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Abstract: Mental calculation is a complex mental procedure involving a frontoparietal network of brain
regions. Functional MRI (fMRI) studies have revealed interesting characteristics of these regions, but
the precise function of some areas remains elusive. In the present study, we used electrocorticographic
(ECoG) recordings to chronometrically assess the neuronal processes during mental arithmetic. A cal-
culation task was performed during presurgical 3T fMRI scanning and subsequent ECoG monitoring.
Mental calculation induced an increase in fMRI blood oxygen level dependent signal in prefrontal,
parietal and lower temporo-occipital regions. The group-fMRI result was subsequently used to cluster
the implanted electrodes into anatomically defined regions of interest (ROIs). We observed remarkable
differences in high frequency power profiles between ROIs, some of which were closely associated
with stimulus presentation and others with the response. Upon stimulus presentation, occipital areas
were the first to respond, followed by parietal and frontal areas, and finally by motor areas. Notably,
we demonstrate that the fMRI activation in the middle frontal gyrus/precentral gyrus is associated
with two subfunctions during mental calculation. This finding reveals the significance of the temporal
dynamics of neural ensembles within regions with an apparent uniform function. In conclusion, our
results shed more light on the spatiotemporal aspects of brain activation during a mental calculation
task, and demonstrate that the use of fMRI data to cluster ECoG electrodes is a useful approach for
ECoG group analysis. Hum Brain Mapp 35:5903–5920, 2014. VC 2014 Wiley Periodicals, Inc.
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INTRODUCTION

Mathematical competence is an essential cognitive abil-
ity that is often used in both daily and professional life. It

may be considered a central aspect of human intelligence
[Neisser et al., 1996] and is part of important intelligence
scales, such as the Wechsler Adult Intelligence Scale
[Wisdom et al., 2012]. Moreover, numerical ability is an
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important predictor for later academic achievement [see
Butterworth, 2010]. Not surprisingly, mathematics has
received a great amount of attention in neuropsychologi-
cal, developmental, and imaging studies. Important
insights in the brain regions involved in mental calculation
have been largely based on neuropsychological data,
studying the effects of brain lesions in patients, and on
experimental imaging data, mainly from functional mag-
netic resonance imaging (fMRI) studies [Arsalidou and
Taylor, 2010]. Although studies differ in their approach,
and therefore in their conclusions, the general consensus is
that mental calculation involves a frontoparietal network
of brain regions, most of which are involved in the per-
formance of other tasks as well [Arsalidou and Taylor,
2010; Gruber et al., 2001]. Especially, the frontally activated
areas are assumed to play a more general or supportive
role, for instance in working memory related processes
[e.g., Dehaene et al., 2004; Gruber et al., 2001; Kroger et al.
2008; Zago et al., 2001], but their exact function during
mental arithmetic is still unclear and has received rela-
tively little attention compared to parietal regions.

The parietal cortex is thought to contain neuronal popu-
lations that are relatively specific for number-related proc-
essing and mental arithmetic [Cohen Kadosh and Walsh,
2009; Dehaene and Cohen, 1995; Dehaene et al., 2004; Har-
vey et al., 2013]. In the updated triple-code model for
number processing, it has been proposed that the parietal
cortex contains three subsystems with a different role in
mental calculation [Dehaene et al., 2003]. A language-
independent representation of numerical quantity or
“mental number line” was proposed to be situated in the
horizontal part of the intraparietal sulcus (hIPS). Superior
parietal regions were suggested to be involved in spatial
orienting along this mental number line, whereas verbal
number processing, that is, the retrieval of verbally stored
arithmetic facts, was attributed to the angular gyrus
[Dehaene et al., 2003]. Since then, many studies have spe-
cifically addressed the function of these parietal areas in
mental arithmetic, some of them validating the model,
others challenging (parts of) it.

FMRI reports on mental calculation have focused on local-
izing areas that show an increase or decrease in the blood
oxygen level dependent (BOLD) fMRI signal with for exam-
ple increasing difficulty, different arithmetic operations, or
various levels of mathematical competence [e.g., Fehr et al.,
2007; Ischebeck et al., 2009; Menon et al., 2000). If carefully
designed, fMRI studies can indeed provide a relatively
detailed idea about the function(s) of certain regions within
the mental calculation process [e.g., Simon et al., 2002].
However, due to the slow temporal resolution of fMRI, only
limited knowledge can be obtained about the timing of acti-
vation and deactivation of the involved areas during the full
cascade of stimulus perception to actual computation and
response. For improving our understanding of the specific
function of each involved area and to obtain a better picture
of the neuronal processes involved in mental calculation,
this temporal information constitutes a significant contribu-

tion. EEG and event related potential (ERP) recordings pro-
vide data with high temporal resolution but have a limited
spatial resolution and limited sensitivity to activity in
smaller regions [Ebersole and Ebersole, 2010; Tao et al.,
2007]. Results from EEG and ERP studies can therefore only
be attributed to the response of relatively large regions,
rather than to the specific gyri that are thought to play a
role in mental calculation. Over the last few years, intracra-
nial EEG or electrocorticography (ECoG) has received an
increasing amount of attention [Crone et al., 2006; Jacobs
et al., 2010; Ritaccio et al., 2011]. For ECoG, brain signals are
recorded using grids and/or strips of electrodes that are
placed on the cortical surface, providing a unique combina-
tion of high spatial and temporal resolution. Originally used
as a clinical tool, mainly for epilepsy monitoring, ECoG has
now been recognized to be of high scientific value as well
and is being used to answer fundamental questions about
brain functions, and in the development of brain-computer
interfaces [Jacobs and Kahana, 2010; Ritaccio et al., 2011].

In the current study, we used ECoG to chronometrically
assess the neuronal processes involved in mental calculation.
We performed a group analysis of temporal spectral power
changes of the ECoG signal during a mental calculation
task, in important nodes of the mental calculation network.
Notably, performing an ECoG group analysis is inherently
challenging. As electrode placement is determined by the
suspected epileptic focus of each individual patient, only a
limited portion of the cortex is covered with electrodes, and
the location of the covered area varies between subjects.
Moreover, standard clinical grids have an interelectrode dis-
tance of 1 cm, providing rather sparse sampling of the corti-
cal surface. To address these factors, we clustered electrodes
of different subjects into anatomically defined subsets using
the results of an fMRI group analysis of the mental calcula-
tion task. The fMRI activation pattern was split into regions
of interest (ROIs) and we assessed for each electrode
whether it was located within one of the ROIs, using the
normalized electrode positions (obtained after coregistering
a CT-scan with electrode positions with the patients’ MRI
scan). The underlying idea is that the fMRI provides spatial
information, while ECoG provides data on the temporal
characteristics of the neuronal processes within each ROI.
We focused on the high frequency band of the ECoG signal,
which has been shown to represent local neuronal activity
most accurately (as compared to all lower frequency bands),
and correlates highly with location and amplitude of the
BOLD response [Hermes et al., 2012a; Lachaux et al., 2007;
Siero et al., 2013].

To solve a mathematical problem it is necessary to visu-
ally process the given problem and to perform a number of
calculation steps before coming to a decision and selecting
the appropriate response. One therefore expects a sequen-
tial activation of the brain regions involved in these sub-
functions, with some of the neuronal processes being
connected to stimulus onset, and others closely associated
with the response. To obtain a reliable estimate of the
spectral power changes at the onset and the end of the
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computation period, we computed stimulus-locked and
response-locked high frequency power over time of all elec-
trodes. The variation in response time between trials and
between subjects will lead to a higher reliability of the aver-
age response traces close to the stimulus and the response
than a few seconds away from these anchor points (e.g.,
immediately after stimulus onset, all subjects will be com-
puting, whereas a few seconds later, some, but not all, sub-
jects may have responded with a button press). Therefore,
in the final analysis we only considered a time window of
a few seconds around stimulus onset and response.

MATERIALS AND METHODS

Subjects and Data Acquisition

Subjects were patients with medically refractory epilepsy
who were scheduled for temporary subdural electrode
implantation, to determine the location of the seizure focus
and to investigate the possibility of surgical removal of the
epileptogenic tissue. Most of the patients had left-
hemispheric grid coverage; therefore we focus on the left
hemisphere in the current article. fMRI and ECoG was
recorded from partly overlapping groups of epilepsy
patients: 10 patients contributed to the fMRI dataset (age
34 6 4, 6 male, 4 female, three left-handed, seven right-
handed) and 21 patients (age 29 6 2, 14 male, 7 female, 2
left-handed, 18 right-handed, 1 ambidexter) contributed to
the ECoG dataset. Seven patients contributed to both data-
sets (see Table I for more details). The study was approved
by the Medical Ethical Committee of the Utrecht University
Medical Center and informed consent was given in accord-
ance with the Declaration of Helsinki, 2008.

Several weeks before implantation surgery, an fMRI
scan was obtained from the patients. Functional MRI
images were made while patients performed a mental cal-
culation task (below), using a Philips 3T MRI scanner. We
used 3D PRESTO, a technique that eliminates signal from
blood vessels larger than 1 mm, thereby improving local-
ization accuracy [Neggers et al., 2008; Rutten et al., 1999;
Van Gelderen et al., 2012]. Anatomical MRI scans were
available for all patients.

During grid implantation surgery, grid and strip electrodes
were implanted subdurally (2.3 mm exposed diameter, inter
electrode distance 1 cm, between 80 and 136 contact points,
Ad-Tech, Racine, WI). After implantation, clinical ECoG was
recorded continuously using a 128-channel Micromed system
(Treviso, Italy, bit depth 22 bits, band pass filter 0.15–134.4
Hz) at a sampling frequency of 512 Hz. During the ECoG
recording period, patients performed the same mental calcu-
lation task (below) as during fMRI scanning.

Mental Calculation Task

The mental calculation task consisted of 45 (fMRI) or 40
(ECoG) equations of three levels of difficulty with a given

answer. Patients were instructed to mentally solve the
equations and to indicate whether the answer on the
screen was correct or incorrect by pressing one of two but-
tons. Subjects were instructed to use the right hand for the
button press. In three subjects, the left hand was used
inadvertently. Three levels of difficulty (task levels) were
tested: Easy (e.g., 5 1 2 5 7), Medium (e.g., 43 1 38 5 81)
and Difficult (e.g., 92 2 46 2 28 5 18). All equations con-
sisted of additions and/or subtractions. Note that the easy
and medium expressions consisted of two terms, whereas
the difficult expressions had three terms. Furthermore, the
easy expressions only consisted of numbers below 10,
whereas the medium and difficult expressions contained
at least one (medium) or two (difficult) terms between 10
and 99. Each trial started with the presentation of the
equation, after which the participant had 10 s to compute
and respond. When the button was pressed, feedback was
given for 0.5 s (a green ampersand for correct, a red cross
for incorrect), followed by a fixation cross, which lasted
until the total trial duration (20 s during fMRI scanning,
13.5 s during ECoG recording) had passed. To maximize
power, all presented equations were included in the analy-
sis, independent of a correct or incorrect answer, since it
can be assumed that, even in cases where the answer was
incorrect, patients have performed the mental act of calcu-
lation. This assumption is supported by the fact that the
majority of equations was answered correctly (70% of all
equations).

fMRI Analysis

Functional scans were realigned, coregistered with the
anatomical scan using a reference scan, normalized to
Montreal Neurological Institute (MNI) space and
smoothed with a Gaussian kernel (8 mm full width at half
maximum) for group analysis. Statistical analysis at the
individual subject level was performed using a general lin-
ear model (GLM, SPM5 software, http://www.fil.ion.ucl.
ac.uk/spm), in which two factors were included: one for
the button press and one for the mental calculation period.
For each subject, three contrast maps were generated:
BOLD increase during mental calculation, BOLD decrease
during mental calculation, and BOLD increase during the
button press. Group analysis was performed by entering
the single subject contrast maps into a second level analy-
sis (one-sample t-test). The resulting fMRI group activation
patterns were split into clusters, by creating a mask for
each group of voxels with a t-value larger than a certain
threshold (t� 5.5 for BOLD increase during mental calcula-
tion, t�24 for BOLD decrease during mental calculation,
t� 3.5 for BOLD increase during button press). These
thresholds were chosen based on visual inspection of the
activation pattern, and aimed at defining the mental-
calculation-related brain areas as completely as possible,
without having too much overlap between areas that were
close to each other. Note that strict statistical evaluation is
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not relevant for the present purpose of dividing the cortex
into regions associated with calculation for subsequent
assignment of ECoG electrodes. Clusters that clearly con-
sisted of two or more subclusters (e.g., two large groups of
voxels connected by only one voxel), were split using the
AAL template masks of SPM5. Only gray matter clusters
on the left hemisphere larger than five voxels were labeled
as an ROI for further analysis (see Channel grouping).

ECoG Analysis

The signals of all electrodes were visually inspected,
and channels with obvious artefacts due to a broken con-
nection (either no power or excessive line noise in the raw

signal) were excluded from further analysis. The remain-
ing channels were rereferenced to a common average ref-
erence consisting of all implanted channels within each
subject. Epoching of the data was performed both in a
stimulus-locked (traces synchronized relative to stimulus
onset, epochs from 23 to 10 s relative to stimulus onset)
and a response-locked (traces synchronized relative to but-
ton press, epochs from 213 to 3.5 s relative to button
press) manner. A time frequency representation was com-
puted using wavelet decomposition [Morlet wavelet, seven
cycles, as implemented in the open source Matlab toolbox
Fieldtrip, Oostenveld et al., 2011] for all frequencies
between 1 and 95 Hz (steps of 1 Hz), and the data was
expressed as percent signal change with respect to the 3 s
baseline period preceding every stimulus. The mean

TABLE I. Subject characteristics

Subject # Sex Age
Age/seizure

onset
Handed-

ness
ECoG
data?

# els in
analysis

fMRI
data? Location MRI anomalies Resected area

1 F 25 21 L X 80 X L parietotemporal L parietotemporal
2 F 33 12 R X 104 X L parietal operculum L postcentral/parietal

operculum
3 M 26 4 R X 120 X L mesial temporal L temporal and

hippocampus
4 M 42 13 R X 88 X L mesial temporal L temporal and

hippocampus
5 M 34 9 L X 120 X No anomalies No resection
6 F 19 6 R X 80 X No anomalies L frontal
7 M 49 4 R X 120 X L frontal L frontal
8 M 20 8 Ambidexter X 8 – No anomalies No resection
9 F 30 15 R X 112 – No anomalies L temporal
10 M 44 32 R X 104 – No anomalies L frontal and

hippocampus
11 F 32 10 R X 24 – R frontomedian R frontal
12 M 36 24 R X 120 – L mesial temporal L temporal and

hippocampus
13 M 18 6 R X 104 – L frontal L frontal
14 F 23 8 R X 96 – L temporal

(mediobasal part)
L temporal and

hippocampus
15 M 28 12 R X 120 – L frontal L frontal
16 F 15 3 R X 96 – L parietal L parietal
17 M 29 3 R X 72 – L parietal (previous

resection),
basal ganglia,
L frontal

L parietal

18 M 28 15 R X 120 – L frontal L frontal
19 M 21 14 R X 96 – L frontal (previous

resection),
L parietal

L temporoparietal

20 M 26 20 R X 96 – L frontal L frontal
21 M 19 15 R X 112 – No anomalies L temporal and

hippocampus
22 F 36 7 R – – X R occipitotemporal R occipitotemporal
23 M 49 24 L – – X L temporal No resection
24 M 17 8 R – – X L occipitoparietal

(previous resection)
No resection
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power over time was computed for the 65–95 Hz fre-
quency band (line noise is at 50 Hz) and was averaged
over trials. To identify channels showing significant task-
related changes in power, we computed a paired t-test for
the mean power during the baseline (the 3 s before stimu-
lus onset) and the calculation period (stimulus until
response) for all three conditions (easy, medium, and diffi-
cult). Channels showing significant task related changes in
power (positive or negative) in one of these categories
(P< 0.05, Bonferroni corrected for the number of recorded
channels, stimulus-locked traces) were included in the fur-
ther analysis (see Channel Grouping).

Channel Grouping

To be able to perform a group analysis of the ECoG
data, the precise position of the ECoG electrodes was
determined using an anatomical MRI scan that was made
prior to grid implantation and a CT-scan that was made
after electrode implantation using the method described
by Hermes et al. [2010]. Subsequently, these electrode
positions were normalized to MNI space using the seg-
mentation parameters of the fMRI preprocessing segmen-
tation step [Unified segmentation, Ashburner and Friston,
2005]. Using a radius of 15 mm [Lachaux et al., 2007]
around the normalized electrode positions, we determined
which electrodes were located within one of the fMRI
based ROIs. If an electrode was allocated to two or more
ROIs in this analysis, the electrode was assigned to the
ROI with the shortest distance to the position of the elec-
trode. As the electrode grid coverage differed between
patients, the number of electrodes within each ROI varied,
as did the number of patients contributing to each ROI.

The electrode allocation method used above is an auto-
matic approach, not taking into account cortical gyral pat-
terns. Therefore, especially in the case of neighbouring
ROIs, there is potential risk of assigning an electrode to an
ROI that is for instance located at the other side of a sul-
cus, and which has a fundamentally different function and
high frequency response pattern than the other electrodes
assigned to the ROI. Therefore, we developed a second cri-
terion and assessed whether the response profiles of the
individual electrodes assigned to each specific ROI were
similar or not. This approach used the affinity propagation
clustering method to group the electrodes based on simi-
larity of the high frequency response profiles [Frey and
Dueck, 2007]. Affinity Propagation has the advantage that
the number of clusters or groups does not need to be
decided a priori, and it allows for self-definition of a simi-
larity measure between data points. The response profile
was defined as the rising (t 5 23 to 5 s, relative to stimu-
lus onset) and descending (t 5 25 to 3 s relative to button
press) phases of the individual stimulus- and response-
locked high frequency traces of the difficult equations, and
the correlation value between the profiles of individual
electrodes was used as the similarity measure. In cases

where the affinity propagation method demonstrated the
presence of a subset of electrodes showing a deviant
response profile (compared to the other electrodes in the
ROI), the anatomical location of the electrodes was investi-
gated in single subject space (using the CT-scan and/or
the intraoperative photographs). When the deviant
response profile of a certain electrode could be explained
by its location in single subject space (e.g., just on the
other side of a sulcus compared to the other electrodes of
the ROI), the electrode was reassigned accordingly. In
cases where there was no neighbouring ROI to which the
electrodes could be assigned, or when there was no clear
anatomical explanation for the two types of responses, the
two groups of electrodes were split into separate ROIs.

ECoG Group Analysis

To study power over time per ROI, we took, per subject
and for each ROI, the mean of the high frequency power
traces of the electrodes showing a significant change in high
frequency power. The resulting traces (i.e., per ROI, averaged
over significant electrodes per subject) were smoothed with a
20-point moving average. To quantify the differences
between ROIs in the timing of the high frequency power
onsets and offsets, we identified for each smoothed trace, the
time points of where the rising and descending phases of the
stimulus-locked or response-locked traces crossed the 50%
max values. The resulting values were corrected for outliers
[Chauvenet’s criteria, Chauvenet, 1863] and averaged. Only
ROIs with five or more contributing subjects were considered
for further analysis and in the figures. Differences between
ROIs were tested for statistical significance with one-way
ANOVAs and post hoc Students t-tests (P< 0.05), for both
Type 1 and Type 2 traces of the difficult equations. Differen-
ces between task levels were tested for significance using
Paired Students t-tests (P< 0.05).

RESULTS

Behavioral Data

Accuracy during fMRI was 96 6 2, 82 6 4, and 53 6 8%
correct for easy, medium, and difficult equations, respec-
tively (average 6 standard error of the mean). Reaction
times were 3.1 6 0.1, 5.6 6 0.2, and 7.8 6 0.3 s. During
ECoG recording, accuracy was 92 6 2, 72 6 4, and 51 6 4%
correct for the three task levels, with reaction times of
3.3 6 02, 6.3 6 0.3, and 8.0 6 0.3 s, respectively. The average
accuracy or reaction time was not significantly different
between ECoG and fMRI for any of the task levels (inde-
pendent t-tests, P> 0.1).

fMRI Results

Mental calculation induced BOLD activation (t� 5.5,
Fig. 1) in a widespread cortical network of frontal, parietal
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and lower occipital brain regions bilaterally. Left hemi-
spheric activation was more pronounced than that of the
right hemisphere. In the left hemisphere, the dorsolateral
prefrontal cortex (DLPFC) was activated, as well as Broca’s
area, a region covering large parts of the precentral gyrus,
extending into the lower parts of the middle frontal gyrus,
and an area on the superior frontal gyrus, close to the
intersection with the precentral sulcus. Frontal cortical
activations of the right hemisphere were largely similar,
except for a smaller precentral activation. Parietal activa-
tion was bilaterally located around the intraparietal sulcus
(IPS), including posterior parietal regions, and an area bor-
dering the inferior postcentral sulcus/ascending IPS.
Strong activation was also present in lower occipitotempo-
ral regions bilaterally, the bilateral precuneus and bilateral
supplementary motor regions. A decrease in BOLD
(t�24) during mental calculation (compared to rest) was
observed in the bilateral angular gyrus, with stronger
effects in the left hemisphere. BOLD increases related to
the button press (t� 3.5) were observed in the left postcen-
tral gyrus, precuneus (anterior to the calculation-related
activation), and in the medial frontal pole.

Based on the left-hemispheric and interhemispheric (fac-
ing the left hemisphere) BOLD (de-)activation related to
mental calculation and the button press, 14 ROIs were
obtained. ROIs 1–10 were related to a BOLD increase dur-
ing mental calculation, ROI11 to a BOLD decrease during
mental calculation, and ROI12–14 to a BOLD increase
related to the button press (see Fig. 2 and Table II).

ECoG Results and Channel Grouping

Time frequency analysis of the stimulus-locked ECoG data
of the electrodes of all 21 patients revealed that, of a total of
1,992 electrodes (Fig. 3A) located on the left hemisphere (or
interhemispherically facing the left hemisphere), 227 electro-

des showed significant task-related power changes in the 65–
95 Hz frequency range in one or more of the task levels (222
increase in power, 5 decrease). Of the electrodes showing a
significant change in high frequency power, 195 (86%, 192
increase, 3 decrease) were initially assigned to one of the 14
fMRI-based ROIs, as they were located within 15 mm of one
of the group analysis BOLD (de-)activations. The electrodes
that were not assigned to one of the ROIs, were not clustered
in particular regions, but were spread across the brain (Fig.
3B). We investigated whether or not electrodes showing a
significant response were located on cortical lesional areas.
For only one significantly responding electrode, this was the
case. This electrode showed a response that was highly simi-
lar to that of the other electrodes of the same subject that
were assigned to the same ROI, and was therefore not
excluded from analysis.

Affinity propagation clustering revealed that ROI1,
ROI3, ROI4, ROI5, ROI7, ROI8, ROI11, and ROI13 each
contained two or more groups of electrodes showing fun-
damentally different high frequency temporal profiles.
Detailed investigation of the results of this procedure
revealed that ROI1, ROI7, and ROI11 each had a low num-
ber of electrodes (n� 6) that were distributed over two or
three clusters. As each of these clusters was too small for
further consideration (1–4 electrodes of 1–2 subjects), these
respective ROIs were not considered further. The electro-
des of ROI3, ROI4, and ROI8 were split into two subsets
each, adding three more ROIs, namely ROI15 (next to
ROI3), ROI16 (intermixed with ROI4), and ROI17 (inter-
mixed with ROI8) (Fig. 2). In addition, 6 electrodes from
ROI5 and ROI13 were reassigned to other ROIs, and one
electrode was excluded from further analysis. In the final
arrangement of electrodes, eight of the ROIs had less than
five subjects contributing data to it. These ROIs were
excluded from further analysis. The remaining nine ROIs
were retained for further analyses, each containing data

Figure 1.

Cortical fMRI activation patterns (group map, n 5 10) of the mental calculation task. Red: BOLD

increase during mental calculation (t� 5.5). Blue: BOLD decrease during mental calculation

(t�24). Green: BOLD increase during button press (t� 3.5). [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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from five or more subjects. To study the changes in high
frequency power over time, we took for each ROI, per sub-
ject, the mean of the stimulus-locked and response-locked
time frequency traces over these electrodes. Subsequently,
we computed the time points at which the ascending

phase of the stimulus-locked traces and the descending
phase of the response-locked traces crossed the 50% max
value. These values were corrected for outliers, as
described in the methods section. To improve readability,
from this point on we refer to the ROIs by their anatomical

Figure 2.

ROIs based on the fMRI activation patterns of the left hemi-

sphere. Based on the left-hemispheric and interhemispheric

BOLD (de-)activation related to mental calculation and the but-

ton press, 14 ROIs were obtained. ROIs 1–10 were related to a

BOLD increase during mental calculation, ROI11 to a BOLD

decrease during mental calculation, and ROI12–14 to a BOLD

increase related to the button press. Notably, the affinity propa-

gation clustering method revealed that several ROIs contained

two types of fundamentally different high frequency power

traces. Detailed investigation of the location of these groups of

electrodes led to reassignment of several electrodes, and to a

split of ROI3, ROI4, and ROI8, yielding ROI15 (next to ROI3),

ROI16 (intermixed with ROI4), and ROI17 (intermixed with

ROI8). Notably, ROI3 and ROI15 had too few subjects to be

analysed further. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

TABLE II. Regions of interest

ROI Area Abbreviation # Subj stimlocked # Subj resplocked

1 Opercular/triangular gyrus Operc/TriangG 2 2
2 Middle frontal gyrus (anterior) aMFG 9 10
3 Superior frontal gyrus (posterior) pSFG 4 4
4 Precentral gyrus/middle frontal gyrus 1 PreCG/MFG1 8 10
5 Inferior parietal lobule IPL 8 9
6 Superior parietal lobule SPL 8 8
7 Middle occipital gyrus MOG 2 2
8 Inferior occipital gyrus/fusiform gyrus 1 IOG/FFG1 5 5
9 Supplementary motor area/cingulate cortex SMA/CC 6 6
10 Precuneus (posterior) pPCUN 2 2
11 Angular gyrus AG 4 4
12 Superior frontal gyrus (anterior medial) aSFGmed 0 0
13 Postcentral gyrus PostCG 9 10
14 Precuneus (anterior) aPCUN 0 0
15 Precentral gyrus (superior) PreCGsup 3 3
16 Precentral gyrus/middle frontal gyrus 2 PreCG/MFG2 9 9
17 Inferior occipital gyrus/fusiform gyrus 2 IOG/FFG2 5 5

Locations of the fMRI-based ROIsz, the number of electrodes with a significant response in the high frequency range, and the number
of subjects contributing to the ECoG dataset, for both the stimulus-locked and the response-locked approach, per ROI. Note that ROIs 1,
3, 7, 10, 11, 12, 14, and 15 have less than five subjects contributing, and were therefore left out of the analysis.
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location, with the ROI number in brackets (see Table II for
abbreviations).

ECoG High Frequency Power Profiles

Two types of high frequency power profiles were
observed (see Figs. 4 and 5). A Type 1 response was char-
acterized by a very slow power increase in the stimulus-
locked traces, especially for the more difficult equations,
and a clear peak just before or at the time of the button
press in the response-locked traces, for all task levels (Fig.
4). Three ROIs showed a Type 1 response.

Type 2 responses (Fig. 5) were characterized by a rela-
tively steep increase in power after stimulus presentation
onset, with power remaining at elevated levels until
shortly before the button press, when it dropped back to
baseline levels. Six ROIs showed a Type 2 response.

Areas with Type 1 Responses

As the Type 1 responses clearly represented neuronal
processes tightly related to the button press (see Fig. 4),
the stimulus-locked traces were not very informative for a
more detailed study of the differences between regions.
Therefore, only the response-locked traces were examined
further, and the time points were computed of where the
ascending and descending phases of the response-locked
peaks crossed the 50% max value (Fig. 6).

Response-locked

Analysis of variance revealed a significant difference
between the ascending phases of peaks of the Type 1
ROIs, with the peak onset times of the SMA/CC (ROI9)
being significantly different from those of both the

PreCG/MFG2 (ROI16) and PostCG (ROI13) [difficult
traces, One-way ANOVA, F(2,22) 5 10.042, P 5 0.001, with
post hoc Students t-tests, P< 0.05]. None of the ROIs
showed a significant difference between the three task lev-
els in the ascending phase of the response-locked peaks
(Paired Students t-tests, P< 0.05).

Notably, the ascending phases of the response-locked
peaks showed a highly consistent picture over task levels:
The SMA/CC (ROI9) was the first to increase high fre-
quency power, followed by the PreCG/MFG2 (ROI16).
The PostCG (ROI13) was the last region to respond. The
descending phase showed a less discriminating pattern
and the timing of the power decrease was not significantly
different between areas (Difficult traces, One-way
ANOVA, F(2,22) 5 2.498, P 5 0.105).

Areas with Type 2 Responses

We computed the points in time where the rising phase of
the stimulus-locked traces and the descending phase of the
response-locked traces crossed the 50% max value (Fig. 7).

Stimulus-locked

Analysis of variance on all Type 2 stimulus-locked traces
of the difficult equations showed a significant difference
between ROIs [F(5,37) 5 7.962, P 5 0.0004]. Post hoc Students
t-tests showed that the 50% values of ROI8 were significantly
different from those of ROI2, 4, 5, and 6 (difficult traces,
P< 0.05). The 50% values of ROI2 were significantly different
from those of ROI4, 6, 8, and 17 (difficult traces, P< 0.05).

Of the six ROIs with Type 2 responses, the first one to
respond upon stimulus presentation was the IOG/FFG1
(ROI8). The steep increase in high frequency power was
highly consistent over task levels (Fig. 5), crossing the 50%
max threshold at around 0.05–0.07 s after stimulus

Figure 3.

(A) In red, normalized position of all implanted electrodes on

the left hemisphere of the 21 patients contributing to the ECoG

dataset, plotted on an average brain. (B) Yellow: Electrodes with

a significant high frequency response, assigned to an ROI. Blue:

Electrodes with a significant high frequency response NOT

assigned to an ROI. More than 80% of significant electrodes

were located within 15 mm of a BOLD ROI, and were therefore

assigned to it. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

r Vansteensel et al. r

r 5910 r

http://wileyonlinelibrary.com


presentation onset (Fig. 7). Also the rising phase of IOG/FFG2
(ROI17) and SPL (ROI6) was steep and highly comparable
between task levels (Fig. 5). The 50% max values were reached
at about 0.2 s (IOG/FFG2, ROI17) and 0.35–0.55 s (SPL, ROI6)
after stimulus presentation onset (Fig. 7). The 50% max values
of these three areas did not show a significant difference
between task levels (Paired Students t-tests, P> 0.05).

For the easy equations, aMFG (ROI2), PreCG/MFG1
(ROI4) and IPL (ROI5) showed very similar responses, ris-
ing sharply, and crossing the 50% max level at more or
less the same time point as SPL (ROI6). Examination of the
traces for medium and difficult equations, however,
revealed that 50% max was consistently reached first by
PreCG/MFG1 (ROI4), followed by IPL (ROI5) and aMFG
(ROI2). The responses of these ROIs were highly depend-
ent on the task level. The more difficult the equation, the
less steep the high frequency power increase and the later
the 50% levels were reached. Indeed, ROI2, 4, and 5
showed significant differences between the task levels in
the timing at which 50% max levels were reached. For
ROI2 and 5, there was a significant difference between dif-
ficult and easy, and between difficult and medium equa-

tions. For ROI4, only the difference between difficult and
easy equations was significant (Paired Students t-tests,
P< 0.05).

Response-locked

All response-locked traces showed a descending phase
that started already quite some time (�1 s) before the but-
ton press. The response-locked traces of the IOG/FFG1
(ROI8) and IOG/FFG2 (ROI17) additionally showed a sec-
ond rise and a peak shortly after the button press, around
the time of the feedback that was given to the patients
about their performance (Fig. 5). Also the traces of SPL
(ROI6) showed a small peak or shoulder around this time
point after the button press (Fig. 5). This second peak in
the traces caused substantial variability in the time points
at which the 50% max values were reached (e.g., in the
medium level of IOG/FFG1, ROI8, Fig. 7), since for some
subjects this value was reached already in the first
descending phase, whereas for others, this value was
reached during the descending phase of the second peak.
Also the response-locked traces of aMFG (ROI2), PreCG/

Figure 4.

Stimulus-locked (left) and response-locked (right) time-frequency

profiles (65–95 Hz) of electrodes on the SMA/CC (ROI9), PostCG

(ROI13), and PreCG/MFG2 (ROI16), all showing a Type 1 response.

Traces for Easy, Medium and Difficult equations are indicated by

increasing color intensity. Traces were computed as follows: First,

per subject and per ROI, the average trace over significant electro-

des was computed. The resulting traces were averaged per ROI,

over subjects. Black vertical lines indicate stimulus onset (in

stimulus-locked traces) or the button press (in response locked

traces). Note that the traces for easy and medium equations are

shorter than for the difficult traces. We computed the median of

the response times (per category, per patient), took the minimum

per category (1.63, 3.84, and 5.35 s for easy, medium and difficult,

respectively) and used that value as an endpoint in our plots. It can

be assumed that, until this time point, (almost) all stimulus-locked

traces represent actual mathematical or number processing,

whereas after this time point, the traces will be more and more

“diluted” with rest due to the variance in response time. The same

holds for the response-locked traces, with the response time minus

the minimum-median-RT representing the most consistent part in

terms of functional processing. Locations of all individual electrodes

contributing to the traces are indicated on the renderings on the

left. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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MFG1 (ROI4), and IPL (ROI5) showed strong variability
between subjects, and for none of these areas, a consistent
pattern could be identified between task levels (Fig. 7).
Analysis of variance showed no significant difference
between the ROIs for response-locked traces of difficult
equations [One-way ANOVA, F(5,41) 5 1.622, P 5 0.176].

DISCUSSION

In the present study, we have used a combination of
fMRI and ECoG group analysis to elucidate the temporal
characteristics of the neuronal processes underlying mental
calculation. The task involved additions and subtractions
of three levels of difficulty. Consistent with previous
results [Ramsey et al., 2006], we observed a clear paramet-

ric relationship between task level and reaction time, as
well as between task level and percentage correct, suggest-
ing that the different categories of equations generated dif-
ferent levels of mental effort. Average reaction time and
percentage correct did not differ significantly between
fMRI and ECoG recording, indicating that, on average,
postsurgical performance was comparable to presurgical
performance.

fMRI

In the fMRI analysis of the mental calculation task, we
observed a bilateral cortical activation pattern, with BOLD
increases in frontal, parietal, and lower occipitotemporal
regions. Cortical activation was somewhat more widespread

Figure 5.

Stimulus-locked (left) and response-locked (right) time-frequency profiles (65–95Hz) over elec-

trodes in the aMFG (ROI2), PreCG/MFG1 (ROI4), IPL (ROI5), SPL (ROI6), IOG/FFG1 (ROI8),

and IOG/FFG2 (ROI17), all showing a Type 2 response. Figure details as in Figure 4. [Color fig-

ure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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in the left than in the right hemisphere, which corresponds
largely with previous results [Arsalidou and Taylor, 2010].
The decrease in BOLD that was observed in the angular
gyrus corresponds with other studies using subtraction,
addition, and multiplication paradigms [e.g., Grabner
et al., 2007; Grabner et al., 2009; Ischebeck et al., 2006; Wu
et al., 2009]. Because of the more positive responses that
have been observed in this area during the performance of
computations that rely more on fact retrieval (e.g., multi-
plication, trained problems, people with high mathemati-
cal competence) than on procedural strategies (addition,
subtraction), the angular gyrus has been suggested to be
part of the language system, possibly involved in the
retrieval of verbally stored arithmetic facts [Grabner et al.,
2007, 2009; Ischebeck et al., 2006; Jost et al., 2010]. Others,
however, have concluded that the left angular gyrus is not
related to the verbal aspects of arithmetic fact retrieval
[Zarnhofer et al., 2012], and have taken the mental
calculation-induced decrease in BOLD within the angular
gyrus as a sign of a noninvolvement, or nonspecific
involvement, of this region in mental calculation [Rickard
et al., 2000; Wu et al., 2009]. Recently, evidence was pre-
sented for a role of the angular gyrus in mapping between
mathematical symbols and their semantic referents (e.g.,
between mathematical problems and their solutions stored
in long term memory, Grabner et al., 2011, 2013). Detailed
study of the temporal aspects of the (de-)activation of the
angular gyrus may shed light on its exact function during
arithmetic tasks. Unfortunately, there were not enough
subjects within our ROI11 (AG) with a significant positive
or negative response in the high frequency power to draw
any conclusions.

ECoG-fMRI Correspondence

The results of the ECoG analysis matched quite well with
the fMRI activation patterns: 86% of electrodes showing a
significant change in high frequency power during mental
calculation were located within 15 mm of one (or more) of
the fMRI-based ROIs. The close correspondence between
ECoG and fMRI activation agrees with previous studies
from our group [Hermes et al., 2012a; Vansteensel et al.,
2010] and with a study by Lachaux et al. [2007] who found
that, for a semantic decision task, 80% of gamma sites is
located within 15 mm of fMRI activation clusters. Notably,
in the current study, the high frequency positive electrodes
that could not be assigned to one of the ROIs, were not
clustered, but were spread out over the brain. Vice versa,
eight of the fMRI-based ROI’s were associated with less
than five subjects showing high frequency positive electro-
des, which, unfortunately, made it impossible to draw any
conclusions about those areas. Several factors may contrib-
ute to the apparent mismatch between fMRI and ECoG.
First, group fMRI analysis was used to define the ROIs.
Comparing individual subject fMRI results with ECoG data
may improve the match between the two. Second, it has
been described that, in addition to high frequency changes,
also changes in low frequency rhythms correlate with the
fMRI signal, albeit less well than high frequencies [Hermes
et al., 2012a, 2014; Magri et al., 2012; Scheeringa et al.,
2011]. Third, due to the 1 cm distance between electrodes,
they only capture neural signal from some 5% of the area
under the grids. Hence ECoG sampling from fMRI foci,
which are smaller for an individual than the group-based
ROIs, is not ensured by grid coverage of that region. Grids

Figure 6.

Time points where the ascending (left) and descending (right)

phases of the Type 1 response-locked high frequency power

peaks cross the 50% max values for easy, medium, and difficult

equations. Time 0 is the button press. [Color figure can be

viewed in the online issue, which is available at wileyonlineli-

brary.com.]

Figure 7.

Time points of where the stimulus-locked (left) traces first or

response-locked (right) Type 2 traces last crossed the 50% max

values, for easy, medium, and difficult equations. Time 0 is stimu-

lus onset for the stimulus-locked traces, and the button press

for the response-locked traces. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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with higher electrode densities [e.g., Hermes et al., 2012b]
may produce better matching between electrodes and fMRI
foci. Finally, three of the ROIs that were associated with
less than five high frequency positive electrodes were
located interhemispherically, where only a very limited
number of subjects had electrodes implanted. The other five
ROIs were among the smallest of the dataset, again result-
ing in only few electrodes that could be assigned to them.
Adding many more patients to the dataset may solve this
issue and may make it possible to study the time course of
spectral power changes in those areas as well.

High Frequency Power Profiles—Type 1

Type 1 traces showed a very slow and shallow rise in
the stimulus-locked traces and a clear response-locked
peak shortly before the button press. The shape of these
Type 1 profiles suggests an involvement of the respective
areas (SMA/CC, ROI9; PostCG, ROI13; and PreCG/MFG2,
ROI16) in the motor related processes of the button press.
Interestingly, all peaks occurred shortly before the actual
button press. This may be caused by the fact that the
traces were locked to the button press itself (a response is
registered at the end of a movement), and not to the
movement-onset. The planning of the movement, the
movement toward the button and the actual pressing will
generate activity in the involved areas before the button is
fully pressed.

Motor Response

The supplementary motor area (ROI9) is responsible for
planning of motor actions. The rising phase in high fre-
quency power of this region indeed consistently preceded
that of areas thought to be involved in later stages of
motor actions, such as the PostCG (ROI13), corresponding
to previous magnetoencephalography (MEG) and fMRI
studies [Huang et al., 2004; Sun et al., 2005; Weilke et al.,
2001]. Another highly consistent profile was the rising
phase in high frequency power of the PostCG (ROI13),
which always occurred after those of the more frontal
areas, corresponding to previous results [Pollok et al.,
2004] and to the general idea of the role of this area in the
processing of somatosensory feedback information.

Two Functions in the Precentral Gyrus/Medial

Frontal Gyrus

The PreCG/MFG2 (ROI16) is located in the lower parts
of the precentral gyrus and more anterior in the middle
frontal gyrus. Interestingly, the location of electrodes
assigned to the PreCG/MFG2 (ROI16) could, on anatomi-
cal basis, not be separated from those assigned to the
PreCG/MFG1 (ROI4). Only the shape of the high fre-
quency power traces was clearly different, with the elec-
trodes of PreCG/MFG2 (ROI16) showing a clear, response-

locked peak, whereas the electrodes of PreCG/MFG1
(ROI4) showed a Type 2 response, which was character-
ised by a relatively strong rise after stimulus onset, fol-
lowed by elevated power during the computation period,
and a fall to baseline levels before the button press. Nota-
bly, these different responses could not be attributed to
subject-specific differences in this brain region, since both
types of responses were observed within individual sub-
jects. Although many studies have reported activation of
the precentral, inferior and middle frontal gyrus during
mental calculation tasks [De Smedt et al., 2011; Grabner
et al., 2007, 2009; Ischebeck et al., 2009; Menon et al., 2000;
Pesenti et al., 2000], the precise role of the area in number
processing and mental calculation is still poorly under-
stood. Based on our observation of two types of high fre-
quency power profiles being present in quite an extended
area on the middle frontal and precentral gyri, it must be
concluded that the area serves at least two functions dur-
ing our mental calculation task. The response-locked peaks
of the PreCG/MFG2 (ROI16) may be attributed to the
motor processes related to the button press at the end of
the computation period. The ventral premotor cortex has
been suggested to be involved in the preparation and exe-
cution of arm movements, and in the manipulation of
objects. The area is thought to directly match sensory
information with the motor actions, such as matching of a
grasping movement to the location or visuospatial proper-
ties of the target [Chouinard and Paus, 2006; Hoshi and
Tanji, 2007]. Alternatively, the response-locked profile of
ROI16 could be indicative of the comparison of the men-
tally computed answer of the equations to the displayed
answer, and the subsequent decision about correctness of
the latter. A role for the ventral premotor areas in these
different task components has been demonstrated previ-
ously [Romo et al., 2004].

In contrast to the PreCG/MFG2 (ROI16), the high fre-
quency profile of PreCG/MFG1 (ROI4) is indicative for
involvement of precentral and middle frontal regions dur-
ing the actual computation process, which starts long
before the button press takes place. Given its close proxim-
ity to the hand motor region, one of the roles that has
been ascribed to the left precentral activation during men-
tal arithmetic is being part of the finger movement net-
work that underlies finger counting [Krueger et al., 2010;
Pesenti et al., 2000; Venkatraman et al., 2005; Zago et al.,
2001], which is considered an evolutionary and neuronal
basic substrate of mental calculation [Fayol et al., 1998; see
also Fehr et al., 2007]. Others have put forward a role for
precentral and middle/inferior frontal areas in working
memory related processes, such as rule updates [Kazui
et al., 2000; Montojo and Courtney, 2008].

Taken together, it is clear that the lower parts of the pre-
central gyrus, together with posterior parts of the middle
frontal gyrus are involved in a number of aspects of the
mental calculation task. This notion corresponds with
other recent reports that suggest that the posterior DLPFC
and premotor structures are involved in transforming
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sensation into action, i.e. the use of sensory information in
a complete cascade of decision making, execution and
evaluation of the outcome of the decision [Acu~na et al.,
2010; Heekeren et al., 2008; Pardo-Vazquez et al., 2008,
2011; Romo et al., 2004]. Whether or not the relatively
large groups of electrodes assigned to both the PreCG/
MFG1 (ROI4) and PreCG/MFG2 (ROI16) can be further
distributed into separate subfunctions remains to be
determined.

High Frequency Power Profiles—Type 2

Type 2 profiles were characterised by a relatively strong
rise around stimulus onset, after which power remained at
elevated levels before falling to baseline levels around the
time of the button press. Notably, for some ROIs, the
power increase seemed to start already before stimulus
onset. This is a result of the smoothing we performed on
the traces.

The ECoG profiles of the Type 2 responses reveal an
interesting general finding: only for stimulus-locked traces,
a significant difference between ROIs could be found
(ANOVA, difficult traces), and only for stimulus-locked
traces, the order in which the different ROIs are activated
remained consistent across task levels. The response-
locked traces showed much more variability in the timing,
despite the fact that all traces are synchronized according
to a common event: the button press. This difference in
variability has strong effects on the conclusions that can be
drawn from the respective traces, but may not be that sur-
prising. Immediately after the presentation of a certain
stimulus, certain automatic events take place (e.g., visual
processing of the stimulus). These events are followed by
events that are more affected by subject-specific differences
in computational, working memory and decision making
abilities. For example, there will be much more variation
in the amount of time that people need to make a decision,
identify the correct button and to press it, after they have
computed the equation, than between the first visual iden-
tification of the stimulus and the onset of the actual com-
putation. Because of the large variability and the absence
of significant differences between ROIs in the response-
locked traces, the discussion of the Type 2 profiles will be
based mostly on the stimulus-locked data.

Visual Responses

The first two areas to respond with an increase in power
were the IOG/FFG1 (ROI8) and IOG/FFG2 (ROI17). The
electrodes of these ROIs were located in the left inferior
occipital/fusiform area, a region playing a central role in
visual processing. In our study, the IOG/FFG1 (ROI8)
responded first and very quickly to the presentation of a
new equation with a steep rise in high frequency power,
consistently immediately followed by IOG/FFG2 (ROI17).
The time points at which the 50% max levels were crossed

were highly similar across task levels for both areas, sug-
gesting that the timing of the responses is not affected by
the task level. Interestingly, both areas were responsive to
the presentation of feedback about the performance, which
was given immediately after the button press. The location
of the electrodes of the IOG/FFG1 (ROI8) and IOG/FFG2
(ROI17), the steep rising phase of the high frequency pro-
file, its independence of task level and the response to the
feedback after the button press are indicative of an early,
automatic, visual response to the newly presented equa-
tion or feedback information. After the initial peak, power
in IOG/FFG1 (ROI8) and IOG/FFG2 (ROI17) showed a
clear decline, but remained elevated during almost the
entire computation time, suggesting that the visual proc-
essing of different elements of the equations by this region
continued also after the initial identification of the visual
stimulus. Interestingly, this sustained activation dropped
at about 0.5–1 s before the button press, when the equation
was still present on the screen. At that point, all elements
of the equation can be assumed to have been visually
processed in a certain order, and the other steps of the
task (e.g., decisions about correct/incorrect and which but-
ton to press) do not require further visual processing of
the information on the computer screen.

The left inferior occipital/fusiform area is known to con-
tain many visually relevant subregions, such as hV4, VO1,
VO2, MT1, LO1, LO2, and the visual word form area
[Larsson and Heeger, 2006; Wandell, 2011]. During the last
years, there has been extensive research on the visual
processing of for instance faces and words [Natu and
O’Toole, 2011; Wandell, 2011]. Interestingly, for visual
word processing, a number of studies have suggested a
posterior to anterior gradient along the ventral part of the
brain, from low-level visual feature processing in occipital
areas close to V1 toward higher level, more complex,
orthographic processing at more anterior locations [Levy
et al., 2008; Tarkiainen et al., 1999; Pammer, 2009]. In addi-
tion, a number of papers have recently speculated that
responses of occipitotemporal areas to visual word reading
are not entirely determined by purely visual, bottom-up
processing. Instead, the ventral occipitotemporal cortex is
now recognized to be strongly influenced by top-down
processing [Horner and Henson, 2010; Kherif et al., 2010;
Price and Devlin, 2011; Twomey et al., 2011].

For mental calculation, it has been shown many times
that lower temporo-occipital areas are activated [Ischebeck
et al., 2006; Rivera et al., 2005]. Indeed, a recent study has
demonstrated that there is an area in the posterior part of
the inferior temporal gyrus that shows a preferential
response to visually presented numerals [Shum et al.,
2013]. Moreover, another recent report revealed that pars-
ing of mathematical expressions occurs early in visual
processing and that occipito-temporal regions play an
important role in these early syntactic effects [Maruyama
et al., 2012]. Although the difference in the time points at
which IOG/FFG1 (ROI8) and IOG/FFG2 (ROI17) reached
50% max levels was not significant, it was consistent over
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task levels, and there was a trend toward a slightly later
response of IOG/FFG2 (ROI17; P< 0.1, difficult traces).
Together with the slightly more anterior location, on aver-
age, of the IOG/FFG2 (ROI17) electrodes, it could be
speculated that the traces of IOG/FFG1 (ROI8) and IOG/
FFG2 (ROI17) represent two subsequent steps in visual
number processing, with the IOG/FFG1 (ROI8) represent-
ing a slightly lower level and more automatic process.
This notion needs to be substantiated with dedicated
experiments.

The Superior Parietal Lobule

Similar to the inferior occipital/fusiform regions (ROI8
and ROI17), the SPL (ROI6) seems to respond in an auto-
matic fashion to the presentation of an arithmetic equation,
about 0.3–0.5 s after the activation of IOG/FFG1 (ROI8).
The initial rise in power is steep and its timing independent
of task level. The decline of the high frequency response in
the SPL (ROI6) occurs before the actual button press, with a
slight hint of an additional peak or shoulder after the but-
ton press, which may correspond to the feedback that sub-
jects receive about the correctness of their response.

In the updated triple code model, the posterior superior
parietal lobule has been attributed a role in the attentional
processes of mental calculation, or the shifting of attention
along a mental number line [Dehaene et al., 2003]. The area
is not specific for numbers or calculation, and has also been
found to be activated during saccades and/or other visuo-
spatial tasks, such as pointing, grasping or attention [Simon
et al., 2002, 2004]. Interestingly, the area activated during
the performance of left-right eye movements is also
recruited during addition and subtraction [Knops et al.,
2009], confirming the idea that mental calculation can be
compared to shifting of attention along a mental number
line. Notably, a recent transcranial magnetic stimulation
study suggested that the posterior superior parietal lobule
may not be essential for solving basic arithmetic problems,
since both reaction time and error rate was not affected by
virtual lesion of the area by transcranial magnetic stimula-
tion (TMS) [Andres et al., 2011]. The quick and automatic
response of the SPL (ROI6) after stimulus presentation
onset in our mental calculation task, together with the
observation of a small peak or shoulder corresponding with
the visual feedback about correctness, is in line with a gen-
eral role of the area in tuning attention or gaze toward visu-
ally presented stimuli.

Traces Affected by Task Level

The timing of the high frequency power rise of the other
three ROIs with a Type 2 response (aMFG, ROI2; PreCG/
MFG1, ROI4; and IPL, ROI5) was dependent on the task
level, in that the onset (at 50% max levels) was later when
computations were more difficult. This suggests that the
responses of those areas are less “automatic” than those of

the SPL (ROI6), IOG/FFG1 (ROI8), and IOG/FFG2 (ROI17)
and may be more related to the core computation process.
The slower responses of these regions for the difficult
equations may be caused by the larger amount of time
that subjects need to visually process (read) difficult equa-
tions, which contain more terms and larger numbers than
the easy and medium equations. Besides reading, parsing
will require more time as well, if equations contain more
terms. These factors may play a role in determining the
average stimulus-locked power traces.

Working memory

For all task levels, the last ROI to raise its power after
stimulus onset is the aMFG (ROI2), a region also known
as the anterior DLPFC. The DLPFC has been linked to
both maintenance of information and processing in terms
of reorganizing or updating content [Jansma et al., 2000;
Smith and Jonides, 1999]. The slow but monotonic rise of
the response of this region fits perfectly with this role:
these processes become increasingly active after the initial
computational steps have been taken, and information has
to be stored for further computation or comparison with
the given answer.

Actual numerical processing

The high frequency power rise of the IPL (ROI5) is
dependent on the task level, follows that of the more auto-
matic visual processes of IOG/FFG1 (ROI8), IOG/FFG2
(ROI17) and, although not significantly different in onset
time, consistently precedes the storage of intermediate
computational steps in the aMFG (ROI2). Although the
details of numerical processing are a matter of elaborate
discussion [see e.g., Cohen Kadosh and Walsh, 2009 and
commentaries], there is consensus about the horizontal
segment of the IPS being the critical area for the represen-
tation of numerical magnitude or quantity [Cohen Kadosh
and Walsh, 2009; Dehaene et al., 2003]. None of our elec-
trodes were located in the depths of the IPS, but the elec-
trodes assigned to the IPL (ROI5) were all located in close
vicinity of the IPS, either directly on top of it, or inferior-
posterior to the intersection between the IPS and the post-
central sulcus. We therefore believe that our ROI5 (IPL)
profile most closely represents the actual numerical proc-
essing during our mental calculation task.

General Discussion

The results of the current study substantiate and extend
the results of previous ERP work on the neurophysiologi-
cal processes involved in mental calculation of different
task levels. In general, early ERP components (up to �250
ms) are thought to be stimulus-driven and have been asso-
ciated with visual processing of the stimuli [El Yagoubi
et al., 2003; Iguchi and Hashimoto, 2000; Ku et al., 2010].
These responses are generally not affected by the difficulty
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of the problem [El Yagoubi et al., 2003; Ku et al., 2010].
Our current data are in agreement with those findings
and, together with previous ECoG work on the visual
processing of numbers [Shum et al., 2013], provide a more
detailed picture of where visual stimulus processing of
equations takes place.

The ERP component that occurs slightly later, that is,
around 300 ms after stimulus presentation, is not affected
by task level. In frontal and central, but not parietal, areas,
the component is affected by general task practice [Pauli
et al., 1996], and shows a different response to digits and
patterns [Iguchi and Hashimoto, 2000]. The frontal repre-
sentation of this component has therefore been suggested
to represent a more general mental calculation process,
such as the identification of the numeric meaning of digits
[Iguchi and Hashimoto, 2000; Ku et al., 2010], whereas the
parietal part may reflect a more common response to vis-
ual stimuli [Iguchi and Hashimoto, 2000]. It could be
speculated that our PreCG/MFG1 (ROI4) represents the
frontal part of this component. Although we did find a
significant difference between difficult and easy equations
in the timing of its response, the time difference is much
smaller than that observed for the aMFG (ROI2) and IPL
(ROI5). It will be interesting to further investigate the spe-
cific function of the PreCG/MFG1 (ROI4) during the men-
tal calculation process. Interestingly, in our current study,
the timing of SPL (ROI6) is highly similar to that of
PreCG/MFG1 (ROI4), and its response is not affected by
task level. Our conclusion that this area represents a gen-
eral effect of tuning attention or gaze to visually presented
stimuli is in line with the suggestion of Iguchi and Hashi-
moto [2000] about the parietal P300 component.

Effects of task level on ERPs are generally only observed
in the later components, that is, those that occur �500 to
1,000 ms after stimulus presentation [Iguchi and Hashi-
moto, 2000; Ku et al., 2010; Pauli et al., 1996]. This so-called
positive slow potential is thought to reflect a process that is
essential to the act of calculation. There are some discrepan-
cies, however, between ERP studies in the location of and
exact function ascribed to the positive slow potential. Pauli
et al. [1996] do not report about a location, but suggest that
the component reflects working memory aspects of the
task. Iguchi and Hashimoto [2000] report about an earlier
part present over frontal, central, parietal and temporal
regions that could represent handling numerals, and a later,
frontal, part associated with working memory. Yet another
study [Nunez-Pena et al., 2011] suggests that the parietal
positive slow potential may represent the use of different
strategies (fact retrieval versus procedures) in solving easy
and difficult equations. It is interesting to note that the
aMFG (ROI2) and IPL (ROI5) of our study both show late
responses, and are both strongly affected by task level. As
mentioned above, we believe that these areas represent
working memory processes and core mental calculation,
respectively. It could be speculated that those areas form
the source of the positive slow potential mentioned above,
but this may require further investigation.

Limitations of the Study

A number of methodological issues deserve attention.
First, the number and identity of the subjects and electro-
des contributing to each ROI varies. This is an inevitable
aspect of ECoG recordings, where the specific area of the
brain that is covered by electrodes is highly subject-
specific, as it is entirely determined by clinical considera-
tions. At present, it cannot be completely excluded that
dissimilarities in input data (subjects/electrodes) has con-
tributed to the differences we observed in the temporal
power profiles of the ROIs. However, considering that at
least five different subjects contributed data to each ROI
(and with equal weight per subject, as we averaged the
responses of the significant electrodes of each subject per
ROI, before averaging over subjects), we believe that the
resulting average traces are reasonably representative of
the population, and that they do tell us something mean-
ingful about the processes that occur in the brain during
arithmetic problem solving.

Second, it could be speculated that the 50% max levels of
the ascending phases are related to the maximum amplitude
of the traces. In other words, traces that reach a higher
amplitude may have a longer ascending phase and an asso-
ciated later onset (as defined by 50% max values). This issue
needs to be addressed separately for each ROI, as every ROI
has a fundamentally different function and it cannot be
assumed that the presence or not of a relationship between
amplitude and onset time is an overall characteristic of the
brain. For each ROI, we took, per subject, the 50% max
onset time and the amplitude of each trace of each task level
and performed a linear regression analysis. For none of the
ROIs, this regression analysis was significant (P> 0.05,
R< 0.3), indicating that there was no relationship between
the onset times and the amplitude of the traces.

CONCLUSIONS

In conclusion, we show here that the different brain
regions involved in mental calculation display orderly dif-
ferences in the temporal evolution of neuronal response
and in the effect of computational difficulty thereupon.
Our data confirm that activity progresses from visual per-
ceptual regions to computational foci in the parietal and
frontal cortex and then to the motor system. An important
finding is that the often-described, uniform fMRI activa-
tion in the precentral gyrus and middle frontal gyrus is
actually related to at least two different types of temporal
ECoG activation signatures. This finding indicates that the
area contains foci with quite different functions within
mental calculation and emphasizes the fact that temporal
signal features, when examined in the degree of detail
obtainable with ECoG, provide new insights that comple-
ment what can be discovered with fMRI.

Our results additionally demonstrate that ECoG can be
used for chronometric assessment of activation in neuronal
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networks, and that grouping of ECoG electrodes based on
their location relative to a group fMRI activation pattern
can be a useful approach to study task-related neuronal
activity in different cortical areas over larger groups of
subjects. ECoG research is hindered by subject differences
in the number of electrodes that are implanted and the
cortical areas that are covered, as well as by limited num-
bers of patients that are treated each year. Methods that
allow group analysis of these complex data may be highly
valuable for future studies.
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