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Abstract Concerning calculation function, studies have

already reported on localizing computational function in

patients and volunteers by functional magnetic resonance

imaging and transcranial magnetic stimulation. However,

the development of accurate repetitive navigated TMS

(rTMS) with a considerably higher spatial resolution opens

a new field in cognitive neuroscience. This study was

therefore designed to evaluate the feasibility of rTMS for

locating cortical calculation function in healthy volunteers,

and to establish this technique for future scientific appli-

cations as well as preoperative mapping in brain tumor

patients. Twenty healthy subjects underwent rTMS calcu-

lation mapping using 5 Hz/10 pulses. Fifty-two previously

determined cortical spots of the whole hemispheres were

stimulated on both sides. The subjects were instructed to

perform the calculation task composed of 80 simple

arithmetic operations while rTMS pulses were applied. The

highest error rate (80 %) for all errors of all subjects was

observed in the right ventral precentral gyrus. Concerning

division task, a 45 % error rate was achieved in the left

middle frontal gyrus. The subtraction task showed its

highest error rate (40 %) in the right angular gyrus (anG).

In the addition task a 35 % error rate was observed in the

left anterior superior temporal gyrus. Lastly, the multipli-

cation task induced a maximum error rate of 30 % in the

left anG. rTMS seems feasible as a way to locate cortical

calculation function. Besides language function, the corti-

cal localizations are well in accordance with the current

literature for other modalities or lesion studies.
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aSTG Anterior superior temporal gyrus

BOLD-fMRI Blood oxygen level dependent functional

magnetic resonance imaging

CI Confidence intervals

CPS Cortical parcellation system

DCS Direct cortical stimulation

EMG Electromyogram

fMRI Functional magnetic resonance imaging

hIPS Horizontal segment of the IPS

IPI Inter-picture interval

IPS Intraparietal sulcus

ITG Inferior temporal gyrus

MEP Motor evoked potential

MFG Middle frontal gyrus

mMFG Middle middle frontal gyrus

nTMS Navigated transcranial magnetic

stimulation

oplFG Opercular inferior frontal gyrus

OR Odds ratio

orIFG Orbital part of the inferior frontal gyrus

pMFG Posterior middle frontal gyrus

pMTG Posterior middle temporal gyrus

polIFG Polar inferior frontal gyrus

polMFG Polar middle frontal gyrus

polSFG Polar superior frontal gyrus

polSTG Polar superior temporal gyrus

PSPL Posterior superior parietal lobule

pSTG Posterior superior temporal gyrus

PTI Picture-to-trigger interval

rMT Resting motor threshold

rTMS Repetitive navigated transcranial magnetic

stimulation

TMS Transcranial magnetic stimulation

VAS Visual analogue scale

vPrG Ventral precentral gyrus

Introduction

In neurosurgery as well as in neuroscience, the mapping of

higher cortical and neuropsychological function is of high

importance. Previously, there have been certain studies of

the cortical calculation function reported on localizing

computational function and dyscalculia in patients and

healthy subjects mainly by functional magnetic resonance

imaging (fMRI) and transcranial magnetic stimulation

(TMS). Now, the advanced method of repetitive navigated

TMS (rTMS), especially in comparison to the previously

used technique of non-navigated TMS, allows the

researcher a distinctive and more precise way of locating

neuropsychological cortical function as well as the possi-

bility of combining this technique with various other tasks.

A non-invasive mapping of even those neuropsycho-

logical functions would be helpful not only for preopera-

tive planning, but also for neuropsychological research per

se. Since fMRI (McGraw et al. 2001) was shown to be less

reliable in the vicinity of tumoral lesions, another tech-

nique seems promising: TMS.

This method was established in 1985 to trigger motor-

evoked potentials (MEP) by inducing an electric field

within the motor cortex to find motor-associated areas.

Because of neuronal depolarization, an action potential

could be evoked, which was then measurable as an MEP

(Barker et al. 1985). According to Pascual-Leone et al.

(1991), language-associated areas could be detected via

TMS-induced so-called ‘virtual lesions’, whereby neuronal

activity is inhibited (Pascual-Leone et al. 1991). Yet, on

one hand, this technique was mainly used to detect motor

and language-associated areas (Epstein 1998; Pascual-

Leone et al. 1991; Sollmann et al. 2013a). On the other

hand, it was also used for research purposes regarding

neuropsychological cortical function in general (Van Honk

and Schutter 2004; Rusconi et al. 2005; Andres et al. 2011;

Kadosh et al. 2007). For detection of language and other

higher cortical functions, rTMS is used, which inhibits

cortical function rather than eliciting MEPs. Most of these

neuroimaging studies on arithmetic processing used single-

step arithmetic problems (e.g., 3 ? 4, 4 - 3, 4 9 3);

(Arsalidou and Taylor 2011). One disadvantage of non-

navigated TMS is its relatively low spatial resolution. This

shortcoming can now be faced by the introduction of rTMS

(Ruohonen and Ilmoniemi 1999; Sollmann et al. 2013a). It

allows the researcher a more precise way to locate cortical

function and was furthermore already shown to improve

outcome for the resection of motor eloquently located

intracranial lesions (Frey et al. 2014; Krieg et al. 2014a).

Additionally, there was a good correlation with intraoper-

ative direct cortical stimulation (DCS) revealed for motor

and language function (Krieg et al. 2014a, 2012b; Picht

et al. 2013; Tarapore et al. 2012).

In order to evaluate rTMS for detecting cortical regions

of calculation function and to establish this technique for

future preoperative mapping in brain tumor patients, this

study aims at three issues:

1. The feasibility of locating cortical calculation function

via rTMS per se.

2. Comparing the four arithmetic types of calculation in

terms of their spatial distribution.

3. Investigating differences in arithmetic processing

between the two hemispheres and different cortical

regions.
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Thus, this study, with its solid amount of data con-

cerning the calculation-mapping of both whole hemi-

spheres, represents the first step of establishing this

technique in healthy volunteers.

Materials and methods

Study subjects

Twenty healthy and purely right-handed (according to the

Edinburgh Handedness Inventory) volunteers without

cerebral pathology were enrolled. Eleven volunteers were

female, and nine were male. The median age was

25.0 ± 1.7 years (range 22.0–29.5 years, Table 1). No

volunteer was under any kind of medication. Inclusion

criteria of the participants were German as mother tongue,

right-handedness, written informed consent, and age above

18 years. Exclusion criteria were having a cardiac pace-

maker, a cochlear implant (Rossi et al. 2009), a second

mother tongue, ambidexterity or left-handedness, deep

brain stimulation, any previous neurological medical his-

tory, developmental language deficits, previous seizures,

pathological findings on cranial MRI, or any other neuro-

logical impairment.

Study design

The subjects underwent two rTMS mapping sessions. Both

hemispheres were investigated in a randomized way with a

13–16-day interval between the mappings of each hemi-

sphere. All mappings were conducted by the first author,

who underwent rTMS training on several healthy volun-

teers as well as manufacturer certification prior to this

study to rule out learning curve effects.

Ethics

This current study was conducted with the consent of the

local ethics committee of our university (Ethics Committee

Registration Number 5811/13) and in accordance with the

Declaration of Helsinki. Written informed consent was

provided by all volunteers prior to MRI scans.

MRI acquisition

All volunteers underwent MR imaging prior to the first

rTMS mapping. MRI was performed on a 3 tesla MR

scanner combined with an 8-channel phased array head

coil (Achieva 3 T, Philips Medical Systems, The

Netherlands B.V.). For anatomical co-registration, the

scanning protocol consisted of a 3D gradient echo

sequence (TR/TE 9/4 ms, 1 mm2 isovoxel covering the

whole head, 6 min 58 s acquisition time) without intra-

venous contrast administration. Subsequently, the 3D

dataset was transferred to the rTMS system using the

DICOM standard.

rTMS mapping

Experimental setup

The following experimental setup was applied to all vol-

unteers in an equal manner. Each participant underwent

rTMS mapping twice with the Nexstim eXimia NBS sys-

tem version 4.3 and a NexSpeech� module (Nexstim Oy,

Helsinki, Finland), including a magnetic stimulator with a

biphasic figure-eight TMS coil and a radius of 50 mm,

which was connected to an infrared tracking system (Po-

laris Spectra, Waterloo, ON, Canada); (Picht et al. 2009,

2013; Krieg et al. 2013; Tarapore et al. 2013). The 3D T1-

weighted MRI of the volunteer was used as an anatomical

reference to visualize the analogue brain area receiving

rTMS pulses by the stereotactic infrared tracking system to

track the coil position (Ruohonen and Ilmoniemi 1999;

Ilmoniemi et al. 1999). At first, the resting motor threshold

(rMT) was determined by motor mapping of the con-

tralateral cortical representation of the hand area on each

hemisphere (abductor pollicis brevis and abductor digiti

minimi muscle), as outlined in previous reports (Sollmann

et al. 2013a; Krieg et al. 2012b). The rTMS calculation

mapping was performed afterwards, using 100 % rMT

applied with a frequency of 5 Hz and 10 pulses. Thus, each

train lasted 1.8 s.

Calculation task

Twenty simple arithmetic tasks for each calculation sub-

type (addition, subtraction, division, and multiplication)

were used, such as ‘‘5 ? 6,’’ ‘‘6 - 2,’’ ‘‘1 9 4,’’ or ‘‘9:3,’’

for example. The numbers were presented in black font on

a white background on a 15-inch screen, and the answers

had to be given in one single number in German. All tasks

were displayed in a randomized way on a screen 60 cm in

front of the volunteer.

Calculation mapping procedure

Prior to each rTMS mapping, the volunteers performed a

baseline, where they were instructed to solve the 80 dif-

ferent calculation tasks without any rTMS stimuli or sham

stimulation. The answers to the randomly presented tasks

on the screen had to be given accurately, as fast as pos-

sible, and without any incorrect pronunciation or stutter-

ing. All falsely calculated, misnamed, or wrongly

pronounced tasks were counted and excluded from the
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stimulus sequence, as outlined in Table 1. Each picture of

the calculation task was displayed for 700 ms with a fixed

inter-picture interval (IPI) of 3 s and 0 ms picture-to-

trigger interval (Baptiste and Fehlings 2006), which is the

time from displaying the task on the screen to the onset of

the rTMS pulse train. Exactly the same modalities were

used for the baseline performance as well as for the

calculation mapping procedure. During mapping, the

volunteers had to solve the arithmetic problems in Ger-

man while rTMS pulses were applied. The whole map-

ping session, including the baseline performance without

any stimulation, was video recorded for objective post

hoc analysis (Lioumis et al. 2012). Thus, every answer

could be directly compared in terms of accuracy and

speed with the baseline for precise analysis and docu-

mentation. Local rTMS-induced pain in temporal brain

regions and the remaining hemisphere (convexity) was

evaluated via a visual analogue scale (VAS). The subjects

were asked to rate the pain from 0 (no pain) to 10 points

(maximum imaginable pain) (Table 1).

Stimulated points

The subjects underwent rTMS mapping of each hemisphere

on 52 previously determined spots, which were distributed

over the whole hemispheres and anatomically identified in

every subject (Fig. 1). This is a specialty regarding the fact

that most TMS studies do not stimulate both hemispheres on

such a large amount of cortical spots. These spots were

tagged on the 3D MRI prior to the first mapping in each

participant. The locations of all 52 spots were chosen based

on the experience of various rTMS researchers depending

on their accessibility and the maximum discomfort their

stimulation could cause (Krieg et al. 2013, 2014b; Picht

et al. 2013). Thus, the orbital part of the inferior frontal

gyrus (orIFG), polar superior (polSTG) and middle tem-

poral gyruses (MTG), anterior middle temporal gyrus

(aMTG) and polar superior (polSFG), and polar middle

(polMFG) and polar inferior frontal gyruses (polIFG) were

not investigated. Because stimulation intensity decreases

below 50 V/m (increasing distance between skin and brain),

Table 1 Cohort characteristics

Subject no. Sex Age (years) Correct

Baseline

Pain

VAS convexity

Pain

VAS temporal

RMT

(% output)

Left Right Left Right Left Right Left Right

1 F 23 76 79 2 2 5 6 28 25

2 M 25 78 79 2 3 6 6 32 39

3 M 29 79 80 2 1 6 5 37 29

4 M 25 74 76 1 1 4 7 29 25

5 F 23 77 78 0 2 4 5 27 32

6 M 25 79 79 1 1 2 2 29 28

7 F 24 78 78 2 2 4 4 35 40

8 M 21 75 78 0 1 5 3 35 31

9 M 26 77 78 5 7 6 8 37 39

10 F 23 73 80 4 1 7 5 42 33

11 F 24 77 74 4 5 7 6 38 41

12 F 23 75 76 0 2 1 6 27 27

13 F 23 77 74 2 2 3 3 40 33

14 M 26 77 76 5 4 6 7 40 33

15 F 26 76 75 1 1 3 3 39 35

16 F 24 75 77 5 5 5 7 30 29

17 m 24 75 77 4 4 7 6 30 29

18 f 23 73 78 1 2 4 3 37 32

19 m 27 78 75 2 1 3 2 35 29

20 f 27 73 73 6 4 8 5 41 32

Median – 25 77 78 2 2 4.5 5 35 32

95 % CI – 24–25 75–77 76–78 1.7–3.3 1.7–3.4 4.0–5.7 4.1–5.8 32–37 30–34

p – – 1.000 0.975 0.992 0.997

This table provides an overview of the subjects’ characteristics, including correctly named baseline pictures, pain during stimulation, and

individual resting motor thresholds (rMT)

f female, m male, rMT resting motor threshold, VAS visual analogue scale
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the inferior temporal gyrus (ITG) was excluded as well

(Krieg et al. 2013). The localization of the spots was

described by the cortical parcellation system (CPS) from

Corina et al. (2005). Each of the 52 spots was stimulated

three times. Between the visual display of two images, the

stimulation coil was moved to the next spot, to reach

maximum field induction. The coil was placed tangential to

the skull in strict anterior–posterior field orientation

(Lioumis et al. 2012; Wassermann et al. 1999; Epstein et al.

1996). Within the brain region of interest, the electric field

strength ranged between 55 and 80 V/m for all volunteers.

Video data analysis

The analysis of the recorded videos of all rTMS sessions

was performed as described in previous publications

(Sollmann et al. 2013b; Lioumis et al. 2012; Krieg et al.

2014b; Tarapore et al. 2013). In every case, the investigator

was blinded to stimulated cortical spots and previous

results. The baseline performance was analyzed first, fol-

lowed by the task performance during stimulation. Any

impairment of calculation, like incorrectly given answers,

hesitations, or language deficits, was compared to the

baseline. Therefore, the rTMS-induced errors were cate-

gorized into the following error types:

• No-response errors (no answer at all during stimulation)

• Hesitations (delayed answer during stimulation)

• Calculation errors

If at least one out of the three stimulations per spot

evoked any error, the associated cortical region was con-

sidered as error-positive for the calculation task. Therefore,

the error rates were evaluated in two different ways:

1. Error rates for all errors per total number of stimula-

tions; in this case the error rate describes the actually

made mistakes or errors per specified category in

percentage.

2. Error rates for subjects who generated errors per all

stimulated subjects.

Statistical analysis

The error rate was defined as the quotient of the number of

rTMS-induced calculation errors divided by the number of

calculation tasks and rTMS stimulation. For testing the

distribution of various attributes, we performed a Chi

square test. We compared all errors of all stimulations in

the entire calculation mapping in the left versus the right

hemisphere. Differences in error rates between the two

hemispheres were tested using the Mann–Whitney–Wil-

coxon test for multiple comparisons on ranks for inde-

pendent samples for non-parametric distributions.

Therefore we compared the error rates for all errors of all

subjects separated for each type of arithmetic operations

(addition, subtraction, multiplication, division) in the left

versus the right hemisphere. Furthermore, we tested the

differences in error rates regarding the four basic types of

arithmetic problems, using the ANOVA Kruskal–Wallis

test by comparing these error rates for all errors of all

subjects within one hemisphere. All results are presented as

odds ratios (OR) with 95 % confidence intervals (CI)

(GraphPad Prism 6.04, La Jolla, CA, USA). The level of

significance was 0.05 (two-sided) for each statistical test.

Results

The mapping procedure was generally well tolerated by all

volunteers. The mean levels of discomfort during stimu-

lation according to the VAS were 2.5 ± 1.7 (range 0–7) for

the convexity and 4.9 ± 1.7 (range 1–8) for the temporal

region due to temporal muscle activation (Table 1). The

mean rMT for the mapping sessions was 33.2 ± 4.9 %

(range 25–42 %) of the maximum stimulator output. Errors

during baseline performance ranged from 0 to 7 out of 80

presented tasks, with a median of 77 (CI 0.95–1.0) for

correctly given answers. Table 1 provides an overview of

subject and mapping characteristics.

All calculation tasks

Table 3 provides an overview of the different types of

errors observed in all subjects including no-response,

hesitation, division, subtraction, addition, and multiplica-

tion errors and error rates. Additionally, Table 4 illustrates

Fig. 1 Mapping template with cortical parcellation system. Mapping

template with 52 previously determined cortical spots over the left

and right hemispheres. Each spot was stimulated with 3 stimulation

trains using 5 Hz/10 pulses. The left and right hemispheres were

investigated in a randomized manner with an interval of 2 weeks

between mappings. The cortical parcellation system (CPS) and its

anatomical areas are outlined as described in Corina et al. (2005). The

abbreviations are explained in Table 2

Brain Struct Funct (2016) 221:3927–3947 3931

123



all generated errors regarding the 52 stimulation spots.

Table 5 shows the median error rates for all errors of all

subjects regarding the CPS regions and lobes. Moreover,

Table 6 shows the median error rates for all errors of all

stimulations concerning the CPS regions.

Comparing all error rates of the calculation tasks and the

four types of arithmetic problems, we observed the highest

error rate (35 %) for all errors of the stimulations in the

ventral precentral gyrus (vPrG; stimulation point 23) of the

right hemisphere, and in the left hemisphere’s middle

middle frontal gyrus (mMFG; stimulation point 13) and

angular gyrus (anG; stimulation point 46) with a 37 %

error rate each (Table 4).

Concerning the number of subjects with actual errors at

each specific spot, Figs. 2, 7a and Table 3 illustrate all

errors for the total number of subjects with a high error rate

of 80 % of participants in the right vPrG (stimulation point

23) and 65 % in the left mMFG (stimulation points 12 and

13) and anG (stimulation point 45). In total, the whole right

hemisphere generated an error rate of 44 % for all errors

per subjects, and concerning the entire left hemisphere we

observed a 43 % error rate. Regarding all generated errors

of all stimulations in the left versus the right hemisphere,

we could not show any statistical significance (p = 0.570).

Nevertheless, Fig. 7a graphically illustrates the slightly

higher error frequency in the right hemisphere.

Division task

Errors per stimulations

The highest error rate for all errors of all stimulations was

located in the right hemisphere’s vPrG (13 %; stimulation

point 23) and in the left hemisphere’s posterior superior

temporal gyrus (pSTG; 17 %; stimulation point 38)

(Table 4). Table 6 moreover provides an overview of the

highest median error rate of 11 % concerning the CPS

regions and all errors of all subjects in the left triangular

inferior frontal gyrus (Tables 2, 6).

Subjects with errors per stimulated subjects

Out of all stimulations during division, error rates of 40 %

occurred in the right vPrG (stimulation point 23) and 45 %

in the left mMFG (stimulation point 12) for all errors of all

subjects (Figs. 3, 7b; Table 3). The whole right hemisphere

generated an error rate of 18 % for all errors per subjects,

and the total error rate for the left hemisphere was 18 % as

well. Comparing all errors in the left and right hemispheres

concerning the error rate of all subjects, there was no sta-

tistical significance observed (p = 0.867).

Subtraction task

Errors per stimulations

During this task, we located the highest error rate for all

errors of all stimulations in the right anG (13 %; stimula-

tion point 43), after this the left mMFG (stimulation point

13) and the left anG (10 %; stimulation point 42) (Table 4).

We furthermore detected the highest median error rates

regarding the CPS regions of 11 % for all errors of all

stimulations summarized in the right posterior supra-

marginal gyrus (pSMG) (Tables 2, 6).

Subjects with errors per stimulated subjects

Comparing all errors of all subjects, the highest rate

occurred in the right anG of 40 % (stimulation point 43),

and in the left mMFG (stimulation point 13) and anG

(stimulation point 42) of 30 % each (Figs. 4, 7c; Table 3).

Fig. 2 Error rate in entire calculation task. This is the error rate for

all errors of all subjects generated during the entire calculation task.

Gray represents the lowest observed error rate, and dark red

represents the highest. The highest error rates were observed in the

right ventral precentral gyrus (vPrG; 80 %) and in the left middle

middle frontal gyrus (mMFG; 65 %) and angular gyrus (anG; 65 %)
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Concerning the whole hemispheres, we observed an error

rate of 16 % for all errors of all subjects in the right

hemisphere, as graphically displayed in Fig. 7c, and a

13 % error rate for the left hemisphere. Comparing the

error rates of all errors per subjects in total, we found no

statistical significance (p = 0.111).

Addition task

Errors per stimulations

We detected the highest error rate for all errors per stim-

ulations in the right posterior middle frontal gyrus (pMFG;

8 %; stimulation point 18), the right pSTG (8 %; stimula-

tion point 38), and the anG (8 %; stimulation point 40)

(Table 4). Furthermore, the left opercular inferior frontal

gyrus (opIFG; stimulation point 9) and the left anterior

superior temporal gyrus (aSTG; stimulation point 24)

showed error rates of 12 % each. With regard to the highest

median error rates of the CPS regions, we located the

highest error rates of 35 % in the left anterior superior

temporal gyrus (aSTG) (Tables 2, 5, 6).

Subjects with errors per stimulated subjects

Concerning all errors of all subjects, rTMS was able to

elicit an error rate of 25 % in the right pMFG (stimulation

point 18), pSTG (stimulation point 38), and anG (stimu-

lation point 40), as well as an error rate of 35 % in the left

aSTG (stimulation point 24) (Figs. 5, 7d; Table 3). Com-

paring the hemispheres, we observed a total error rate for

all errors of all subjects of 11 % for the whole right

hemisphere, and 12 % for the left hemisphere. Comparing

the two hemispheres and all observed errors for all sub-

jects, there was no statistically significant difference

revealed (p = 0.595).

Multiplication task

Errors per stimulations

The highest error rate for all errors of all stimulations was

observed in the right mMFG (8 %; stimulation points 7 and

8), the right pSTG (8 %; stimulation point 38) and the right

polar lateral occipital gyrus (polLOG; 8 %; stimulation

point 52). In addition, the left anG (stimulation point 46)

was characterized by an error rate of 15 % (Tables 2, 4, 6).

Subjects with errors per stimulated subjects

The highest error rate for all errors of all subjects was

located in the right mMFG (25 %; stimulation points 7 and

8) and poILOG (25 %; stimulation point 52) as well as in

the left anG (30 %; stimulation point 46) (Figs. 6, 7e;

Table 3). When further comparing both hemispheres, a

corresponding error rate of 10 % for each of both hemi-

spheres was observed due to rTMS (p = 0.803).

Table 2 Cortical parcellation system

Abbreviation Anatomy

aITG Anterior inferior temporal gyrus

aMFG Anterior middle frontal gyrus

aMTG Anterior middle temporal gyrus

anG Angular gyrus

aSFG Anterior superior frontal gyrus

aSMG Anterior supramarginal gyrus

aSTG Anterior superior temporal gyrus

dLOG Dorsal lateral occipital gyrus

dPoG Dorsal post-central gyrus

dPrG Dorsal pre-central gyrus

mITG Middle inferior temporal gyrus

mMFG Middle middle frontal gyrus

mMTG Middle middle temporal gyrus

mPoG Middle post-central gyrus

mPrG Middle pre-central gyrus

mSFG Middle superior frontal gyrus

mSTG Middle superior temporal gyrus

opIFG Opercular inferior frontal gyrus

orIFG Orbital part of the inferior frontal gyrus

pITG Posterior inferior temporal gyrus

pMFG Posterior middle frontal gyrus

pMTG Posterior middle temporal gyrus

polIFG Polar inferior frontal gyrus

polITG Polar inferior temporal gyrus

polLOG Polar lateral occipital gyrus

polMFG Polar middle frontal gyrus

polMTG Polar middle temporal gyrus

polSFG Polar superior frontal gyrus

polSTG Polar superior temporal gyrus

pSFG Posterior superior frontal gyrus

pSMG Posterior supramarginal gyrus

pSTG Posterior superior temporal gyrus

SPL Superior parietal lobe

trIFG Triangular inferior frontal gyrus

vLOG Ventral lateral occipital gyrus

vPoG Ventral post-central gyrus

vPrG Ventral pre-central gyrus

This table shows the anatomical names and abbreviations of the

cortical parcellation system (CPS) according to Corina et al. (2005)
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Differences between calculation subtypes

Overall, we could not show any statistical significance

when comparing the entire observed error rates for all

stimulations per stimulation point in the left versus the

right hemisphere (p = 0.570). However, Fig. 7a–e graph-

ically illustrates visual differences between the left and the

right hemisphere regarding the highest observed error rates

for all errors of all stimulations, although not reaching

statistical significance. In summary, we observed the

highest error rates for all errors (35 % per stimulations and

80 % per subjects in the vPrG, and for subtraction (13 %

per stimulations and 40 % per subjects in the anG) within

the right hemisphere. In contrast, the highest error rates for

the division task were found in the left hemisphere (17 %

per stimulations in the pSTG and 45 % per subjects in the

mMFG), which is also true for the addition task (12 % per

stimulations and 35 % per subjects in the aSTG) and the

multiplication task (15 % per stimulations and 30 % per

subjects in the anG).

In summary, the highest error rates concerning the four

different arithmetic operations were observed during the

division task (45 % per subjects), followed by the sub-

traction task (40 %), the addition task (35 %), and the

multiplication task (30 %). Differences among the error

rates per subjects for each type of arithmetic operations for

the left and right hemisphere were not statistically signifi-

cant. However, the subtraction task showed a trend (left vs.

right: subtraction: p = 0.111, addition: p = 0.595, multi-

plication: p = 0.804, division: p = 0.867). Comparing the

different types of arithmetic operations, we were able to

point out a statistically significant difference within one

hemisphere of more division and fewer multiplication

mistakes for all division and multiplication errors of all

subjects (left: p = 0.009, right: p = 0.011), and addition-

ally more division and fewer addition mistakes for all

division and addition errors of all subjects (right:

p = 0.017, left: p = 0.022).

Discussion

Besides our intention to investigate the feasibility of nav-

igated rTMS mapping for preoperative mapping of calcu-

lation function, the computational function and dyscalculia

were examined earlier by the preceding method of non-

navigated TMS (Kadosh et al. 2007; Rusconi et al. 2005;

Andres et al. 2011), intraoperative functional mapping

(Della Puppa et al. 2013; Pu et al. 2011; Duffau et al.

2002), and fMRI studies (Cohen et al. 2000; Arsalidou and

Taylor 2011; Benn et al. 2012; Fehr et al. 2007).

Nonetheless, the new technique of rTMS has not been used

to detect cortical regions of calculation until now.

Feasibility of locating cortical regions of calculation

via rTMS

The central finding of the present study is that rTMS seems

feasible to detect calculation as a cortical function and to

distinguish between different cortical regions. The detected

cortical localizations in the left parietal lobe and adjacent

frontal areas are confirmed by current literature using other

modalities/lesion studies (Sanai et al. 2012; Arsalidou and

Taylor 2011; Kadosh et al. 2007; Pu et al. 2011). However,

the examination of distinctive neuropsychological and

cognitive models still remains debatable because of the

multiple ways to complete the same task sincemore than one

neural pathway is activated (Price and Friston 2002). A

meta-analysis of fMRI studies showed that regions such as

the middle and superior frontal gyri were activated during

calculation tasks, as well (Arsalidou and Taylor 2011).

Another publication presented findings on healthy subjects

Fig. 3 Error rate in division task. This is the error rate for all errors of all subjects generated in the division task. The highest error rates were

found in the right ventral precentral gyrus (vPrG; 40 %) and in the left middle middle frontal gyrus (mMFG; 45 %)
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Table 3 Different errors per subjects

Subject No response Hesitation Division Subtraction Addition Multiplication All errors

Errors Ratio Errors Ratio Errors Ratio Errors Ratio Errors Ratio Errors Ratio Errors Ratio

a Left hemisphere

1 0 0.00 6 0.04 2 0.05 3 0.08 3 0.08 0 0.00 8 0.05

2 1 0.01 23 0.15 11 0.28 6 0.15 5 0.13 8 0.21 30 0.19

3 16 0.10 15 0.10 16 0.41 6 0.15 6 0.15 6 0.15 34 0.22

4 5 0.03 20 0.13 12 0.31 5 0.13 7 0.18 9 0.23 33 0.21

5 3 0.02 26 0.17 8 0.21 8 0.21 8 0.21 7 0.18 31 0.20

6 1 0.01 24 0.15 13 0.33 6 0.15 5 0.13 2 0.05 26 0.17

7 2 0.01 24 0.15 10 0.26 8 0.21 4 0.10 5 0.13 27 0.17

8 0 0.00 22 0.14 11 0.28 9 0.23 3 0.08 3 0.08 26 0.17

9 7 0.04 19 0.12 10 0.26 7 0.18 5 0.13 6 0.15 28 0.18

10 7 0.04 28 0.18 15 0.38 7 0.18 6 0.15 8 0.21 36 0.23

11 10 0.06 34 0.22 19 0.49 10 0.26 9 0.23 6 0.15 44 0.28

12 27 0.17 27 0.17 19 0.49 10 0.26 15 0.38 12 0.31 56 0.36

13 3 0.02 34 0.22 6 0.15 5 0.13 10 0.26 16 0.41 37 0.24

14 0 0.00 31 0.20 10 0.26 5 0.13 10 0.26 7 0.18 32 0.21

15 5 0.03 31 0.20 8 0.21 11 0.28 10 0.26 7 0.18 36 0.23

16 2 0.01 21 0.13 9 0.23 8 0.26 6 0.15 1 0.03 24 0.15

17 0 0.00 13 0.08 4 0.10 4 0.10 7 0.18 0 0.00 15 0.10

18 12 0.08 21 0.13 8 0.21 9 0.23 10 0.26 7 0.18 34 0.22

19 0 0.00 16 0.10 7 0.18 4 0.10 2 0.05 5 0.13 18 0.12

20 6 0.04 21 0.13 8 0.21 9 0.23 1 0.03 9 0.23 27 0.17

Median 3.0 0.02 22.5 0.14 10.0 0.26 7.0 0.18 7.0 0.17 6.0 0.15 30.5 0.20

Min 0.0 0.00 6.0 0.04 2.0 0.05 3.0 0.08 1.0 0.03 0.0 0.00 8.0 0.05

Max 27.0 0.17 34.0 0.22 19.0 0.49 11.0 0.28 15.0 0.38 16.0 0.41 56 0.36

SD 6.76 0.04 7.10 0.05 4.43 0.11 2.22 0.06 3.13 0.08 3.85 0.10 10.19 0.07

b Right hemisphere

1 3 0.02 8 0.05 6 0.15 5 0.13 0 0.00 1 0.03 12 0.08

2 3 0.02 33 0.21 11 0.28 16 0.41 4 0.10 4 0.10 36 0.23

3 6 0.04 19 0.12 8 0.21 9 0.23 3 0.08 6 0.15 25 0.16

4 7 0.04 30 0.19 10 0.26 14 0.36 8 0.21 8 0.21 40 0.26

5 2 0.01 31 0.20 11 0.28 9 0.23 8 0.21 5 0.13 33 0.21

6 6 0.04 23 0.15 16 0.41 7 0.18 2 0.05 6 0.15 31 0.20

7 2 0.01 21 0.13 11 0.28 3 0.08 6 0.15 3 0.08 23 0.15

8 2 0.01 27 0.17 13 0.33 9 0.23 4 0.10 3 0.08 29 0.19

9 10 0.06 24 0.15 14 0.36 8 0.21 7 0.18 8 0.21 37 0.24

10 2 0.01 30 0.19 14 0.36 7 0.18 9 0.23 8 0.21 38 0.24

11 6 0.04 23 0.15 7 0.20 6 0.15 5 0.13 13 0.33 31 0.20

12 29 0.19 31 0.20 18 0.46 21 0.54 12 0.31 11 0.28 62 0.40

13 1 0.01 29 0.19 8 0.21 10 0.26 6 0.15 7 0.18 31 0.20

14 0 0.00 6 0.04 2 0.05 2 0.05 3 0.08 0 0.00 7 0.04

15 3 0.02 35 0.22 11 0.28 13 0.33 8 0.21 9 0.23 41 0.26

16 6 0.04 30 0.19 10 0.26 12 0.31 10 0.26 5 0.13 37 0.24

17 4 0.03 24 0.15 6 0.15 6 0.15 16 0.41 0 0.00 28 0.18

18 2 0.01 28 0.18 9 0.23 11 0.28 7 0.18 8 0.21 35 0.22

19 2 0.01 15 0.10 5 0.13 8 0.21 0 0.00 4 0.10 17 0.11

20 5 0.03 14 0.09 8 0.21 7 0.18 3 0.08 7 0.18 25 0.16

Median 3.0 0.12 25.5 0.16 10.0 0.26 8.5 0.22 6.0 0.15 6.5 0.15 31.0 0.20
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of bilateral intraparietal sulcus (IPS) activation during fMRI

but only unilateral behavioral TMS effects in the right IPS

while performing calculation tasks (Kadosh et al. 2007). Pu

et al. (2011) detected brain areas within the left parietal lobe

via intraoperative electrostimulation to be specific for cal-

culation, but no specific brain sites were found within the

right parietal lobe (Pu et al. 2011). Similarly, Duffau et al.

(2002) showed the paramount importance of the left anG for

arithmetic processing by using intraoperative electrostimu-

lation in a patient with a left parietal lobe glioma (Duffau

et al. 2002). According to Rusconi et al. (2005), rTMS over

the left anG disrupted number magnitude processing in

healthy volunteers (Rusconi et al. 2005). In general, the anG

seems to be responsible for frequently repeated and com-

plicated arithmetic operations. On the other hand, compli-

cated but untrained arithmetic operations are being solved in

the left intraparietal sulcus (IPS) and adjacent dorsolateral

frontal areas (Delazer et al. 2003).

When further comparing the error rates of the present

study, they were mostly generated outside of typical lan-

guage areas, except in one case where we observed the

highest error rates for all errors of all subjects in the right

vPrG. This can principally be regarded as further evidence

of rTMS being able to specifically detect the calculation

function. During the video analysis of the calculation

mapping, we tried to precisely determine whether the mis-

takes made were generated because of language or speech

impairment or due to calculation function impairment.

Subsequent to every mapping, we asked the volunteers

whether they were able to calculate or speak properly dur-

ing stimulation. However, we are not able to assure with

certainty that the confirmed localizations (especially the

vPrG) are attributable to calculation function rather than

due to impairment of language function.

Comparison of the arithmetic types of calculation

and their localization

Division

Our confirmed localizations are comparable to the results

of Gruber et al. (2011), who detected blood oxygenation

level dependent (BOLD) activation in the fMRI also in the

left frontal lobe (in the left IFG and in the left ventrolateral

prefrontal cortex) during division processing (Gruber et al.

2001). Additionally, it has long been known that division-

related areas can become damaged such that solely division

processing becomes insufficient, while addition-, subtrac-

tion-, and multiplication-related areas are spared from any

impairment (Berger 1926; Lewadovsky and Stadelmann

1908).

Subtraction

In an fMRI-guided TMS study, Andres et al. (2011) iden-

tified an increased bilateral activation in the horizontal

segment of the IPS (hIPS) and the posterior superior

parietal lobule (PSPL) during subtraction operations (An-

dres et al. 2011), comparable to our results in the parietal

lobe. A meta-analysis of various fMRI studies also showed

subtraction-relevant areas within parietal regions, as well

as in occipito-temporal visual regions and frontal and

prefrontal regions (Arsalidou and Taylor 2011). According

to Cohen et al. (2000), subtraction-related areas are also

predominantly localized in right intraparietal regions (Co-

hen et al. 2000). In summary, these findings are in good

accordance with the results of our study, so we can

underline the importance of the right parietal lobe in

arithmetic and subtraction processing. In general, subtrac-

tion-related areas of the cortex are known for being robust

toward brain lesions or aphasia, in contrast to multiplica-

tion- or division-related cortical areas (Lampl et al. 1994;

Pesenti et al. 1994). In particular, verbal associations and

language function seem to be less important for solving

subtraction tasks than for solving multiplication tasks.

Addition

Kawashima et al. (2004) showed in an fMRI study acti-

vation in the right frontal cortex as well as in bilateral

inferior temporal cortex areas during addition tasks

(Kawashima et al. 2004), whereas Arsalidou and Taylor

(2011) described relevant cortical regions in visual areas,

parietal areas, frontal, and prefrontal areas, and they also

Table 3 continued

Subject No response Hesitation Division Subtraction Addition Multiplication All errors

Errors Ratio Errors Ratio Errors Ratio Errors Ratio Errors Ratio Errors Ratio Errors Ratio

Min 0.0 0.00 6.0 0.04 2.0 0.05 2.0 0.05 0.0 0.00 0.0 0.00 7.0 0.04

Max 29.0 0.19 35.0 0.22 18.0 0.46 21.0 0.54 16.0 0.41 13.0 0.33 62.0 0.40

SD 5.99 0.04 7.92 0.05 3.79 0.10 4.36 0.11 3.87 0.10 3.36 0.09 11.38 0.07

This is a summary of different error types induced by rTMS stimulation trains per subject, including the different error types (presented as

minimal, maximal, and median error rates). Summary of different error types induced by rTMS stimulation trains per subject. (a) Errors and error

ratio observed in the whole left hemisphere. (b) Errors and error ratio generated in the whole right hemisphere
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Table 4 Different errors per stimulation points

Stimulation spot No response Hesitation Division Subtraction Addition Multiplication All errors

Errors Ratio Errors Ratio Errors Ratio Errors Ratio Errors Ratio Errors Ratio Errors Ratio

a Left hemisphere

1 0 0.00 2 0.03 2 0.03 0 0.00 0 0.00 0 0.00 2 0.03

2 0 0.00 7 0.12 5 0.08 1 0.02 1 0.02 1 0.02 8 0.13

3 1 0.02 5 0.08 4 0.07 2 0.03 0 0.00 1 0.02 7 0.12

4 0 0.00 12 0.20 5 0.08 5 0.08 0 0.00 3 0.05 13 0.22

5 3 0.05 13 0.22 8 0.13 2 0.03 6 0.10 1 0.02 17 0.28

6 0 0.00 5 0.08 1 0.02 2 0.03 3 0.05 0 0.00 6 0.10

7 2 0.03 9 0.15 2 0.03 2 0.03 2 0.03 5 0.08 11 0.18

8 0 0.00 6 0.10 2 0.03 3 0.05 0 0.00 1 0.02 6 0.10

9 1 0.02 11 0.18 2 0.03 3 0.05 7 0.12 2 0.03 14 0.23

10 2 0.03 11 0.18 4 0.07 4 0.07 4 0.07 2 0.03 14 0.23

11 2 0.03 4 0.07 2 0.03 3 0.05 2 0.03 0 0.00 7 0.12

12 4 0.07 13 0.22 9 0.15 0 0.00 4 0.07 5 0.08 18 0.30

13 3 0.05 17 0.28 9 0.15 6 0.10 3 0.05 4 0.07 22 0.37

14 3 0.05 11 0.18 5 0.08 3 0.05 3 0.05 4 0.07 15 0.25

15 2 0.03 6 0.10 3 0.05 2 0.03 2 0.03 2 0.03 9 0.15

16 4 0.07 6 0.10 4 0.07 4 0.07 1 0.02 2 0.03 11 0.18

17 3 0.05 7 0.12 1 0.02 4 0.07 1 0.02 5 0.08 11 0.18

18 4 0.07 13 0.22 7 0.12 5 0.08 3 0.05 2 0.03 17 0.28

19 0 0.00 11 0.18 3 0.05 2 0.03 6 0.10 1 0.02 11 0.18

20 2 0.03 13 0.22 6 0.10 2 0.03 4 0.07 4 0.07 15 0.25

21 1 0.02 8 0.13 2 0.03 1 0.02 5 0.08 1 0.02 9 0.15

22 4 0.07 10 0.17 4 0.07 3 0.05 4 0.07 5 0.08 15 0.25

23 1 0.02 7 0.12 3 0.05 1 0.02 3 0.05 2 0.03 8 0.13

24 5 0.08 8 0.13 2 0.03 3 0.05 7 0.12 2 0.03 14 0.23

25 2 0.03 8 0.13 1 0.02 4 0.07 1 0.02 4 0.07 10 0.17

26 2 0.03 7 0.12 5 0.08 2 0.03 1 0.02 3 0.05 11 0.18

27 3 0.05 11 0.18 7 0.12 2 0.03 1 0.02 5 0.08 14 0.23

28 3 0.05 7 0.12 3 0.05 5 0.08 1 0.02 1 0.02 10 0.17

29 2 0.03 7 0.12 5 0.08 1 0.02 4 0.07 1 0.02 11 0.18

30 0 0.00 12 0.20 5 0.08 4 0.07 1 0.02 2 0.03 12 0.20

31 1 0.02 5 0.08 1 0.02 4 0.07 0 0.00 1 0.02 6 0.10

32 3 0.05 8 0.13 7 0.12 0 0.00 2 0.03 4 0.07 13 0.22

33 1 0.02 7 0.12 4 0.07 2 0.03 1 0.02 2 0.03 9 0.15

34 1 0.02 8 0.13 6 0.10 2 0.03 1 0.02 1 0.02 10 0.17

35 2 0.03 6 0.10 1 0.02 2 0.07 3 0.05 4 0.07 10 0.17

36 0 0.00 5 0.08 1 0.02 4 0.07 1 0.02 0 0.00 6 0.10

37 5 0.08 7 0.12 7 0.12 2 0.03 0 0.00 3 0.05 12 0.20

38 0 0.00 15 0.25 10 0.17 3 0.05 1 0.02 1 0.02 16 0.27

39 3 0.05 7 0.12 2 0.03 3 0.05 4 0.07 1 0.02 10 0.17

40 2 0.03 5 0.08 3 0.05 2 0.03 1 0.02 2 0.03 7 0.12

41 2 0.03 6 0.10 0 0.00 1 0.02 3 0.05 5 0.08 9 0.15

42 5 0.08 8 0.13 3 0.05 6 0.10 1 0.02 3 0.05 13 0.22

43 1 0.02 15 0.25 4 0.07 4 0.07 4 0.07 4 0.07 16 0.17

44 0 0.00 9 0.15 5 0.08 2 0.03 3 0.05 0 0.00 10 0.17

45 1 0.02 15 0.25 8 0.13 3 0.05 3 0.05 4 0.07 18 0.30

46 9 0.15 11 0.18 4 0.07 4 0.07 6 0.10 9 0.15 22 0.37
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Table 4 continued

Stimulation spot No response Hesitation Division Subtraction Addition Multiplication All errors

Errors Ratio Errors Ratio Errors Ratio Errors Ratio Errors Ratio Errors Ratio Errors Ratio

47 2 0.03 7 0.12 2 0.03 4 0.07 2 0.03 1 0.02 9 0.15

48 1 0.02 8 0.13 4 0.07 2 0.03 3 0.05 1 0.02 10 0.17

49 2 0.03 9 0.15 3 0.05 2 0.03 5 0.08 1 0.02 11 0.18

50 2 0.03 6 0.10 2 0.03 2 0.03 1 0.02 3 0.05 8 0.13

51 1 0.02 8 0.13 4 0.07 1 0.02 4 0.07 0 0.00 9 0.15

52 1 0.02 9 0.15 3 0.05 3 0.05 3 0.05 3 0.05 12 0.20

Median 2.0 0.03 8.0 0.13 4.0 0.07 2.0 0.03 2.5 0.04 2.0 0.03 11.0 0.18

Min 0.0 0.00 2.0 0.03 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 2.0 0.03

Max 9.0 0.15 17.0 0.28 10.0 0.17 6.0 0.10 7.0 0.12 9.0 0.15 22.0 0.37

SD 1.71 0.03 3.19 0.05 2.35 0.04 1.41 0.02 1.86 0.03 1.82 0.03 4.02 0.07

b Right hemisphere

1 0 0.00 5 0.08 1 0.02 3 0.05 0 0.00 1 0.02 5 0.08

2 0 0.00 6 0.10 2 0.03 3 0.05 2 0.03 1 0.02 8 0.13

3 0 0.00 7 0.12 1 0.02 2 0.03 3 0.05 1 0.02 7 0.12

4 0 0.00 9 0.15 7 0.12 1 0.02 1 0.02 0 0.00 9 0.15

5 3 0.05 6 0.10 4 0.07 1 0.02 2 0.03 2 0.03 9 0.15

6 0 0.00 3 0.05 0 0.00 3 0.05 0 0.00 1 0.02 4 0.07

7 2 0.03 11 0.18 4 0.07 2 0.03 3 0.05 5 0.08 14 0.23

8 6 0.10 8 0.13 4 0.07 6 0.10 1 0.02 5 0.08 17 0.28

9 3 0.05 8 0.13 7 0.12 4 0.07 0 0.00 1 0.02 12 0.20

10 1 0.02 11 0.18 3 0.05 7 0.12 1 0.02 1 0.02 12 0.20

11 3 0.05 11 0.18 4 0.07 6 0.10 3 0.05 2 0.03 14 0.23

12 1 0.02 10 0.17 5 0.08 4 0.07 1 0.02 2 0.03 12 0.20

13 2 0.03 6 0.10 3 0.05 1 0.02 1 0.02 4 0.07 9 0.15

14 2 0.03 11 0.18 5 0.08 3 0.05 3 0.05 2 0.03 13 0.22

15 1 0.02 9 0.15 4 0.07 1 0.02 2 0.03 4 0.07 11 0.18

16 5 0.08 9 0.15 7 0.12 4 0.07 2 0.03 2 0.03 15 0.25

17 0 0.00 9 0.15 4 0.07 1 0.02 2 0.03 2 0.03 9 0.15

18 1 0.02 13 0.22 4 0.07 2 0.03 5 0.08 2 0.03 14 0.23

19 2 0.03 8 0.13 6 0.10 1 0.02 2 0.03 2 0.03 11 0.18

20 4 0.07 10 0.17 6 0.10 4 0.07 4 0.07 2 0.03 16 0.27

21 1 0.02 10 0.17 3 0.05 3 0.05 4 0.07 2 0.03 12 0.20

22 0 0.00 13 0.22 4 0.07 5 0.08 4 0.07 1 0.02 14 0.23

23 0 0.00 20 0.33 8 0.13 7 0.12 2 0.03 4 0.07 21 0.35

24 0 0.00 10 0.17 3 0.05 4 0.07 2 0.03 2 0.03 11 0.18

25 4 0.07 9 0.15 4 0.07 3 0.05 4 0.07 2 0.03 13 0.22

26 2 0.03 6 0.10 2 0.03 3 0.05 2 0.03 2 0.03 9 0.15

27 2 0.03 7 0.12 2 0.03 3 0.05 1 0.02 3 0.05 9 0.15

28 2 0.03 11 0.18 6 0.10 5 0.08 3 0.05 2 0.03 16 0.27

29 2 0.03 10 0.17 3 0.05 4 0.07 2 0.03 3 0.05 12 0.20

30 1 0.02 10 0.17 4 0.07 4 0.07 1 0.02 2 0.03 11 0.18

31 0 0.00 3 0.05 1 0.02 0 0.00 1 0.02 1 0.02 3 0.05

32 3 0.05 7 0.12 4 0.07 2 0.03 1 0.02 4 0.07 11 0.18

33 2 0.03 6 0.10 2 0.03 3 0.05 4 0.07 0 0.00 9 0.15

34 0 0.00 15 0.25 7 0.12 3 0.05 4 0.07 3 0.05 16 0.27

35 2 0.03 11 0.18 3 0.05 5 0.08 3 0.05 2 0.03 14 0.23

36 0 0.00 13 0.22 7 0.12 6 0.10 0 0.00 2 0.03 14 0.23
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defined the left hemisphere as the dominant one for solving

addition problems (Arsalidou and Taylor 2011). Conse-

quently, the dominance of the left hemisphere for solving

addition problems is well in accordance with our results.

On the other hand, there are controversies about the exact

localization for addition-related cortical areas.

Multiplication

An fMRI meta-analysis also reported on important regions

for multiplication in the parietal lobe (Arsalidou and Taylor

2011). According to Kawashima et al. (2004), the right

frontal cortex is also important for multiplication

Table 4 continued

Stimulation spot No response Hesitation Division Subtraction Addition Multiplication All errors

Errors Ratio Errors Ratio Errors Ratio Errors Ratio Errors Ratio Errors Ratio Errors Ratio

37 2 0.03 8 0.13 2 0.03 7 0.12 2 0.03 1 0.02 13 0.22

38 6 0.10 11 0.18 2 0.03 4 0.07 5 0.08 5 0.08 17 0.28

39 2 0.03 12 0.20 7 0.12 2 0.03 4 0.07 1 0.02 14 0.23

40 1 0.02 17 0.28 7 0.12 3 0.05 5 0.08 3 0.05 18 0.30

41 4 0.07 10 0.17 6 0.10 5 0.08 4 0.07 1 0.02 15 0.25

42 3 0.05 8 0.13 2 0.03 2 0.03 4 0.07 2 0.03 11 0.18

43 1 0.02 12 0.20 2 0.03 8 0.13 2 0.03 2 0.03 14 0.23

44 1 0.02 9 0.15 4 0.07 3 0.05 4 0.07 1 0.02 12 0.20

45 6 0.10 5 0.08 2 0.03 3 0.05 3 0.05 2 0.03 11 0.18

46 2 0.03 11 0.18 2 0.03 5 0.08 3 0.05 4 0.07 14 0.23

47 4 0.07 5 0.08 4 0.07 2 0.03 2 0.03 0 0.00 9 0.15

48 2 0.03 10 0.17 5 0.08 6 0.10 0 0.00 2 0.03 13 0.22

49 1 0.02 11 0.18 5 0.08 3 0.05 3 0.05 1 0.02 12 0.20

50 0 0.00 7 0.12 3 0.05 2 0.03 1 0.02 1 0.02 7 0.12

51 2 0.03 6 0.10 1 0.02 3 0.05 1 0.02 4 0.07 9 0.15

52 3 0.05 9 0.15 2 0.03 5 0.08 1 0.02 5 0.08 13 0.22

Median 2.0 0.03 9.0 0.15 4.0 0.07 3.0 0.05 2.0 0.03 2.0 0.03 12.0 0.20

Min 0.0 0.00 3.0 0.05 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 3.0 0.05

Max 6.0 0.10 20.0 0.33 8.0 0.13 8.0 0.13 5.0 0.08 5.0 0.08 21.0 0.35

SD 1.43 0.03 3.17 0.05 1.97 0.03 1.80 0.03 1.41 0.02 1.31 0.02 3.46 0.06

This is a summary of different error types induced by rTMS stimulation trains per stimulation spot, including the different error types (presented

as minimal, maximal, and median error rates). Summary of different errors types induced by rTMS stimulation trains per stimulation spot.

(a) Errors and error ratio found in the whole left hemisphere. (b) Errors and error ratio observed in the whole right hemisphere

Fig. 4 Error rate in subtraction task. This is the error rate for all errors of all subjects generated in the subtraction task. The highest error rates

occurred in the right angular gyrus (anG) at 40 % and in the left middle middle frontal gyrus (mMFG) and angular gyrus (anG) at 30 % each
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Table 5 Different error rates for all subjects per CPS regions and lobes

CPS region/

lobe

Division Subtraction Addition Multiplication All errors

Mean

errors

Mean

ratio

Mean

errors

Mean

ratio

Mean

errors

Mean

ratio

Mean

errors

Mean

ratio

Mean

errors

Mean

ratio

a Left hemisphere

aNG 3 0.15 2.5 0.13 2 0.10 3.5 0.18 9 0.45

aSMG 4.5 0.23 1 0.05 1.5 0.08 2.5 0.13 8 0.40

aSTG 2 0.10 3 0.15 7 0.35 2 0.10 10 0.50

dPOG 1 0.05 4 0.20 1 0.05 4 0.20 9 0.45

dPrG 3 0.15 2 0.10 5 0.25 1 0.05 9 0.45

vLOG 2 0.10 2 0.10 2.5 0.13 2 0.10 7.0 0.35

mMFG 4 0.20 2 0.10 1.5 0.08 2 0.10 7.5 0.38

mMTG 1 0.05 3 0.15 1.5 0.08 2 0.10 6.5 0.33

mPoG 4.5 0.23 1.5 0.08 1 0.05 2.5 0.13 9 0.45

mPrG 4 0.20 1.5 0.08 4.5 0.23 2 0.10 10.5 0.53

mSFG 2 0.10 2 0.10 2 0.10 0 0.00 5 0.25

mSTG 4.5 0.23 3 0.15 1 0.05 1 0.05 9 0.45

opIFG 4 0.20 3 0.15 4 0.20 1 0.05 9 0.45

pITG 2 0.10 4 0.20 2 0.10 1 0.05 8 0.40

pMFG 4 0.20 4 0.20 1 0.05 2 0.10 9 0.45

pMTG 4 0.20 4 0.20 4 0.20 3 0.15 11 0.55

polLOG 3 0.15 1.5 0.08 3.5 0.18 1.5 0.08 8 0.40

pSFG 4 0.20 3 0.15 0.5 0.03 1.5 0.08 7.5 0.38

pSMG 3 0.15 2 0.10 2 0.10 2 0.10 8 0.40

pSTG 8 0.40 3 0.15 1 0.05 0 0.00 10 0.50

SPL 4.5 0.23 2 0.10 3 0.15 0.5 0.03 8.5 0.43

trIFG 5 0.25 3.5 0.18 3 0.15 1.5 0.08 11 0.55

vPoG 4 0.20 3 0.15 2.5 0.13 1 0.05 9 0.45

vPrG 3 0.15 2 0.10 3.5 0.18 3.5 0.18 9 0.45

Frontal 83 0.18 58 0.13 60 0.13 46 0.10 199 0.43

Parietal 57 0.19 37 0.13 26 0.10 33 0.12 130 0.45

Occipital 10 0.13 7 0.09 12 0.15 7 0.09 30 0.38

Temporal 34 0.16 32 0.15 28 0.12 19 0.06 91 0.43

Median 4.0 0.20 2.75 0.14 2.0 0.10 2.0 0.10 9.0 0.45

Min 1.0 0.05 1.0 0.05 0.5 0.05 0.0 0.00 5.0 0.25

Max 8.0 0.40 4.0 0.20 7.0 0.23 4.0 0.20 11.0 0.55

SD 1.45 0.07 0.89 0.04 1.25 0.06 1.04 0.05 1.36 0.07

b Right hemisphere

aNG 4 0.20 3 0.15 4 0.20 2 0.10 9 0.45

aSMG 3 0.15 2.5 0.13 2.5 0.13 1.5 0.08 8.5 0.43

aSTG 3 0.15 3 0.15 2 0.10 2 0.10 6 0.30

dPOG 3 0.15 3 0.15 4 0.20 2 0.10 9 0.45

dPrG 6 0.30 1 0.05 2 0.10 2 0.10 9 0.45

vLOG 4 0.20 2.5 0.13 2 0.10 1 0.05 8.5 0.43

mMFG 3 0.15 2 0.10 1.5 0.08 3 0.15 8 0.40

mMTG 2 0.10 2 0.10 2 0.10 2 0.10 6.5 0.33

mPoG 2 0.10 3 0.15 1 0.05 2 0.10 6.5 0.33

mPrG 4 0.20 3 0.15 4 0.20 2 0.10 12.5 0.63

mSFG 1 0.05 3 0.15 0 0.00 1 0.05 5 0.25

mSTG 5 0.25 3.5 0.18 2 0.10 2.5 0.13 9.5 0.48
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processing (Kawashima et al. 2004). As already mentioned,

a recent work by Andres et al. (2011) presented an

increased bilaterally activation in the hIPS and the PSPL

during multiplication tasks (Andres et al. 2011). They

furthermore proceeded to say that ‘‘under the assumption

that multiplication problems are retrieved from memory

without accessing the magnitude of the numbers, they

should remain unaffected when TMS is applied over the

hIPS (Andres et al. 2011). Similarly, Campbell and Gra-

ham (1985), who claimed that there is an associative net-

work evolved in which multiplication problem operands

became linked to specific sets of candidate answers, mostly

compatible with memory function (Campbell and Graham

1985). However, in summary, the current literature as well

as our results confirm, on the one hand, the localization of

multiplication-related cortical areas in the left parietal lobe

and, on the other hand, their capability to be influenced by

rTMS. Another theory is about the bilateral involvement of

multiplication processing (Andres et al. 2011; Arsalidou

and Taylor 2011). We also detected bilateral processing in

this case, which was more exact in the left parietal lobe but

less in the right parietal lobe than in the right frontal and

occipital lobe. It should, however, be noted in the context

that we examined only healthy volunteers without any

lesions. One possibility is that these lesions were the reason

for a shift of calculation-related areas.

Differences in arithmetic processing between the two

hemispheres and different cortical regions

According to Dehaene et al. (2003), intraparietal areas on

both hemispheres are associated with core quantity orga-

nization, and the left anG is associated with verbal pro-

cessing of numbers (Dehaene et al. 2003). This theory

would be in accordance with our confirmed localizations in

the left parietal lobe regarding calculation function, espe-

cially subtraction and multiplication processing. The author

furthermore suggests that the left hemisphere’s frontal

gyrus and anG are underlying language-dependent coding

of exact arithmetic facts with verbal associations, although

they do not include classical language areas (Dehaene et al.

1999). This is also in the line with our located highest error

rates concerning exact addition processing in the left

hemispherés frontal gyrus and anterior superior temporal

gyrus. This might be another evidence for the spatial

localization and coexistence of arithmetic processing and

language function in the left frontal lobe. Yet Warrington

(1982) observed impairment of arithmetic processing after

Table 5 continued

CPS region/

lobe

Division Subtraction Addition Multiplication All errors

Mean

errors

Mean

ratio

Mean

errors

Mean

ratio

Mean

errors

Mean

ratio

Mean

errors

Mean

ratio

Mean

errors

Mean

ratio

opIFG 5 0.25 4 0.20 1 0.05 1 0.05 9 0.45

pITG 2 0.10 2 0.10 2 0.10 0 0.00 5 0.25

pMFG 4 0.20 2 0.10 2 0.10 2 0.10 12 0.60

pMTG 2 0.10 5 0.25 3 0.15 2 0.10 9 0.45

polLOG 1.5 0.08 4 0.20 1 0.05 4.5 0.23 9 0.45

pSFG 4 0.20 5.5 0.28 1.5 0.08 1.5 0.08 8.5 0.43

pSMG 4 0.20 1 0.05 2 0.10 4 0.20 8 0.40

pSTG 2 0.10 5 0.25 5 0.25 4 0.20 10 0.50

SPL 4 0.20 4.5 0.23 2 0.10 1.5 0.08 9 0.45

trIFG 4.5 0.23 1 0.05 1.5 0.08 1 0.05 6 0.30

vPoG 4 0.20 4 0.20 2.5 0.13 2.5 0.13 10.5 0.53

vPrG 5.5 0.28 5.5 0.28 3 0.15 2.5 0.13 13.5 0.68

Frontal 90 0.20 65 0.14 45 0.10 48 0.10 206 0.45

Parietal 53 0.17 55 0.20 39 0.13 28 0.10 131 0.44

Occipital 11 0.14 13 0.24 6 0.08 11 0.14 35 0.44

Temporal 31 0.17 36 0.14 26 0.13 22 0.10 81 0.39

Median 4.0 0.20 3.0 0.15 2.0 0.10 2.0 0.10 8.75 0.44

Min 1.0 0.10 1.0 0.05 0.0 0.00 0.0 0.00 5.0 0.25

Max 6.0 0.30 5.5 0.28 5.0 0.25 4.5 0.23 13.5 0.68

SD 1.31 0.07 1.35 0.07 1.14 0.08 1.04 0.05 2.08 0.10

Summary of different errors types regarding the error rates for all errors of all subjects induced by nTMS stimulation trains per CPS region and

lobe. (a) Errors and error ratio found in the whole left hemisphere. (b) Errors and error ratio generated in the whole right hemisphere
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Table 6 Different error rates for all stimulations per CPS regions and lobes

CPS region/

lobe

Division Subtraction Addition Multiplication All errors

Mean

errors

Mean

ratio

Mean

errors

Mean

ratio

Mean

errors

Mean

ratio

Mean

errors

Mean

ratio

Mean

errors

Mean

ratio

a Left hemisphere

aNG 3 0.05 2.5 0.04 2 0.03 3.5 0.06 11 0.18

aSMG 5.5 0.09 1 0.02 1.5 0.03 3 0.05 11 0.18

aSTG 2 0.03 3 0.05 7 0.12 2 0.03 14 0.23

dPOG 1 0.02 4 0.07 1 0.02 4 0.07 10 0.17

dPrG 3 0.05 2 0.03 6 0.10 1 0.02 11 0.18

vLOG 2.5 0.04 2 0.03 3 0.05 2 0.03 9.5 0.16

mMFG 4.5 0.08 2 0.03 1.5 0.03 2.5 0.04 9.5 0.16

mMTG 1 0.02 3 0.05 1.5 0.03 2.5 0.04 8 0.13

mPoG 6 0.10 2 0.03 1 0.02 4 0.07 12.5 0.21

mPrG 4 0.07 1.5 0.03 4.5 0.08 2.5 0.04 12 0.20

mSFG 2 0.03 2 0.03 2 0.03 0 0.00 6 0.10

mSTG 5.5 0.09 3 0.05 1 0.02 1.5 0.03 11 0.18

opIFG 4 0.07 3 0.05 4 0.07 2 0.03 14 0.23

pITG 2 0.03 4 0.07 2 0.03 1 0.02 9 0.15

pMFG 4 0.07 4 0.07 1 0.02 2 0.03 11 0.18

pMTG 4 0.07 4 0.07 4 0.07 4 0.07 16 0.27

polLOG 3.5 0.06 2 0.03 3.5 0.06 1.5 0.03 10.5 0.18

pSFG 3 0.05 2 0.03 2 0.03 2 0.03 9 0.15

pSMG 4 0.07 3 0.05 0.5 0.01 1.5 0.03 9 0.15

pSTG 10 0.17 3 0.05 1 0.02 1 0.02 16 0.27

SPL 4.5 0.08 2 0.03 3 0.05 0.5 0.01 10 0.17

trIFG 6.5 0.11 3.5 0.06 3 0.05 2 0.03 15 0.25

vPoG 4 0.07 3 0.05 2.5 0.04 1 0.02 10.5 0.18

vPrG 3.5 0.06 2 0.03 3.5 0.06 3.5 0.06 11.5 0.19

Frontal 93 0.07 60 0.04 64 0.05 53 0.04 266 0.19

Parietal 63 0.07 38 0.05 26 0.04 38 0.05 163 0.20

Occipital 12 0.05 8 0.03 13 0.05 7 0.03 40 0.17

Temporal 37 0.06 33 0.05 29 0.04 26 0.03 125 0.18

Median 4.0 0.07 2.75 0.05 2.0 0.03 2.0 0.03 10.75 0.18

Min 1.0 0.10 1.0 0.02 0.5 0.01 0.5 0.00 6.0 0.10

Max 10.0 0.17 4.0 0.07 6.0 0.10 4.0 0.07 16.0 0.25

SD 1.46 0.02 0.86 0.01 1.48 0.02 1.09 0.02 2.29 0.04

b Right hemisphere

aNG 4 0.07 3 0.05 4 0.07 2 0.03 13 0.22

aSMG 3 0.05 2.5 0.04 2.5 0.04 2 0.03 10 0.17

aSTG 3 0.05 4 0.07 2 0.03 2 0.03 11 0.18

dPOG 4 0.07 3 0.05 4 0.07 2 0.03 13 0.22

dPrG 6 0.10 1 0.02 2 0.03 2 0.03 11 0.18

vLOG 4 0.07 2.5 0.04 2 0.03 1 0.02 9.5 0.16

mMFG 3.5 0.06 2.5 0.04 1.5 0.03 3 0.05 10.5 0.18

mMTG 2 0.03 2.5 0.04 2 0.03 1.5 0.03 8.5 0.14

mPoG 2 0.03 3 0.05 1.5 0.03 2.5 0.04 9 0.15

mPrG 4.5 0.08 3.5 0.06 4 0.07 2 0.03 14 0.23

mSFG 1 0.02 3 0.05 0 0.00 1 0.02 5 0.08

mSTG 5.5 0.09 3.5 0.06 2.5 0.04 2.5 0.04 13.5 0.23
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left parietal lesions without aphasia (Warrington 1982).

This fact underlines the possibility of independent calcu-

lation areas in the left parietal lobe without interaction with

speech-related areas but contradicts the theses of Dehaene

(1999, 2003). Arsalidou and Taylor (2011) suggested that

the left hemisphere is dominant for solving addition

problems (Arsalidou and Taylor 2011), which might again

underline the theory that the right hemisphere operates in

simple arithmetic problems and estimations, whereas the

left hemisphere precisely solves complicated arithmetic

problems. In fact, the highest error rates for all errors of all

subjects for the division, addition, and multiplication tasks

were observed in the left hemisphere in the present study.

For subtraction processing, Arsalidou and Taylor (2011)

Table 6 continued

CPS region/

lobe

Division Subtraction Addition Multiplication All errors

Mean

errors

Mean

ratio

Mean

errors

Mean

ratio

Mean

errors

Mean

ratio

Mean

errors

Mean

ratio

Mean

errors

Mean

ratio

opIFG 5 0.08 4 0.07 1 0.02 1 0.02 12 0.20

pITG 4 0.07 2 0.03 2 0.03 0 0.00 9 0.15

pMFG 4 0.07 2 0.03 2 0.03 2 0.03 14 0.23

pMTG 2 0.03 5 0.08 3 0.05 2 0.03 14 0.23

polLOG 1.5 0.03 4 0.07 1 0.02 4.5 0.08 11 0.18

pSFG 4 0.07 1 0.02 2 0.03 4 0.07 11 0.18

pSMG 4.5 0.08 6.5 0.11 1 0.02 1.5 0.03 13.5 0.23

pSTG 2 0.03 4 0.07 5 0.08 5 0.08 17 0.28

SPL 4.5 0.08 4.5 0.08 2 0.03 1.5 0.03 12.5 0.21

trIFG 5.5 0.09 1 0.02 1.5 0.03 1 0.02 9 0.15

vPoG 4.5 0.08 4.5 0.08 2.5 0.04 2.5 0.04 14 0.23

vPrG 6 0.10 6 0.10 3 0.05 2.5 0.04 17.5 0.29

Frontal 96 0.07 74 0.05 48 0.03 49 0.04 268 0.19

Parietal 58 0.06 58 0.07 39 0.04 30 0.04 186 0.21

Occipital 11 0.05 13 0.05 6 0.03 11 0.05 41 0.17

Temporal 35 0.06 37 0.05 27 0.05 22 0.03 123 0.20

Median 4.0 0.07 3.0 0.05 2.0 0.03 2.0 0.03 11.5 0.19

Min 1.0 0.02 1.0 0.02 0.0 0.00 0.0 0.00 5.0 0.08

Max 6.0 0.10 6.5 0.10 5.0 0.07 5.0 0.08 17.5 0.29

SD 1.32 0.02 1.38 0.02 1.00 0.02 0.98 0.02 2.63 0.04

Summary of different errors types concerning the error rates for all errors of all stimulations induced by nTMS stimulation trains per CPS region

and lobe. (a) Errors and error ratio observed in the whole left hemisphere. (b) Errors and error ratio generated in the whole right hemisphere

Fig. 5 Error rate in addition task. This is the error rate for all errors

of all subjects generated in the addition task. The highest error rates

are located in the right posterior middle frontal gyrus (pMFG),

posterior superior temporal gyrus (pSTG) and angular gyrus (anG)

(25 % each), as well as in the left anterior superior temporal gyrus

(aSTG, 35 %)
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suggested a mixed hemispheric dominance, which again

corresponds well with our results (Arsalidou and Taylor

2011). Multiplication processing, on the other hand, was

almost and unexpectedly right-lateralized, in contrast to

our observed localizations. Kawashima et al. (2004) also

showed activation of the left middle frontal, bilateral

inferior temporal, and bilateral lateral occipital cortices

during addition, subtraction, and multiplication tasks

(Kawashima et al. 2004).

Feasibility of preoperative calculation mapping

in brain tumor patients

According to Della Puppa et al. (2013), the right parietal

cortex, especially the inferior lobule, was detected as being

specifically related to multiplication or addition processing,

and the right IPS was functionally specific for multiplica-

tion in patients with right-sided parietal lobule gliomas

(Della Puppa et al. 2013). Sanai et al. (2012) published a

paper on 119 patients with parietal lobe gliomas in both

hemispheres who underwent aggressive tumor resection,

and the postoperative impairment also included dyscalculia

(Sanai et al. 2012).

With this in mind, the technique presented in our study

might not only be feasible for neuroscientific researchers

but also for neurosurgeons for preoperative mapping in

brain tumor patients in order to reduce postoperative

impairment like Gerstmann’s syndrome. Whether our

investigated protocol is feasible in brain tumor patients has

to be evaluated as an upcoming step.

Limitations

One limitation of mapping cortical calculation function via

rTMS is that the modality itself is limited to the cortex.

Thus, other calculation-related areas for arithmetic

processing, such as the thalamus, cerebellum, or insula,

remain unexamined with this technique. Yet the combi-

nation of rTMS with diffusion tensor imaging fiber track-

ing—as already published for motor function—might be a

seminal approach (Krieg et al. 2012a; Frey et al. 2014).

Moreover, although we can examine the majority of cor-

tical regions via advanced rTMS, it cannot be applied at

every cortical region due to rTMS-induced pain. Further-

more, adjacent cortical areas might also be influenced by

rTMS because of their functional connectivity, although

they are not directly stimulated. In addition, one con-

founder of this technique is that we cannot completely

differentiate whether the calculation mistakes were made

because of language impairment, such as within the vPrG,

or impairment of visual function, or due to calculation

function impairment per se. At first visual function starts

processing after approximately 120 ms. The pathway of

arithmetic processing then ends with language/speech

function starting after 400–600 ms. In the meantime the

brain among other functions solves the arithmetic problems

during the stimulation. In conclusion, we cannot differen-

tiate all these subfunctions of processing arithmetic prob-

lems properly.

As a possibility to differentiate between errors in terms

of language function and actual calculation errors, we

might be able to use a language control task in future

studies. In this way, the volunteers would not only be

examined for calculation function but also with regard to

their language related areas. The difference between both

tasks might correspond much better with actually calcula-

tion-relevant areas.

Further on, hesitation errors were only compared to

baseline testing, so there was no exact reaction time mea-

surement to evaluate these errors. Yet these last two limi-

tations might be reduced during further refinement of this

technique.

Fig. 6 Error rate in multiplication task. This is the error rate for all

errors per subjects generated in the multiplication task. We observed

the highest error rates in the right middle middle frontal gyrus

(mMFG; 25 %) and polar lateral occipital gyrus (poILOG; 25 %), as

well as in the left angular gyrus (anG; 30 %)
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Moreover, the presented technique of rTMS mapping of

calculation has not been validated like motor or language

mapping. In other words, there is no gold standard

technique to compare or correlate this study. Ideally, direct

electrical stimulation of the cortex could be used to further

validate the technique. Yet, since this study is the first to

Fig. 7 Hemispheric comparison. This is the hemispheric comparison

for all calculation tasks and separated in each different task for all

subjects. Right hemisphere: black, left hemisphere: gray. The

anatomical areas were described by Corina et al. (2005). a All errors

of all subjects. b Division errors of all subjects. c Subtraction errors of
all subjects. d Addition errors of all subjects. e Multiplication errors

of all subjects
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investigate the feasibility of this new technique, we neither

examined patients nor did we verify our non-invasive

findings via intraoperative mapping in this current stage.

Another limitation of this pilot study is the number of

examined subjects. An objective for future studies is to

increase the number of subjects in order to potentially

reach a higher statistical significance and to implement a

test–retest analysis.

It is also not clear yet, whether surgery aimed at some of

these areas would actually result in a detectable and per-

sistent clinical deficit. For example, surgery is commonly

performed for tumors in the left middle frontal gyrus, and

patients do not seem to exhibit significant deficits.

Conclusion

The present study demonstrates the feasibility of locating

the calculation function non-invasively via rTMS because

the observed cortical localizations are well in accordance

with the current literature based on other modalities or

lesion studies.

Overall, the high importance of the parietal lobe, espe-

cially the anG, and adjacent frontal areas for arithmetic

processing were confirmed with this technique.
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Fall von Hirnblutung und über Rechenstörungen bei
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