. (A) The tracking system for the head and
coil. (B) A supermarket shelf. (C) One of the possible positions of the TMS coil
(here over the right SMG). (D) A shopping basket. The translations of labels in
Polish are the following: “cena” = “price,” “1 szt.” = “one piece,” “prosimy o
przemyslane zakupy” = “please purchase carefully,” and “otwarte” = “open”.

Example stimuli are shown in Figures 2A,B. A participant’s
task was to state the price after a discount (e.g., 8.80
PLN — 50% = 4.40 PLN, see Figure 2D), and in the control
task, a sum of two prices (e.g., 2.50 PLN + 3.50 PLN = 6
PLN, see Figure 2C). The two tasks were presented in
counterbalanced blocks of trials. The order of trials within blocks
was pseudorandomized for different participants. Each block
consisted of 40 trials, including 20 trials with rTMS. The whole
study consisted of two sessions: one with stimulation over the
right SMG and the other over the left SMG, with the order

Adding two prices
A C

rTMS 10Hz

29
s (T
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sz« [N g [T
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FIGURE 2 | Example stimuli and trial structures. (A) Examples of stimuli for
adding two prices. (B) Examples of stimuli for calculating the price after the
discount. (C) Trial structure for adding two prices: In each trial, after a fixation
point presented on a black screen for 500 ms, two shop labels were shown
for a maximum of 6 s. After the onset of a participant’s vocal response, a
black screen was introduced for a period of “6.5 s minus a response time”
prior to the next trial (or in its absence, after a 6-s stimulus duration, for
additional 500 ms). (D) Trial structure for calculating the prices after a
discount: In each trial, after a fixation point presented on a black screen for
500 ms, one shop label and a discount value was shown for a maximum of
6 s (in the case of no response). As before, after the onset of a participant’s
vocal response, a black screen was introduced for a period of 6.5 s minus a
response time or minus stimulus duration. The translations of labels in Polish
are the following: “cena” = “price”, “1 szt.” = “one piece”.

of stimulation sites counterbalanced across participants. Before
the actual experiment, a noTMS training session (i.e., two blocks
consisting of 10 trials) was administered. The stimuli used during
the training session did not appear in the subsequent experiment.

A given stimulus was displayed on a 119.38 cm (47-inch)
LG® TV screen (60 Hz, LG Electronics Inc., Seoul, Korea) and
placed in front of the TMS chair at a distance of 2.28 m.
Stimulus presentation was controlled by Cedrus® SuperLab for
Windows version 4.5.4 (Cedrus® Corp., San Pedro, CA, USA)
installed on a Dell® OptiPlex® 7010 computer (Dell Inc., Round
Rock, TX, USA) and synchronized with the TMS stimulator
using National Instruments PCI-DIO24 Digital I/O Card.
Participants provided their answers vocally, and the experimenter
constantly monitored their accuracies. Response times (RTs) -
as measured by the onsets of vocal reactions — were detected
by the SV-1 Smart Voice Key (Cedrus® Corp., San Pedro, CA,
USA). A given stimulus was preceded by a fixation point in
the form of a white cross over a black background and displayed
for 500 ms. Following a response or after 6 s in the case of
no response, a black screen was introduced between successive
trials. Its duration was equal to 6.5 s minus RTs for the stimulus
preceding it or 500 ms, if the participant did not provide an answer.
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Thus, the duration time for one trial was 7 s in total, but
given that it was the experimenter who initiated the next trial
only after confirming that the coil is still in the proper place,
there was no risk of accumulation effects for subsequent series
of stimulations (Rossi et al., 2009).

rTMS Protocol

We adopted an rTMS protocol from an earlier study by
Montefinese et al. (2017). Following the onset of a stimulus,
namely at 100 ms, the rTMS train consisting of three (10 Hz)
pulses - i.e., the first pulse at 100 ms, the second at 200 ms,
and the last one at 300 ms - was delivered with a Magstim®
Rapid 2 Plus 1 stimulator using a figure-of-eight coil (with
the inner diameter of 70 mm). The angle of the coil relative
to the mid-sagittal plane of the participant’s head was maintained
at 45° as it is the optimal coil orientation for stimulating
PPC areas (Janssen et al, 2015). As in previous studies, a
fixed stimulation intensity of 65% of the maximum stimulator
output was used (for a review of the justifications for using
fixed stimulation intensity, see Robertson et al, 2003; Vesia
et al., 2010; Montefinese et al., 2017). Such stimulation protocol
should result in a slowdown of RTs following rTMS. The TMS
targets (the right and left SMG) were located with frameless
stereotaxic neuronavigation (Brainsight® Frameless, Rogue
Research Inc., Montreal, QC) and marked on the MNI ICBM
152 average brain template. Subsequently, participants’ brains
were warped to this standard space with the Brainsight 2.3.9
registration algorithm for the MNI model head, utilizing five
best landmarks, such as the frontmost, backmost, topmost,
leftmost, and rightmost points on the skull in the scaling-step
procedure. The coordinates of the SMG were selected based
on previous studies (e.g., Potok et al, 2019; for details, see
Figure 3). The positions of the coil and the head were constantly
monitored with the Polaris® Vicra Optical Tracking System
(Northern Digital Inc., Waterloo, ON, Canada) in real time
(see Figure 1A). The coil was held tangentially and perpendicular
to the surface of the scalp, its position was secured with a
dual rod articulated arm (Manfrotto® 244N Variable Friction
Magic Arm, Bassano del Grappa, Italy, see Figure 1C), and
if necessary fine-tuned on-line by the experimenter. Moreover,
to minimize head movements, participants heads were
immobilized with the headrest and side support (see Figure 1).

Data Analyses

In addition to comparisons between means, the main dependent
variable in the critical analyses described below was the difference
in RTs between rTMS over the left SMG and rTMS over the
right SMG, referenced to noTMS baseline. In such comparisons,
negative values indicate response facilitation and positive values
indicate response delay following rTMS. The adopted level of
significance was a = 0.05. For RTs accompanying correctly
performed tasks, outliers greater than 6 s were discarded. All
statistical analyses were carried out using IBM® SPSS Statistics®
for Mac Version 26.0 (IBM Corp., Armonk, NY, USA). To
compare RTs in disparate conditions and differences between
r'TMS effects over the left and right SMG, the following analyses

rTMS targets

FIGURE 3 | The coordinates of our rTMS targets in the Montreal
Neurological Institute (MNI) template-brain space. (A) The sagittal view of the
right SMG site. (B) The sagittal view of the left SMG site. (C) The frontal-plane
view. (D) The transverse-plane view. (E) TMS target site rendered over the
standard brain with TMS coil orientation for the right SMG. (F) TMS target site
rendered over the standard brain with TMS coil orientation for the left SMG.

were performed. Because the two tasks require quite different
calculations, we ran two separate repeated-measures analyses of
variance (rmANOVAs), one for adding prices and one for
calculating discounts, with neural state (noTMS, rTMS-over-the-
left-SMG, and rTMS-over-the-right-SMG) as the within-subjects
factor. The necessary post hoc tests were performed with additional
Bonferroni correction.

RESULTS

Neither the accuracy for adding prices nor calculation of
discounts was affected by rTMS applied to the left or right
SMG. Therefore, further analyses are limited to RTs for correctly
performed calculations in each task.

The following rmANOVA for adding two prices revealed
no significant effect whatsoever, regardless of the stimulation
side (Fp 35 = 0.02, p = 0.98, see Figure 4A, where these
results are expressed as difference scores, relative to noTMS
baseline). Yet, for discount calculations rTMS affected RTs
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A Adding two prices B Calculating the price
after the discount
*
100 - 100 —
90 - 90 -
80 - 80 -
% 70 - % 70 4
E 6o - E 6o -
3 50 - 3 50 -
£ 40 £ 40
2 30 2 30 -
§ 20 1 T § 20 1
@ 10 o 10 1
¢ 0 1 ; ‘ & 01
-10 l -10 -
-20 - -20
-30 - -30 -

rTMS over the rTMS over the
left SMG right SMG

rTMS over the rTMS over the
left SMG right SMG

FIGURE 4 | Results. (A) Adding two prices on shop labels: When

we contrasted rTMS-over-the-left-SMG trials and rTMS-over-the-right-SMG
trials, there were no significant differences in response times. (B) Calculating
the prices after a typical shopping discount: When we contrasted rTMS-over-
the-left-SMG trials with rTMS-over-the-right-SMG trials, there was a
significant delay in response times following left SMG stimulations. Asterisk (*)
indicates significant p (p < 0.05) and “0” the no-stimulation baseline. Error
bars depict standards errors of the means.

differently (F, 35 = 3.6, p < 0.05), and the effect was such
that only rTMS applied to the left SMG, as compared to right
SMG, resulted in a significant slowdown of RTs (the difference
between means = 92 ms, SE = 34 ms, Bonferroni-corrected
p < 0.05). These results are, again, expressed as difference
scores in Figure 4B. None of the results changed when the
two left-handed participants were removed.

DISCUSSION

The outcomes of this study, based on the selected stimulation
coordinates, as well as our shop-price label set, clearly show
that it was the left SMG, as compared to its counterpart on
the right, that was involved more (i.e., was asymmetrically
engaged) in such shopping arithmetic as calculating discounts.
The same type of stimulation, on the other hand, did not
show any hemispheric asymmetries for adding prices. Discount
calculation, a kind of task which is frequently performed by
consumers before purchasing items in large superstores must,
therefore, be dependent on a different involvement of key areas
of the neural circuits underlying complex mental arithmetic
(cf. Montefinese et al., 2017). One can only speculate that in
less familiar settings and with less common prices/labels, a
different asymmetric engagement of SMG would be revealed.
Whether or not, under such circumstances, consumers are
likely to calculate real prices after discounts, rather than trusting
the sellers that there are bargains behind the “-XX%” labels,
is an open question. Yet, consistent with some earlier evidence
discussed above, if the size of the discount (the real price)
was to be compared across different stores, the neural asymmetry
for such processing could easily change its direction.
Importantly, our results indicate that the specific stimulation
site. of our choice, located in a rather anterior subdivision
of the left SMG, plays a causal role in such highly complex

arithmetic as discount price calculations. The greater engagement
of left SMG, as compared to the right one, is consistent with
a notion that this subdivision of PPC is also a part of the
praxis representation network (PRN) for representing and
sequencing highly complex and skilled actions in the typical
brain (Przybylski and Kroliczak, 2017; see also Klichowski
et al., 2020). After all, mathematical cognition is often linked
to skilled manual/finger operations, and thus praxis (Rugani
et al, 2017; Ras et al, 2019). Such embodiment of mental
calculation may partly result from counting out loud and
using fingers in learning arithmetic in childhood, when
counting is a huge challenge (Brozzoli et al,, 2008; Domahs
et al., 2008). Because it takes longer for children to use fingers
for more complex calculations than for less complex ones,
therefore, the asymmetrically organized, more left-lateralized
PRN can be a common framework for these types of mental
arithmetic (Rapin, 2016).

Consistent with some of the above-mentioned arguments,
it is quite unlikely that disparate kinds of mathematical, algebraic,
or even shopping operations on price label contents or money,
would be critically contingent on one specific mechanism,
whether or not linked to SMG as a dominant node in a
neural circuit. In fact, earlier research (e.g., Fias et al., 2003;
Harvey et al., 2017; Kersey and Cantlon, 2017) shows the
involvement of the intraparietal sulcus, the nearby subdivisions
of the superior, as well as the inferior parietal lobule (including
the angular gyrus) in different tasks involving numerosity
processing and numbers. Thus, our null effect following right
SMG TMS in consumers’ discount calculations does not preclude
that more posterior or superior stimulation sites would reveal
their causal contributions to such a task. Indeed, the outcomes
of an earlier study by Montefinese et al. (2017) give pointers
as to what kinds of calculations and stimulation sites should
be used to disclose disparate neural mechanisms contributing
to higher-level processing of numbers or supporting operations
for them. Further questions to be also considered are differences
in the timing when specific nodes of such a network contribute
to disparate calculation tasks. It is, for example, quite possible
that a selection of a different stimulation interval could interfere
more with the discount-calculation task studied here. Whether
or not this would also require different stimulation coordinates
is yet another question to be addressed in future studies.

In sum, based on evidence from rTMS, our report demonstrates
that left SMG, as compared to its right counterpart, plays a
greater role in calculating prices after discounts. No effect of
rTMS applied to left or right SMG was observed in our control
task, that is, price addition. Yet, following study conclusion
our participants claimed that TMS affected their ability to
perform both tasks. This was clearly not the case. A change
in protocol - including different timing of stimulation intervals,
e.g., better correlated with proper chunking of responses leading
to successful price calculations, would be required to show a
casual contribution of SMG (especially SMG on the right) or
other brain areas to both of the studied, but also related,
tasks. While our positive findings add new knowledge to
basic understanding of parietal lobe contributions to shopping
mental calculations, further research is no doubt needed to
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elucidate the complexities of neural contributions to more
sophisticated consumers’ behavior, both in and well beyond
their self-reports.

DATA AVAILABILITY STATEMENT

The datasets generated for this study are available on request
to the corresponding authors.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Ethics committee of Faculty of Psychology and
Cognitive Science, Adam Mickiewicz University, Poznan, Poland.
The patients/participants provided their written informed consent
to participate in this study.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.

REFERENCES

Andres, M., Olivier, E., and Badets, A. (2008). Actions, words, and numbers:
a motor contribution to semantic processing? Curr. Dir. Psychol. Sci. 17,
313-317. doi: 10.1111/j.1467-8721.2008.00597.x

Arsalidou, M., and Taylor, M. J. (2011). Is 2 + 2= 4? Meta-analyses of brain
areas needed for numbers and calculations. Neurolmage 54, 2382-2393. doi:
10.1016/j.neuroimage.2010.10.009

Beller, S., Bender, A., Chrisomalis, S., Jordan, E. M., Overmann, K. A., Saxe, G. B.,
et al. (2018). The cultural challenge in mathematical cognition. J. Numer.
Cogn. 4, 448-463. doi: 10.5964/jnc.v4i2.137

Bloechle, J., Huber, S., Bahnmueller, J., Rennig, J., Willmes, K., Cavdaroglu, S.,
et al. (2016). Fact learning in complex arithmetic—the role of the angular
gyrus revisited. Hum. Brain Mapp. 37, 3061-3079. doi: 10.1002/hbm.23226

Brozzoli, C., Ishihara, M., Gobel, S. M., Salemme, R., Rossetti, Y., and Farne, A.
(2008). Touch perception reveals the dominance of spatial over digital
representation of numbers. Proc. Natl. Acad. Sci. 105, 5644-5648. doi: 10.1073/
pnas.0708414105

Curtis, E. T., Huebner, M. G., and LeFevre, J. A. (2016). The relationship between
problem size and fixation patterns during addition, subtraction, multiplication,
and division. J. Numer. Cogn. 2, 91-115. doi: 10.5964/jnc.v2i2.17

Daitch, A. L., Foster, B. L., Schrouff, J., Rangarajan, V., Kasikci, I, Gattas, S.,
et al. (2016). Mapping human temporal and parietal neuronal population
activity and functional coupling during mathematical cognition. Proc. Natl.
Acad. Sci. 113, E7277-E7286. doi: 10.1073/pnas.1608434113

Dastjerdi, M., Ozker, M., Foster, B. L., Rangarajan, V., and Parvizi, J. (2013).
Numerical processing in the human parietal cortex during experimental
and natural conditions. Nat. Commun. 4:2528. doi: 10.1038/ncomms3528

Dehaene, S., Molko, N., Cohen, L., and Wilson, A. J. (2004). Arithmetic and
the brain. Curr. Opin. Neurobiol. 14, 218-224. doi: 10.1016/j.conb.2004.03.008

Dehaene, S., Piazza, M., Pinel, P, and Cohen, L. (2003). Three parietal circuits
for number processing. Cogn. Neuropsychol. 20, 487-506. doi: 10.1080/
02643290244000239

Domahs, E, Krinzinger, H., and Willmes, K. (2008). Mind the gap between
both hands: evidence for internal finger-based number representations in
children’s mental calculation. Cortex 44, 359-367. doi: 10.1016/j.
cortex.2007.08.001

FUNDING

During the preparation of this manuscript, MK was supported
by scholarship for young outstanding scientists funded by the
Ministry of Science and Higher Education in Poland
(Ministerstwo Nauki i Szkolnictwa Wyzszego, MNiSW, award
#0049/E-336/STYP/11/2016, https://www.gov.pl/web/nauka/) and
by European Cooperation in Science and Technology grant:
European Network on Brain Malformations (Neuro-MIG; CA
COST Action CA16118, https://www.cost.eu). COST is supported
by the EU Framework Programme for Research and Innovation
Horizon 2020. All equipment used was funded by the Ministry
of Science and Higher Education (MNiSW, https://www.gov.
pl/web/nauka/) grant 6168/IA/128/2012 to GK. The funders
had no role in study design, data collection and analysis,
decision to publish, or preparation of the manuscript.

ACKNOWLEDGMENTS

We thank Agnieszka Cybal-Michalska, Dean of Faculty
of Educational Study at Adam Mickiewicz University in
Poznan (https://wse.amu.edu.pl), for purchasing gift cards for
our participants.

Domahs, E, Moeller, K., Huber, S., Willmes, K., and Nuerk, H. -C. (2010).
Embodied numerosity: implicit hand-based representations influence symbolic
number processing across cultures. Cognition 116, 251-266. doi: 10.1016/j.
cognition.2010.05.007

Dragovic, M. (2004). Towards an improved measure of the Edinburgh Handedness
Inventory: a one-factor congeneric measurement model using confirmatory
factor analysis. Laterality 9, 411-419. doi: 10.1080/13576500342000248

Eger, E., Sterzer, P, Russ, M. O., Giraud, A. L., and Kleinschmidt, A. (2003).
A supramodal number representation in human intraparietal cortex. Neuron
37, 719-725. doi: 10.1016/S0896-6273(03)00036-9

Fehr, T., Code, C., and Herrmann, M. (2008). Auditory task presentation reveals
predominantly right hemispheric fMRI activation patterns during mental
calculation. Neurosci. Lett. 431, 39-44. doi: 10.1016/j.neulet.2007.11.016

Fias, W,, Lammertyn, J., Reynvoet, B., Dupont, P, and Orban, G. A. (2003).
Parietal representation of symbolic and nonsymbolic magnitude. J. Cogn.
Neurosci. 15, 47-56. doi: 10.1162/089892903321107819

Fias, W., Menon, V., and Szucs, D. (2013). Multiple components of developmental
dyscalculia. Trend. Neurosci. Educ. 2, 43-47. doi: 10.1016/j.tine.2013.06.006

Gobel, S., Walsh, V., and Rushworth, M. F. (2001). The mental number line
and the human angular gyrus. Neurolmage 14, 1278-1289. doi: 10.1006/
nimg.2001.0927

Hamid, A. I. A,, Yusoff, A. N,, Mukari, S. Z. -M. S., and Mohamad, M. (2011).
Brain activation during addition and subtraction tasks in-noise and in-quiet.
Malays. J. Med. Sci. 18, 3-15.

Harvey, B. M, Ferri, S., and Orban, G. A. (2017). Comparing parietal quantity-
processing mechanisms between humans and macaques. Trends Cogn. Sci.
21, 779-793. doi: 10.1016/j.tics.2017.07.002

Hawes, Z., Sokolowski, H. M., Ononye, C. B., and Ansari, D. (2019). Neural
underpinnings of numerical and spatial cognition: an fMRI meta-analysis of
brain regions associated with symbolic number, arithmetic, and mental rotation.
Neurosci. Biobehav. Rev. 103, 316-336. doi: 10.1016/j.neubiorev.2019.05.007

Hermes, D., Rangarajan, V., Foster, B. L., King, J. R., Kasikci, I, Miller, K. J.,
et al. (2017). Electrophysiological responses in the ventral temporal cortex
during reading of numerals and calculation. Cereb. Cortex 27, 567-575. doi:
10.1093/cercor/bhv250

Hickendorff, M., Torbeyns, J., and Verschaffel, L. (2019). “Multi-digit addition,
subtraction, multiplication, and division strategies” in International handbook

Frontiers in Psychology | www.frontiersin.org

August 2020 | Volume 11 | Article 1930


https://www.frontiersin.org/journals/psychology
www.frontiersin.org
https://www.frontiersin.org/journals/psychology#articles
https://www.gov.pl/web/nauka/
https://www.cost.eu
https://www.gov.pl/web/nauka/
https://www.gov.pl/web/nauka/
https://wse.amu.edu.pl
https://doi.org/10.1111/j.1467-8721.2008.00597.x
https://doi.org/10.1016/j.neuroimage.2010.10.009
https://doi.org/10.5964/jnc.v4i2.137
https://doi.org/10.1002/hbm.23226
https://doi.org/10.1073/pnas.0708414105
https://doi.org/10.1073/pnas.0708414105
https://doi.org/10.5964/jnc.v2i2.17
https://doi.org/10.1073/pnas.1608434113
https://doi.org/10.1038/ncomms3528
https://doi.org/10.1016/j.conb.2004.03.008
https://doi.org/10.1080/02643290244000239
https://doi.org/10.1080/02643290244000239
https://doi.org/10.1016/j.cortex.2007.08.001
https://doi.org/10.1016/j.cortex.2007.08.001
https://doi.org/10.1016/j.cognition.2010.05.007
https://doi.org/10.1016/j.cognition.2010.05.007
https://doi.org/10.1080/13576500342000248
https://doi.org/10.1016/S0896-6273(03)00036-9
https://doi.org/10.1016/j.neulet.2007.11.016
https://doi.org/10.1162/089892903321107819
https://doi.org/10.1016/j.tine.2013.06.006
https://doi.org/10.1006/nimg.2001.0927
https://doi.org/10.1006/nimg.2001.0927
https://doi.org/10.1016/j.tics.2017.07.002
https://doi.org/10.1016/j.neubiorev.2019.05.007
https://doi.org/10.1093/cercor/bhv250

Klichowski and Kroliczak

Mental Shopping Calculations and rTMS

of mathematical learning difficulties. eds. A. Fritz, V. Haase and P. Rasanen
(Cham: Springer), 543-560.

Janssen, A. M., Oostendorp, T. E, and Stegeman, D. F. (2015). The coil orientation
dependency of the electric field induced by TMS for M1 and other brain
areas. J. Neuroeng. Rehabil. 12:47. doi: 10.1186/s12984-015-0036-2

Kaufmann, L., Vogel, S. E., Wood, G., Kremser, C., Schocke, M., Zimmerhackl, L. B.,
et al. (2008). A developmental fMRI study of nonsymbolic numerical and
spatial processing. Cortex 44, 376-385. doi: 10.1016/j.cortex.2007.08.003

Kersey, A. J., and Cantlon, J. E (2017). Neural tuning to numerosity relates
to perceptual tuning in 3-6-year-old children. J. Neurosci. 37, 512-522. doi:
10.1523/JNEUROSCI.0065-16.2016

Klichowski, M., and Kroliczak, G. (2017). Numbers and functional lateralization:
a visual half-field and dichotic listening study in proficient bilinguals.
Neuropsychologia 100, 93-109. doi: 10.1016/j.neuropsychologia.2017.04.019

Klichowski, M., Nowik, A. M., Kroliczak, G., and Lewis, J. W. (2020). Functional
lateralization of tool-sound and action-word processing in a bilingual brain.
Health Psychol. Rep. 8, 10-30. doi: 10.5114/hpr.2020.92718

Knops, A., and Willmes, K. (2014). Numerical ordering and symbolic arithmetic
share frontal and parietal circuits in the right hemisphere. Neurolmage 84,
786-795. doi: 10.1016/j.neuroimage.2013.09.037

Li, M., Liu, D., Li, M., Dong, W., Huang, Y., and Chen, Q. (2018). Addition
and subtraction but not multiplication and division cause shifts of spatial
attention. Front. Hum. Neurosci. 12:183. doi: 10.3389/fnhum.2018.00183

Majerus, S., DArgembeau, A., Martinez Perez, T., Belayachi, S., Van der
Linden, M., Collette, E, et al. (2010). The commonality of neural networks
for verbal and visual short-term memory. J. Cogn. Neurosci. 22, 2570-2593.
doi: 10.1162/jocn.2009.21378

Maurer, S., Tanigawa, N., Sollmann, N., Hauck, T., Ille, S., Boeckh-Behrens, T.,
et al. (2015). Non-invasive mapping of calculation function by repetitive
navigated transcranial magnetic stimulation. Brain Struct. Funct. 221,
3927-3947. doi: 10.1007/s00429-015-1136-2

Mock, J., Huber, S., Bloechle, J., Dietrich, J. E, Bahnmueller, J., Rennig, J.,
et al. (2018). Magnitude processing of symbolic and non-symbolic proportions:
an fMRI study. Behav. Brain Funct. 14:9. doi: 10.1186/s12993-018-0141-z

Montefinese, M., Turco, C., Piccione, F, and Semenza, C. (2017). Causal role
of the posterior parietal cortex for two-digit mental subtraction and
addition: a repetitive TMS study. Neurolmage 155, 72-81. doi: 10.1016/j.
neuroimage.2017.04.058

Naccache, L., and Dehaene, S. (2001). The priming method: imaging unconscious
repetition priming reveals an abstract representation of number in the parietal
lobe. Cereb. Cortex 11, 966-974. doi: 10.1093/cercor/11.10.966

Nemati, P, Schmid, J., Soltanlou, M., Krimly, J. T, Nuerk, H. C., and Gawrilow, C.
(2017). Planning and self-control, but not working memory, directly predict
multiplication performance in adults. . Numer. Cogn. 3, 441-467. doi:
10.5964/jnc.v3i2.61

Nieder, A. (2005). Counting on neurons: the neurobiology of numerical
competence. Nat. Rev. Neurosci. 6, 177-190. doi: 10.1038/nrn1626

Piazza, M., Izard, V., Pinel, P, Le Bihan, D., and Dehaene, S. (2004). Tuning
curves for approximate numerosity in the human intraparietal sulcus. Neuron
44, 547-555. doi: 10.1016/j.neuron.2004.10.014

Pinel, P, Piazza, M., Le Bihan, D., and Dehaene, S. (2004). Distributed and
overlapping cerebral representations of number, size, and luminance during
comparative judgments. Neuron 41, 983-993. doi: 10.1016/50896-6273(04)00107-2

Pinheiro-Chagas, P., Daitch, A., Parvizi, ], and Dehaene, S. (2018). Brain
mechanisms of arithmetic: a crucial role for ventral temporal cortex.
J. Cogn. Neurosci. 30, 1757-1772. doi: 10.1162/jocn_a_01319

Pinheiro-Chagas, P, Piazza, M., and Dehaene, S. (2019). Decoding the processing
stages of mental arithmetic with magnetoencephalography. Cortex 114,
124-139. doi: 10.1016/j.cortex.2018.07.018

Potok, W., Maskiewicz, A., Kroliczak, G., and Marangon, M. (2019). The temporal
involvement of the left supramarginal gyrus in planning functional grasps:
a neuronavigated TMS study. Cortex 111, 16-34. doi: 10.1016/j.cortex.2018.10.010

Przybylski, L., and Kroliczak, G. (2017). Planning functional grasps of simple
tools invokes the hand-independent praxis representation network: an fMRI
study. J. Int. Neuropsychol. Soc. 23, 108-120. doi: 10.1017/51355617716001120

Rapin, I. (2016). Dyscalculia and the calculating brain. Pediatr. Neurol. 61,
11-20. doi: 10.1016/j.pediatrneurol.2016.02.007

Ras, M., Nowik, A. M., Klawiter, A., and Kroliczak, G. (2019). When is the
brain ready for mental actions? Readiness potential for mental calculations.
Acta Neurobiol. Exp. 79, 319-331. doi: 10.21307/ane-2019-036

Robertson, E. M., Theoret, H., and Pascual-Leone, A. (2003). Studies in cognition:
the problems solved and created by transcranial magnetic stimulation.
J. Cogn. Neurosci. 15, 948-960. doi: 10.1162/089892903770007344

Rosenberg-Lee, M., Chang, T. T, Young, C. B., Wu, S., and Menon, V. (2011).
Functional dissociations between four basic arithmetic operations in the
human posterior parietal cortex: a cytoarchitectonic mapping study.
Neuropsychologia 49, 2592-2608. doi: 10.1016/j.neuropsychologia.2011.04.035

Rossi, S., Hallett, M., Rossini, P. M., Pascual-Leone, A., and The Safety of TMS
Consensus Group (2009). Safety, ethical considerations, and application guidelines
for the use of transcranial magnetic stimulation in clinical practice and
research. Clin. Neurophysiol. 120, 2008-2039. doi: 10.1016/j.clinph.2009.08.016

Rugani, R., Betti, S., Ceccarini, F, and Sartori, L. (2017). Act on numbers:
numerical magnitude influences selection and kinematics of finger movement.
Front. Psychol. 8:1481. doi: 10.3389/fpsyg.2017.01481

Salillas, E., Semenza, C., Basso, D., Vecchi, T., and Siegal, M. (2012). Single pulse
TMS induced disruption to right and left parietal cortex on addition and
multiplication. Neurolmage 59, 3159-3165. doi: 10.1016/j.neuroimage.2011.10.093

Sato, M., Cattaneo, L., Rizzolatti, G., and Gallese, V. (2007). Numbers within our
hands: modulation of corticospinal excitability of hand muscles during numerical
judgment. J. Cogn. Neurosci. 19, 684-693. doi: 10.1162/jocn.2007.19.4.684

Schmithorst, V. J., and Brown, R. D. (2004). Empirical validation of the triple-
code model of numerical processing for complex math operations using
functional MRI and group independent component analysis of the mental
addition and subtraction of fractions. Neurolmage 22, 1414-1420. doi:
10.1016/j.neuroimage.2004.03.021

Semenza, C., and Benavides-Varela, S. (2017). Reassessing lateralization in
calculation. Philos. Trans. R. Soc. Lond. Ser. B Biol. Sci. 373:20170044. doi:
10.1098/rstb.2017.0044

Semenza, C,, Salillas, E., De Pallegrin, S., and Della Puppa, A. (2017). Balancing
the 2 hemispheres in simple calculation: evidence from direct cortical
electrostimulation. Cereb. Cortex 27, 4806-4814. doi: 10.1093/cercor/bhw277

Shuman, M., and Kanwisher, N. (2004). Numerical magnitude in the human
parietal lobe: tests of representational generality and domain specificity.
Neuron 44, 557-569. doi: 10.1016/j.neuron.2004.10.008

Sokolowski, H. M., Fias, W., Mousa, A., and Ansari, D. (2017). Common and
distinct brain regions in both parietal and frontal cortex support symbolic
and nonsymbolic number processing in humans: a functional neuroimaging
meta-analysis. Neurolmage 146, 376-394. doi: 10.1016/j.neuroimage.2016.10.028

Vansteensel, M. J., Bleichner, M. G., Freudenburg, Z. V., Hermes, D., Aarnoutse, E. J.,
Leijten, E S., et al. (2014). Spatiotemporal characteristics of electrocortical
brain activity during mental calculation. Hum. Brain Mapp. 35, 5903-5920.
doi: 10.1002/hbm.22593

Vesia, M., Prime, S. L., Yan, X,, Sergio, L. E., and Crawford, J. D. (2010).
Specificity of human parietal saccade and reach regions during transcranial
magnetic stimulation. J. Neurosci. 30, 13053-13065. doi: 10.1523/
JNEUROSCI.1644-10.2010

Yeo, D. J., Wilkey, E. D., and Price, G. R. (2017). The search for the number
form area: a functional neuroimaging meta-analysis. Neurosci. Biobehav. Rev.
78, 145-160. doi: 10.1016/j.neubiorev.2017.04.027

Yusoff, A. N, Ling, T. X., Abd Hamid, A. I, and Mukari, S. Z. M. S. (2016).
Superior temporal gyrus (STG) and cerebellum show different activation profile
during simple arithmetic addition task in quiet and in noisy environment: an
fMRI study. Malays. J. Health Sci. 14, 119-127. doi: 10.17576/JSKM-2016-1402-14

Conflict of Interest: The authors declare that the research was conducted in
the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Copyright © 2020 Klichowski and Kroliczak. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Psychology | www.frontiersin.org

August 2020 | Volume 11 | Article 1930


https://www.frontiersin.org/journals/psychology
www.frontiersin.org
https://www.frontiersin.org/journals/psychology#articles
https://doi.org/10.1186/s12984-015-0036-2
https://doi.org/10.1016/j.cortex.2007.08.003
https://doi.org/10.1523/JNEUROSCI.0065-16.2016
https://doi.org/10.1016/j.neuropsychologia.2017.04.019
https://doi.org/10.5114/hpr.2020.92718
https://doi.org/10.1016/j.neuroimage.2013.09.037
https://doi.org/10.3389/fnhum.2018.00183
https://doi.org/10.1162/jocn.2009.21378
https://doi.org/10.1007/s00429-015-1136-2
https://doi.org/10.1186/s12993-018-0141-z
https://doi.org/10.1016/j.neuroimage.2017.04.058
https://doi.org/10.1016/j.neuroimage.2017.04.058
https://doi.org/10.1093/cercor/11.10.966
https://doi.org/10.5964/jnc.v3i2.61
https://doi.org/10.1038/nrn1626
https://doi.org/10.1016/j.neuron.2004.10.014
https://doi.org/10.1016/S0896-6273(04)00107-2
https://doi.org/10.1162/jocn_a_01319
https://doi.org/10.1016/j.cortex.2018.07.018
https://doi.org/10.1016/j.cortex.2018.10.010
https://doi.org/10.1017/S1355617716001120
https://doi.org/10.1016/j.pediatrneurol.2016.02.007
https://doi.org/10.21307/ane-2019-036
https://doi.org/10.1162/089892903770007344
https://doi.org/10.1016/j.neuropsychologia.2011.04.035
https://doi.org/10.1016/j.clinph.2009.08.016
https://doi.org/10.3389/fpsyg.2017.01481
https://doi.org/10.1016/j.neuroimage.2011.10.093
https://doi.org/10.1162/jocn.2007.19.4.684
https://doi.org/10.1016/j.neuroimage.2004.03.021
https://doi.org/10.1098/rstb.2017.0044
https://doi.org/10.1093/cercor/bhw277
https://doi.org/10.1016/j.neuron.2004.10.008
https://doi.org/10.1016/j.neuroimage.2016.10.028
https://doi.org/10.1002/hbm.22593
https://doi.org/10.1523/JNEUROSCI.1644-10.2010
https://doi.org/10.1523/JNEUROSCI.1644-10.2010
https://doi.org/10.1016/j.neubiorev.2017.04.027
https://doi.org/10.17576/JSKM-2016-1402-14
http://creativecommons.org/licenses/by/4.0/

	Mental Shopping Calculations: 
A Transcranial Magnetic Stimulation Study
	Introduction
	Materials and Methods
	Participants
	Stimuli and Procedure
	rTMS Protocol
	Data Analyses

	Results
	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions﻿﻿

	References

