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The ability to accurately process numerical magnitudes and solve mental arithmetic is
of highest importance for schooling and professional career. Although impairments in
these domains in disorders such as developmental dyscalculia (DD) are highly detrimental,
remediation is still sparse. In recent years, transcranial brain stimulation methods such as
transcranial Direct Current Stimulation (tDCS) have been suggested as a treatment for
various neurologic and neuropsychiatric disorders. The posterior parietal cortex (PPC) is
known to be crucially involved in numerical magnitude processing and mental arithmetic.
In this study, we evaluated whether tDCS has a beneficial effect on numerical magnitude
processing and mental arithmetic. Due to the unclear lateralization, we stimulated the
left, right as well as both hemispheres simultaneously in two experiments. We found
that left anodal tDCS significantly enhanced performance in a number comparison and a
subtraction task, while bilateral and right anodal tDCS did not induce any improvements
compared to sham. Our findings demonstrate that the left PPC is causally involved in
numerical magnitude processing and mental arithmetic. Furthermore, we show that these
cognitive functions can be enhanced by means of tDCS. These findings encourage to
further investigate the beneficial effect of tDCS in the domain of mathematics in healthy
and impaired humans.
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INTRODUCTION
The relation between mathematical functions and the brain has
fascinated neuroscientists since centuries. As one of the first mod-
ern neuroscientists, Rudolph Wagner studied the brain of the
mathematical genius Carl Friedrich Gauss in the nineteenth cen-
tury (Hagner, 2004). Over the last decades, a growing body of
neuroimaging research led to a steadily increasing understand-
ing of mathematical functions in the brain. The main focus of
this research was on basic number processing, in particular on
how numerical magnitudes are represented and processed in the
brain. These questions were mainly addressed by administering
number comparison tasks in which participants are presented
with two numerical magnitudes and have to decide which of the
two magnitudes is larger. Already Moyer and Landauer (1967)
employed this task and found that reaction times and error rates
were inversely related to the numerical distance between the two
magnitudes. For instance, discriminating between the numbers 8
and 9 takes longer and is more error-prone than discriminating
between 2 and 7. This distance effect has been replicated several
times and is assumed to derive from the nature of the internal
magnitude representation, which is often modeled as activation
distributions on an oriented mental number line (Nieder, 2005;

Nieder and Dehaene, 2009). Importantly, functional magnetic
resonance imaging (fMRI) studies have observed negative cor-
relations between numerical distance and the activation of the
intraparietal sulcus (IPS), a brain region in the posterior parietal
cortex (PPC; e.g., Pinel et al., 2001; Fias et al., 2003). Since this
brain region has also been found to be systematically involved
in other tasks that require the processing of numerical magni-
tudes (e.g., approximation), there is now wide consensus that
the IPS holds an amodal semantic representation of numeri-
cal magnitudes (Dehaene et al., 2003; Ansari, 2007, 2008). In
most neuroimaging studies, the PPC of both hemispheres is
equally activated in numerical magnitude processing (Arsalidou
and Taylor, 2011). Studies with split-brain patients confirm these
studies by showing that both hemispheres are able to process
numerosities independently (Seymour et al., 1994).

Building on the findings from basic number processing
research, there is now increasing interest into more complex
mathematical functions, such as mental arithmetic. Mental arith-
metic contains operations which are usually taught in school,
such as addition, subtraction, multiplication, or division. Solving
arithmetic problems is typically accompanied by activation in a
widespread network of brain regions. The composition of these
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Experimental design
The subjects attended two sessions which were at least 24 h apart
(Figure 1B; time between the sessions: 4.4 d ± 2.9). The proto-
col was the same as in the first experiment with exception of
the stimulation: the subjects were stimulated with right anodal
(RA) or sham (S) stimulation. The tasks as well as the stimula-
tion duration/intensity were similar as in Experiment 1. For the
stimulation, we used only one standard tDCS-device.

Right-hemispheric anodal tDCS (RA): The anodal electrode
was placed at P4 of the 10–20 system and the reference electrode
was attached to the left supraorbital region.

Sham stimulation (S): For sham stimulation, we used a similar
setup as in RA, with the same sham stimulation parameters as in
Experiment 1.

Statistical analysis
The statistical analysis was conducted using SPSS 19 (IBM Corp.,
Armonk, USA). To evaluate the tDCS-induced effects on per-
formance, we compared the changes (post–pre) in accuracy and
response latencies between the active (RA) and sham stimulation
(S) using paired t-tests.

RESULTS
EXPERIMENT 1
Number comparison
The analysis of the reaction times (Table 1) did not reveal any
significant stimulation effects [F(3, 57) = 1.41, p = 0.25].

Regarding the accuracy (Table 1), we found a significant
difference between the stimulation conditions [F(3, 57) = 4.32,
p = 0.008]. Post-hoc t-tests revealed a significant effect in LA
[t(19) = 3.47, p = 0.009, Figure 3], but not in BA [t(19) = 1.30,
p = 0.627] or BC [t(19) = 2.30, p = 0.099] compared to S. To
validate that these differences are not due to differences in the pre-
test, we additionally compared the accuracies before the stimula-
tion, where we did not find any significant difference [F(3, 57) =
1.08, p = 0.364].

To evaluate the reliability of our data, we also tested whether
we can replicate the distance effect (Moyer and Landauer, 1967).
We split the trials into far (31–50, 80–99) and close (51–79),
similar as in Cappelletti et al. (2007). We found the distance
effect in all sessions for reaction times [Spre: t(19) = 8.78, p <

0.001, all uncorrected, Figure 4; Spost: t(19) = 8.79, p < 0.001;
LApre: t(19) = 6.94, p < 0.001; LApost: t(19) = 9.91, p < 0.001;

FIGURE 3 | Stimulation-induced accuracy changes in the number

comparison task. Subjects significantly improved their accuracy after LA
stimulation, but not after BA or BC compared to S. ∗∗p < 0.01, multiple
comparison corrected.

FIGURE 4 | Distance effect for reaction time and accuracy. In all
sessions, close numbers were solved significantly slower and less
accurate. ∗∗∗p < 0.001.

Table 1 | Effects of tDCS on accuracy and reaction times in Experiment 1.

Spre Spost LApre LApost BApre BApost BCpre BCpost

NUMBER COMPARISON

Accuracy (%) 97.2 (±2.2) 96.0 (±3.1) 96.4 (±3.1) 97.1** (±3.5) 97.2 (±2.3) 96.7 (±2.6) 97.2 (±2.4) 97.6 (±2.2)

Reaction time (ms) 555 (±54) 553 (±45) 569 (±56) 542 (±54) 568 (±76) 540 (±59) 565 (±65) 560 (±76)

SUBTRACTION

Accuracy (%) 94.4 (±2.9) 94.2 (±3.9) 95.0 (±3.1) 95.7 (±2.8) 95.5 (±3.4) 94.7 (±3.0) 95.7 (±2.8) 94.8 (±3.6)

Reaction time (ms) 3893 (±1537) 3749 (±1642) 4262 (±2147) 3668* (±1602) 3909 (±1656) 3636 (±1310) 3811 (±1596) 3575 (±1436)

Mean reaction times (±SD) and accuracies are displayed for every stimulation condition before and after tDCS for the number comparison and subtraction task.

Significant improvement of the active stimulation conditions compared to sham are indicated by **p < 0.01, *p < 0.05.
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BApre: t(19) = 8.72, p < 0.001; BApost: t(19) = 7.57, p < 0.001;
BCpre: t(19) = 13.32, p < 0.001; BCpost: t(19) = 4.82, p < 0.001]
and accuracy [Spre: t(19) = 6.02, p < 0.001, all uncorrected; Spost:
t(19) = 3.97, p = 0.001; LApre: t(19) = 6.44, p < 0.001; LApost:
t(19) = 4.77, p < 0.001; BApre: t(19) = 3.75, p = 0.001; BApost:
t(19) = 5.75, p < 0.001; BCpre: t(19) = 4.80, p < 0.001; BCpost:
t(19) = 3.32, p = 0.004].

We also tested whether the distance effect was influenced
by the stimulation condition. A repeated measures ANOVA of
the differences between close and far trials between pre and
post sessions [e.g., S = (S_farpost – S_closepost) – (S_farpre –
S_closepre)] did not reveal any significant stimulation effect in
reaction time [F(3, 57) = 0.46, p = 0.714] or accuracy [F(3, 57) =
2.55, p = 0.065].

Subtraction
In the reaction times (Table 1), we found a significant effect
of stimulation [F(3, 57) = 3.01, p = 0.037, Figure 5]. Post-hoc t-
tests showed a significant improvement after LA [t(19) = 2.38,
p = 0.048, one-tailed], but not after BA [t(19) = 0.77, p = 1.00]
or BC [t(19) = 0.69, p = 1.00] compared to S. To ensure that
these differences are not due to any differences in the pre-test, we
additionally compared the mean reaction times before the stimu-
lation, where we did not find any significant difference [F(3, 57) =
1.43, p = 0.243].

All subjects solved the subtractions very accurately (Table 1).
The stimulations had no influence on the accuracy [F(3, 57) =
0.57, p = 0.634].

EXPERIMENT 2
Number comparison
The analysis of the mean reaction times (Table 2) did not reveal
any difference between the stimulations [t(15) = 0.95, p = 0.359].
The accuracy (Table 2) did also not differ between the stimulation
conditions [t(15) = −0.58, p = 0.573].

FIGURE 5 | Stimulation-induced improvements in reaction times in

complex subtractions. LA stimulation led to significant performance
increases, whereas the other conditions did not change significantly.
∗p < 0.05, multiple comparison corrected.

Also in this experiment, we found the distance effect for
all conditions in reaction time [Spre: t(15) = 5.56, p < 0.001, all
uncorrected; Spost: t(15) = 4.48, p < 0.001; RApre: t(15) = 5.24,
p < 0.001; RApost: t(15) = 8.66, p < 0.001] and accuracy [Spre:
t(15) = 3.77, p = 0.002, all uncorrected; Spost: t(15) = 5.65, p <

0.001; RApre: t(15) = 4.39, p = 0.001; RApost: t(15) = 4.36, p =
0.001]. There was no stimulation induced change in the distance
effect for reaction times [t(15) = 0.95, p = 0.359] or accuracy
[t(15) = 0.29, p = 0.776].

Subtraction
The reaction times did not change significantly due to the stimu-
lation [t(15) = 1.13, p = 0.275]. Also the accuracy did not differ
significantly [t(15) = 0.07, p = 0.944].

DISCUSSION
In our daily life, it is essential to be able to quickly and cor-
rectly access numerosities and perform more complex numeri-
cal manipulations, such as solving subtractions. Impairments of
these functions, such as in DD, lead to huge challenges during
schooling and professional career (Bynner and Parsons, 1997;
Parsons and Bynner, 2005). In recent years, tDCS (Nitsche and
Paulus, 2000) has been introduced as a promising tool to enhance
cognitive functions (Cohen Kadosh et al., 2012). In this study,
we therefore evaluated whether tDCS could be used to improve
performance in number comparison and mental arithmetic. A
first indication of a beneficial effect of tDCS in learning a new
number-symbol system has been presented by Cohen Kadosh
et al. (2010). The authors found improvements in the acquisi-
tion of new numerical symbols in a small sample of healthy adults
after right-sided anodal stimulation of the PPC. However, other
functions which are important for mathematics, such as numeri-
cal magnitude processing or mental arithmetic, have not yet been
studied.

In the present study, we found that subjects responded signifi-
cantly more accurately after left-sided anodal stimulation (LA) of
the PPC compared to sham stimulation in a number comparison
task. Furthermore, LA also induced performance improvements
compared to sham in a complex subtraction task. These findings
provide the first demonstration that tDCS might be helpful for
improving mathematical performance in several domains.

Table 2 | Effects of tDCS on accuracy and reaction times in

Experiment 2.

Spre Spost RApre RApost

NUMBER COMPARISON

Accuracy (%) 96.7 (±2.4) 96.6 (±2.4) 96.2 (±3.2) 96.6 (±3.4)
Reaction
time (ms)

599 (±71) 576 (±63) 601 (±70) 566 (±51)

SUBTRACTION

Accuracy (%) 92.9 (±4.1) 95.8 (±3.5) 91.9 (±7.6) 94.9 (±4.3)
Reaction
time (ms)

4738 (±2317) 4141 (±1729) 4026 (±1128) 3690 (±875)

Mean reaction times (±SD) and accuracies are displayed for sham and RA

condition before and after tDCS for the number comparison and subtraction task.
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Due to the unclear lateralization of mental arithmetic and
numerical magnitude processing and the unclear interaction of
both hemispheres, we also investigated the effects of simultane-
ous bilateral stimulation using two tDCS devices. Similar setups
have been successfully administered in previous studies (e.g.,
Vines et al., 2008; Lindenberg et al., 2010). Our hypothesis that
the simultaneous stimulation of both hemispheres would lead
to more pronounced effects could, however, not be supported.
We did not find any significant change in performance in both,
the excitation (BA) as well as the inhibition (BC) condition.
This suggests that the interaction between the two hemispheres
might be more complex than, for instance, merely additive.
For instance, it may be organized according to the interhemi-
spheric inhibition (IHI) principle (Ferbert et al., 1992). IHI is
well known from motor cortices (Vines et al., 2006a), and has
already been suggested for the PPC in visual processing (Battelli
et al., 2009). One could therefore speculate that the left PPC,
which turned out to be crucially involved in the tested func-
tions, is inhibited by the right PPC, which could be less important
in the tested functions. A bilateral excitation would therefore
annihilate the beneficial effect of LA. However, such an interac-
tion in the domain of mathematics must be explored in more
depth.

In our second experiment, we did not find any changes in
performance after right-sided anodal PPC stimulation in num-
ber comparison or subtraction. Our findings therefore seem to
contradict the findings by Cohen Kadosh et al. (2010). However,
it should be noted that our study design was different in sev-
eral aspects. First, our study investigated the effects of brain
stimulation on the performance of mathematical tasks, whereas
Cohen Kadosh et al. (2010) investigated the learning of number-
symbol associations over a period of several days. Second, we
used a different stimulation protocol. Cohen Kadosh et al. (2010)
stimulated while the participants learned symbol-numerosity-
associations. We used an offline-tDCS protocol where partic-
ipants performed the tasks before and after the stimulation.
Finally, we assessed different aspects of mathematics. Cohen
Kadosh et al. (2010) were interested in the learning of symbol-
numerosity-associations, whereas we investigated magnitude pro-
cessing and mental arithmetic.

Our finding that only LA improves performance in numeri-
cal magnitude processing is in line with the majority of the TMS
studies which found an impairment after left-sided inhibition
(Göbel et al., 2001; Sandrini et al., 2004; Andres et al., 2005;
Rusconi et al., 2005; Knops et al., 2006; Cappelletti et al., 2007;
Dormal et al., 2008). TMS studies, which investigated right-sided
inhibition, on the other hand, led to inconsistent results (Göbel

et al., 2001; Sandrini et al., 2004; Andres et al., 2005; Cappelletti
et al., 2007; Cohen Kadosh et al., 2007; Dormal et al., 2008).

Likewise, our finding that the left PPC is crucially involved in
subtractions is in line with fMRI-studies which usually show a
slightly left-lateralized activation pattern (Arsalidou and Taylor,
2011). Since no previous brain stimulation study has shown a
beneficial effect of brain stimulation on subtractions, our findings
crucially further the understanding of the PPC during complex
subtractions.

Although we have convincing evidence that LA improves
numerical magnitude processing and complex mental arithmetic,
the present study has one minor limitation. Because we wanted
to avoid that our results might be confounded by effects which
are not related to tDCS or by individual differences, such as
mathematical competence which is known to influence neural
processes (Grabner et al., 2007), we decided to conduct a within-
subjects design. The participants therefore attended four sessions
in Experiment 1. To ensure that training effects do not have any
influence on the results, we counter-balanced the stimulation
conditions across sessions. Furthermore, we compared perfor-
mance changes after the stimulation to the baseline performance,
assessed before stimulation in every session.

The present findings encourage a further exploration of the
beneficial effects of left anodal tDCS at the PPC in the domain
of mathematics. Although we have shown its beneficial effect on
magnitude processing and mental arithmetic, the effect of tDCS
on several aspects of mathematics still needs to be evaluated. In
the domain of mental arithmetic, it should be tested whether LA
also has beneficial effects on operations and strategies other than
the procedures we tested in this study. For example, it should
be tested whether small additions, which are usually retrieved
from memory, also benefit from LA. Furthermore, the effect of
tDCS on the acquisition of arithmetic skills, such as the learn-
ing of arithmetic facts and strategies, should also be evaluated,
because these are key competencies taught in school. Not only
should the effects of LA be tested behaviorally, but also the neural
mechanism underlying these effects should be studied using neu-
roimaging methods such as electroencephalography and fMRI. If
such studies reinforce the usefulness of LA, it has to be assessed
whether these beneficial effects also improve performance in peo-
ple with mathematical disabilities, such as DD or acalculia, where
remediation is still sparse (Cohen Kadosh and Walsh, 2007).
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