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Objectives: The aim of this paper is to investigate cortical electric neuronal activity as an indicator of

brain function, in a mental arithmetic task that requires sustained attention, as compared to the resting

state condition. The two questions of interest are the cortical localization of different oscillatory activities,

and the directional effective flow of oscillatory activity between regions of interest, in the task condition

compared to resting state. In particular, theta and alpha activity are of interest here, due to their impor-

tant role in attention processing.

Methods: We adapted mental arithmetic as an attention ask in this study. Eyes closed 61-channel EEG

was recorded in 14 participants during resting and in a mental arithmetic task (‘‘serial sevens subtrac-

tion”). Functional localization and connectivity analyses were based on cortical signals of electric neu-

ronal activity estimated with sLORETA (standardized low resolution electromagnetic tomography).

Functional localization was based on the comparison of the cortical distributions of the generators of

oscillatory activity between task and resting conditions. Assessment of effective connectivity was based

on the iCoh (isolated effective coherence) method, which provides an appropriate frequency decomposi-

tion of the directional flow of oscillatory activity between brain regions. Nine regions of interest compris-

ing nodes from the dorsal and ventral attention networks were selected for the connectivity analysis.

Results: Cortical spectral density distribution comparing task minus rest showed significant activity

increase in medial prefrontal areas and decreased activity in left parietal lobe for the theta band, and

decreased activity in parietal-occipital regions for the alpha1 band. At a global level, connections among

right hemispheric nodes were predominantly decreased during the task condition, while connections

among left hemispheric nodes were predominantly increased. At more detailed level, decreased flow

from right inferior frontal gyrus to anterior cingulate cortex for theta, and low and high alpha oscillations,

and increased feedback (bidirectional flow) between left superior temporal gyrus and left inferior frontal

gyrus, were observed during the arithmetic task.

Conclusions: Task related medial prefrontal increase in theta oscillations possibly corresponds to frontal

midline theta, while parietal decreased alpha1 activity indicates the active role of this region in the

numerical task. Task related decrease of intracortical right hemispheric connectivity support the notion

that these nodes need to disengage from one another in order to not interfere with the ongoing numerical

processing. The bidirectional feedback between left frontal-temporal-parietal regions in the arithmetic

task is very likely to be related to attention network working memory function.

Significance: The methods of analysis and the results presented here will hopefully contribute to clarify

the roles of the different EEG oscillations during sustained attention, both in terms of their functional

localization and in terms of how they integrate brain function by supporting information flow between

different cortical regions. The methodology presented here might be clinically relevant in evaluating

abnormal attention function.
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1. Introduction

High time resolution EEG recordings can provide complemen-

tary and new information about localized brain function and func-

tional connectivity underlying cognitive processes that require

sustained attention (see e.g. (Milz et al., 2014; Sauseng et al.,

2007b)).

There are two well-known rhythms that have been extensively

studied in this respect.

Alpha oscillations, which are prominent during resting, eyes

closed conditions will tend to decrease in regions related to atten-

tion and cognitive processing (Pfurtscheller and Da Silva, 1999).

The other outstanding signature of general sustained attention is

the well-known frontal midline theta, typically abbreviated as

FmT (Ishihara and Yoshi, 1972). Increased FmT has been found to

be related not only to sustained attention but also to a very broad

set of cognitive events, which nevertheless all require sustained

attention (Mitchell et al., 2008). For instance, Cavanagh and Frank

review FmT in its relation to general cognitive control mechanisms

(Cavanagh and Frank, 2014), while Hsieh and Ranganath (2014)

review its relation to working memory. In addition, there is evi-

dence showing that FmT plays important roles in memory and

emotion processing (Mitchell et al., 2008).

The importance of alpha and theta band activity during sus-

tained attention tasks and their relation to cognitive memory per-

formance has been reviewed and discussed (Clayton et al., 2015;

Klimesch, 1999; Nishida et al., 2015).

Another important property of alpha and theta oscillations is

that they are thought to support top-down processing, providing

large scale integration across different cortical regions (Buzsáki

and Wang, 2012; von Stein and Sarnthein, 2000). This property

can be expressed, for instance, in the form of an inhibition of dis-

tant task-irrelevant regions by means of an increase of alpha activ-

ity (De Pesters et al., 2016).

Non-invasive scalp EEG recordings can be used for the compu-

tation of cortical electric neuronal activity by using sLORETA

(Pascual-Marqui, 2002b). These high-time resolution signals of

cortical activity provide information for studying frequency

resolved functional localization and functional connectivity at the

cortical level. In particular, effective direct and directional connec-

tivity as a function of frequency will be assessed with a recently

developed method known as iCoh (isolated effective coherence)

(Pascual-Marqui et al., 2014), which has also been successfully

applied in a recent functional magnetic resonance imaging (fMRI)

study (Lin et al., 2015). The iCoh method has the advantage of pro-

viding a correct frequency decomposition of the flow of oscillatory

activity between relevant brain regions. The ‘‘effective connectiv-

ity” nature of the information provided by the iCoh method is

due to the fact that only ‘‘direct” paths of connections between

pairs of regions are estimated, with the exclusion of indirect con-

nection paths. Furthermore, iCoh provides two estimators for the

strength of oscillatory information flow between each pair of

regions: one for each direction, i.e., from region ‘‘A” to ‘‘B”, and dis-

tinctly from region ‘‘B” to ‘‘A”.

The question remains as to which cortical regions of interest

(ROIs) should be used for the connectivity analyses to be carried

out using the sLORETA-iCoh methodology. For this purpose, we

can base our choice of ROIs on the patterns and dynamics of meta-

bolic activity as reported in sustained attention tasks in fMRI stud-

ies. A large number of fMRI studies have shed light on the

integrative aspect of brain function, resulting in the discovery of

resting state networks such as the default mode network and the

attention networks (Buckner et al., 2008). These studies have con-

tributed to the understanding of the role of important brain

regions during both resting and during sustained attention states.

Regarding the choice of a mental test that requires sustained

attention, we selected a mental arithmetic task, in particular, the

serial sevens subtraction task, where the subject is instructed to

covertly count backwards starting at a relatively large number, in

steps of seven (Manning, 1982; Rueckert et al., 1996; Smith,

1967). The serial sevens subtraction test is strongly motivated by

its widespread use in a clinical setting, being part of the MMSE test

(Folstein et al., 1975), specifically used for assessing attention.

There are many published fMRI studies on brain activation for this

simple task, and in general for many other numerical tasks, which

have shown involvement of prefrontal and parietal regions

(Dehaene et al., 2004; Rickard et al., 2000). Additionally, mental

arithmetic does not require vocalization, which would produce

large artifacts in the EEG recordings.

Regarding event related potentials, instead of state dependent

EEG, Hinault and Lemaire (Hinault and Lemaire, 2016) published

a recent review on the timing and elucidation of arithmetic

strategies.

It is the aim of this paper to compare the electric neuronal activ-

ity of the cortex, based on the spatial analysis of EEG, in a mental

arithmetic task that requires sustained attention to the resting

state condition. The questions of interest are:

1. The localizations (which cortical regions) of oscillatory activity

(which frequencies) that are different when comparing task

condition to the resting state condition.

2. Given a set of cortical regions of interest, which directional

effective connections, at which frequencies, are different when

comparing task condition to the resting state condition.

It is expected that the results will clarify the roles of the differ-

ent EEG oscillations during sustained attention, both in terms of

their functional localization and in terms of how they integrate

brain function by supporting information flow between different

cortical regions.

2. Methods

2.1. Subjects

Fourteen healthy right handed participants with normal medi-

cal histories (male: 11, female: 3, mean age ±S.D. = 24.9 ± 3.4)

enrolled through an advertisement placed at Kansai Medical

University. Handedness was based on self-report of preferred hand

use, and complemented with verification that the subjects had no

childhood history of forced change from left to right. The Institu-

tional Ethical Review Board of Kansai Medical University approved

the study and written informed consent as required by the Helsinki

Declaration was obtained from the participants. Five thousand yen

of gift certificates were paid to each subject as travel cost.

2.2. EEG recordings

EEG was recorded from 61 scalp electrodes of the International

10/10 System, at 500 Hz sampling rate and band-pass filtered from

0.016 to 166 Hz (hardware implemented at the level of the analog-

to digital conversion of the amplifier circuitry), using the EEG-1200

NIHON KOHDEN system (NIHON KOHDEN, Tokyo, Japan). Elec-

trode impedances were kept below 20 KOhm, as recommended

by the manufacturer of the high-impedance amplifiers.

The electrode names used were: Fp1, Fp2, F7, F8, F3, F4, FC5,

FC6, FC1, FC2, T7/T3, T8/T4, C3, C4, CP5, CP6, CP1, CP2, P7/T5, P8/

T6, P3, P4, O1, O2, AF7, AF8, AF3, AF4, F5, F6, F1, F2, FC3, FC4, C5,

C6, C1, C2, CP3, CP4, P5, P6, P1, P2, PO3, PO4, FT7, FT8, TP7, TP8,
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PO7, PO8, AFz, Fpz, Fz, Cz, Pz, POz, Oz, CPz, and FCz. The physical

reference for the recordings was linked earlobes. However, all anal-

yses performed throughout are reference-invariant, since the effect

of the reference electrode is appropriately modeled and accounted

for in the analyses, and eliminated as a nuisance parameter

(Pascual-Marqui, 2002a).

Eyes closed EEG was recorded under two conditions, as

described in detail below: resting state and a mental arithmetic

task. For each condition, artifact free EEG epochs were selected

for further analysis. Artifact detection and removal used a subset

of features described in Nolan et al. (2010), plus additional mea-

sures. In a first step, non-re-referenced recordings were FFT filtered

to the 1.5–30 Hz band. Next, for each channel, medians and median

absolute deviations were computed for amplitude, skewness, kur-

tosis, and spectral power in delta, alpha, and beta bands. Next, for

all electrodes, global field power (Lehmann and Skrandies, 1980).

Median and median absolute deviations were calculated. Robust

z-scores, based on medians and median absolute deviations

(Daszykowski et al., 2007), were then calculated and used to detect

possible artifacts. This method simply marked EEG epochs as pos-

sible outliers, which were then visually inspected for final approval

(rejection as true positive, or acceptance as false positive).

All recordings of EEG were performed before noon in order to

standardize vigilance of participants. Participants were asked to

sit on chair comfortably in a dimmed room during all recordings

of EEG.

2.3. Recording conditions

EEG data was recorded in two conditions (Resting state and

Arithmetic task). At first, spontaneous resting EEG with eyes closed

was recorded for two minutes in all participants. After that, partic-

ipants were instructed to perform the arithmetic task; twominutes

of EEG with eyes closed during the mental and covert serial sub-

traction in steps of seven from five hundred. This task is called ‘‘se-

rial sevens”, which is the one of most popular and studied tests

(Manning, 1982; Smith, 1967).

2.4. Cortical signals of electric neuronal activity with sLORETA

The artifact free EEG recordings are used for computing the time

varying cortical distribution of electric neuronal activity, by means

of sLORETA (Pascual-Marqui, 2002b). This method provides time

varying images of appropriately standardized current density val-

ues on 6239 cortical grey matter voxels, sampled on a 5 mm reso-

lution grid, using the MNI152 anatomical template (Fuchs et al.,

2002; Mazziotta et al., 2001). sLORETA has received both theoret-

ical (Greenblatt et al., 2005; Sekihara et al., 2005) and experimental

validation regarding its main property of correct localization

(Pascual-Marqui et al., 2009), and sLORETA analyses were carried

out with the free academic software package available at http://

www.uzh.ch/keyinst/loreta.htm.

2.4.1. Functional localization of oscillatory activity specific to different

brain conditions

Images for the electric neuronal generators of oscillatory activ-

ity corresponding to a set of frequency bands of interest were

computed.

The image corresponding to the generation of alpha activity (8–

12 Hz, for instance) is obtained as follows. First, the EEG recordings

are FFT filtered to the alpha frequency band. Next, for each time

sample of the filtered EEG recording, sLORETA is applied, and the

image of squared current density values (i.e. instantaneous power)

is computed. Finally, the average image across all time samples of

squared current density values corresponds to the generators of

the oscillatory activity (in this example being the alpha genera-

tors). In practice, equivalent results are obtained in a much more

efficient manner by computations in the frequency domain, as

explained in detail in Frei et al. (2001).

Note that these images correspond to the spectral density of the

current density time series at each of the 6239 voxels. These

images serve as the basis for the comparisons between different

brain states.

All analyses were performed for the following three frequency

bands, defined as theta (4.0–8.0 Hz), alpha 1 (8.0–10.0 Hz), and

alpha 2 (10.0–12.0 Hz). The subdivision of the broad alpha band

into low and high alpha sub-bands was obtained from factor anal-

ysis of EEG spectra (Herrmann et al., 1979; Kubicki et al., 1979;

Shackman et al., 2010). Further validation for the functional differ-

entiation of the alpha subbands were found in a simultaneous EEG-

fMRI study (Jann et al., 2009).

2.4.2. Frequency decomposition of causal effective connectivity

between nodes of the attention networks

Multiple time series of electric cortical activity can be used for

assessing the properties of a cortical network: the strength, direc-

tionality, and spectral characteristics (i.e., which oscillations are

preferentially transmitted) of the connections. In this study, causal

effective connectivity as a function of frequency was computed by

means of the isolated effective coherence (iCoh) (Pascual-Marqui

et al., 2014).

Based on the nature of the brain states studied here, nine

regions of interest (ROIs) were selected, comprising the following

nodes from the dorsal and ventral attention networks (Corbetta

and Shulman, 2002; Fox et al., 2006): right and left Middle/Supe-

rior Frontal Gyrus (M/SFG), right and left Inferior Parietal Lobe

(IPL), right and left Inferior Frontal Gyrus (IFG), right and left Supe-

rior Temporal Gyrus (STG), and Anterior Cingulate Cortex (ACC).

Table 1 lists the names, abbreviations, and MNI-coordinates of

the regions of interest, and Fig. 1 shows their anatomical locations.

Current density (i.e. cortical electric neuronal activity) time series

using sLORETA, at the coordinates reported in Table 1, were used

for connectivity analyses, which means that each region of interest

consisted of a single voxel. However, due to the low spatial resolu-

tion of sLORETA, each time series is actually a local spatial average,

which in turn implies that the signals correspond to a small vol-

ume surrounding the single voxel. Technical details and quantifica-

tion of the spatial spread of sLORETA signals are presented in an

earlier paper (Pascual-Marqui, 2002b).

Connectivity analysis for these nine regions, using the iCoh

method, consisted of computing a total of 9 � 8 � 3 = 216 connec-

tivity strength values, for each subject, for each condition, corre-

sponding to all direction-specific pairs of regions (9 � 8 = 72),

and to each of three frequency bands previously described (i.e.

theta, alpha 1 and alpha 2).

2.4.3. Statistical methods of analysis

In general, all statistical tests are carried out based on the

method of non-parametric randomization of the maximum-

statistic, which has the advantage of correcting for multiple test-

ing, and of not relying on Gaussianity (Blair and Karniski, 1994;

Karniski et al., 1994; Nichols, 2012; Nichols and Holmes, 2002).

A brief description of the non-parametric randomization

method follows. Further technical details can found in the litera-

ture, see e.g. (Nichols and Holmes, 2002). Consider, for instance,

the data represented as Xcki, consisting of i ¼ 1 . . .R variables, mea-

sured on k ¼ 1 . . .N subjects, under two conditions c ¼ 1 and c ¼ 2.

Note that there are two distinct cases regarding the variables. In

one case, the tests of interest involve the comparison of spectral

power of cortical current density, thus producing R = 6239 � 3

variables, corresponding to 6239 cortical voxels, for three
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frequency bands (theta, alpha1 and alpha2). In a second case, the

tests of interest involve the comparison of frequency dependent

directed connectivity strengths (i.e. strength of directed informa-

tion flow) between each distinct pair of regions of interest, thus

producing R = (9 � 8) � 3 variables, corresponding to (9 � 8) dis-

tinct directed connections between nine ROIs, for three frequency

bands (theta, alpha1, and alpha2).

The aim is the discovery of the variables (e.g. spectral power or

connection strength) that are significantly different between the

two conditions. For this purpose, the simple variable-by-variable

t-statistic can be used as a statistical measure of ‘‘distance”

between the two conditions, although other choices of statistics

may also be used. From the set of ‘‘R” t-statistics (one for each vari-

able), the absolute maximum is chosen. Then its empirical proba-

bility distribution is estimated by repeatedly randomizing the

conditions ‘‘c”, and recalculation the maximum-t’s under the null

hypothesis of ‘‘no difference between conditions”. This empirical

probability gives the threshold with correction for multiple

(‘‘R” tests) testing, as explained in (Nichols and Holmes, 2002).

The correction is exact (in the sense of Fisher’s exact test) for a

large number of randomizations, regardless of the original proba-

bility distribution of the variables.

Table 1

Regions of interest used in the connectivity analysis.

Region Abbreviation Brodmann area MNI coordinates (mm)

X Y Z

Anterior Cingulate Cortex ACC 32 0 45 10

L-Superior Temporal Gyrus L-STG 22 �55 �50 10

R-Superior Temporal Gyrus R-STG 22 55 �50 10

L-Inferior Frontal Gyrus L-IFG 44 �50 15 20

R-Inferior Frontal Gyrus R-IFG 44 50 15 20

L-Inferior Parietal Lobe L-IPL 40 �45 �50 55

R-Inferior Parietal Lobe R-IPL 40 45 �50 55

L-Middle/Superior Frontal Gyrus L-M/SFG 8 �40 20 50

R-Middle/Superior Frontal Gyrus R-M/SFG 8 40 20 55

L: left, R: right.

Fig. 1. Anatomical and schematic locations of the 9 Regions of Interest (ROI) used in the connectivity analysis. The abbreviations for the anatomical names are described in

Table 1. a) Anatomical locations of the ROIs. b) Schematic representation of the ROIs.
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In the case of voxel-by-voxel statistics for functional localiza-

tion, global subject-wise scaling (i.e. normalization) was per-

formed prior to comparisons between conditions, in order to

eliminate a source of non-relevant (i.e. non-physiological) variabil-

ity typical of EEG spectral power. In particular, for each subject and

each condition separately, the normalization factor is defined as

the average spectral power across all voxels (6239) and frequency

bands (three). A detailed description of different forms of image

normalization methods typically used in functional localization

studies can be found in (Frackowiak et al., 2004).

A second form of statistical test is based on the exceedance pro-

portion, i.e. the number of variables (voxels or connections) above

a certain threshold (Friston et al., 1990; Friston et al., 1991;

Petersson et al., 1999). The non-parametric randomization

methodology previously described can be directly applied in this

case, providing the probability distribution for the proportions.

This type of test is suitable for detecting sets of connections that

jointly form functionally relevant networks. All results reported

throughout this study are significant at the p = .05 level.

3. Results

3.1. Functional localization of oscillatory activity for mental arithmetic

task compared to resting state

Cortical theta band oscillation, given by the spectral power of

the cortical current density, was significantly increased in medial

prefrontal areas and decreased at the left parietal lobe in the arith-

metic task compared to resting state (Fig. 2a). In addition, alpha1

band oscillation was decreased in parietal occipital lobes in arith-

metic task compared to resting state (Fig. 2b). There was no signif-

icant difference of current density between arithmetic task and

resting state in alpha 2 band.

3.2. Effective connectivity based on iCoh

The strength of effective directional connectivity (i.e. of infor-

mation flow), as a function of frequency, was assessed with the iso-

lated effective coherence (iCoh), applied to estimated signals of

cortical current density. A summarized description of some note-

worthy features will be described below. Statistical significance

is reported using corrected p-values based on non-parametric ran-

domization for exceedance proportion tests (Friston et al., 1990,

1991).

3.2.1. Mental arithmetic task compared to resting state

The statistical comparison of connections between task and

resting states show a complex pattern, with many significant

increases and decreases in task-related information flow

(Fig. 3a, b and c). In Fig. 3, where only statistically significant con-

nectivity changes are displayed, red arrows correspond to task-

related connectivity increase (equivalent to a resting state connec-

tivity decrease), and blue arrows correspond to task-related con-

nectivity decrease (equivalent to a resting state connectivity

Fig. 2. Statistical comparison of current density images: arithmetic task minus resting state. Warm colored areas (yellow) correspond to significantly (p = .05) higher activity

under the arithmetic task, and cold colored areas (cyan) correspond to significantly (p = .05) higher activity under the resting state. A: anterior. S: superior. P: posterior. I:

inferior. R: right. L: left. H: hemisphere. V: view. B: bottom. The color scale corresponds to t-values corrected for multiple testing by means of non-parametric randomization

of the maximum-statistics. a) Theta band. b) Alpha1 band. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)
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increase). Referring to Fig. 3, a general observation is that there are

more significant decreased connections (blue arrows) within the

right hemisphere, as compared to the left hemisphere within

which there are more significant increased connections (red

arrows).

Some particular connectivity change of note during the arith-

metic task are:

1. Decreased flow from right IFG area to ACC for theta, and low

and high alpha oscillations.

2. Increased feedback (bidirectional) between left STG and left IFG

regions.

4. Discussion

In terms of functional localization, oscillatory theta activity in

the arithmetic task was significantly increased in medial prefrontal

gyrus, including the ACC, which seems to correspond to the well

documented FmT. FmT activity, consisting of frontal scalp electric

potential waves in the 4–8 Hz frequency band, has been observed

in healthy subjects during focused attention states (Ishihara and

Yoshi, 1972; Mitchell et al., 2008). Based on MEG recordings, other

studies have also found the sources of FmT during mental calcula-

tion tasks to be located in medial prefrontal cortex, including the

ACC (Ishii et al., 2013; Ishii et al., 2014; Ishii et al., 1999). A previ-

ous LORETA study during sustained attention also found the theta

oscillations to be generated in the ACC (Sauseng et al., 2007a).

In addition, our results show a task related left parietal decrease

of theta band oscillations, and decrease of alpha1 band oscillations

in bilateral parietal cortex. These areas are known to actively par-

ticipate in calculation tasks (Rickard et al., 2000).

There is no clear interpretation for the decrease of theta oscilla-

tions in left parietal cortex. However, one plausible simple expla-

nation would be to assume that a localized theta decrease

indicates suppressed localized attention function, allowing for

other non-attentional aspects of cognitive processing. This line of

reasoning might find justification in the fact that the left angular

gyrus plays an essential role in verbal number manipulations

(Dehaene et al., 2003).

On the other hand, alpha1 activity decrease of the parietal cor-

tex is most likely due to the active excitatory participation of these

regions in the arithmetic task. This interpretation is in line with the

inhibitory role of alpha oscillations (De Pesters et al., 2016;

Klimesch et al., 2007; Pfurtscheller and Da Silva, 1999).

In terms of information flow between the regions of interest, a

complex pattern of task related changes was observed. On a global

level, considering intra-hemispheric connections, there were more

significant decreased connections (blue arrows) within the right

hemisphere, as compared to the left hemisphere within which

there were more significant increased connections (red arrows)

(Fig. 3). The increased connectivity within left cortical regions

seems to be in agreement with the view that the numerical task

requires the coordinated use of language areas, while the

decreased connectivity within the right hemisphere might indicate

that these regions need to be disengaged from one another in order

Fig. 3. Statistical comparison of oscillatory information flow obtained with the isolated effective coherence (iCoh) measure: arithmetic task minus resting state. Red arrows

correspond to task-related connectivity increase (equivalent to a resting state connectivity decrease), and blue arrows correspond to task-related connectivity decrease

(equivalent to a resting state connectivity increase). All displayed arrows are significant at p < .05, with correction for multiple testing by means of non-parametric

randomization of the exceedance proportion test. a) Theta band. b) Alpha1 band. c) Alpha2 band. (For interpretation of the references to color in this figure legend, the reader

is referred to the web version of this article.)
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to not interfere with the ongoing numerical processing. A very

related, recent MEG paper also presents results that agree with

our own regarding left hemisphere activation (Iijima and

Nishitani, 2017).

One particular result was the observed task related decrease of

input to the ACC from right IFG, for all frequency bands tested. It is

well known that the ACC is involved in working memory tasks,

which is an essential function in numerical tasks (Inzlicht et al.,

2015; Lenartowicz and McIntosh, 2005). However, it has been

shown that depending on the nature of the task, the connection

between ACC and other regions change, i.e. some connections actu-

ally are decreased in one task relative to the other task

(Lenartowicz and McIntosh, 2005).

The most notable particular connectivity result is the increased

feedback between left STG and IFG regions. These two areas have

multiple functions that integrate a diversity of cognitive tasks. In

particular, they participate in networks that play essential roles

in attention (Womelsdorf and Everling, 2015) and verbal process-

ing (Skeide and Friederici, 2016). All these processes are active dur-

ing the mental arithmetic task. For instance, as reviewed by

Dehaene and Cohen (2007), these two tightly connected regions

found in our study correspond to the two main regions labeled

as essential for ‘‘language and calculation”. The increased feedback

observed between IFG and STG regions is likely due to the func-

tional interaction of Wernicke’s area which interprets and stores

the numbers, with the IFG which produces the number as

language.

According to the diagram proposed by Dehaene et al., their

Fig. 1 therein, the interconnections within the left hemisphere

are essential in numerical tasks (Dehaene et al., 2004). Our results

are in partial agreement with this diagram. However, due to the

detailed nature of our connectivity results, we have an additional

detail to contribute to this diagram: not only is there a connection

from left STG to left IFG area, but also a return connection from IFG

to STG.

The flow from left STG area to left IFG area in alpha band is in

the direction of posterior to anterior regions, which is a typical

bottom-up flow (Buschman and Miller, 2007; Engel et al., 2001).

The combined functional interactions between the left IFG area

and left STG area are in correspondence with the attention net-

work, as described in the fMRI resting state network literature

(Vossel et al., 2014), which is ubiquitous in concentration and in

performing cognitive task. Thus, the regions where we obtained

significant results are well supported by fMRI studies.

Finally, it is worthy pointing out that the EEG-based connectiv-

ity methods used here not only compliment the connectivity meth-

ods typically used in fMRI, but actually provide additional spectral

information.

This study has some limitations. First, the sample of partici-

pants is relatively small and biased, not being diverse, for instance,

in terms of sex and age range.

With respect to vigilance control, we did not control and stan-

dardize the hours of sleep, bedtime and wake-up time of subjects

whereas we standardize time for recording the EEG. In addition,

most importantly, we could not control for how many times the

subjects made subtractions in two minutes during the arithmetic

task.

5. Conclusions

Our results show that frontal regions (especially the ACC), and

the parietal lobe (particularly left IPL) are essential in this task,

in agreement with previous fMRI studies. However, it remains

unclear if this result is specific to mental arithmetic, or general

to attentional/cognitive processing. In addition, the analysis of

neurophysiological information flow demonstrated a disconnec-

tion of the ACC, while an increased bidirectional effective connec-

tivity between left IFG and left STG was observed, thus establishing

a feedback loop.

The roles of localized electric neuronal activity and the direc-

tional flow of information are important in describing and under-

standing the attentional state, which in this case was studied in a

mental arithmetic task.
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