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Objective: Early, late and slow waves of event-related potentials (erps) appearing around 0–300 ms, 300– 

500 ms and after 500 ms respectively post-question presentation have been differentially associated to 

mental arithmetic processing (MAP). We hypothesized that arithmetic-operation effect (AOE) will show 

greater modulation of early components (P100, P200) in high-frequency erps; late components (P300, 

N300) and slow waves in low-frequency ERP when large-size problems are employed. 

Methods: Fourteen normal human subjects mentally processed large- and small-size addition, division, 

multiplication and subtraction problems. Spatiotemporal differences between these arithmetic-opera- 

tions were studied by way of comparing amplitudes and latencies of early, late and slow waves. 

Results: All components were modulated by AOE. Modulated was observed as early as 100 ms post-ques- 

tion presentation (in high-frequency ERP components). AOE was very pronounced in large-size problems 

(in low-frequency ERP components). 

Conclusions: Results suggest that modulation by AOE of ERP components is improved when large-size 

problems and low-frequency ERP components are employed. Thus, differentiation of neuropsychological 

processes manifested by amplitude and latency of ERP components may be best studied by first separat- 

ing components into high- and low-frequency erps. 

Significance: Findings raise the potential of obtaining ERP indices that may improve findings about the 

degree (and time) of engagement of cognitive processes (e.g. Strategy employed in MAP). 

 

   

 
 

  

 
1. Introduction and Dehaene 1997; Kong et al., 1999; Niedeggen et al., 1999b; 

Iguchi and Hashimoto 2000; Jost et al., 2004b; Sz} and C é e 

Arithmetic-operation effect (AOE) is the difference observed 

during mental arithmetic processing (MAP) of the four basic arith- 

metic-operations (addition, division, multiplication, and subtrac- 

tion). This effect is a common observation during MAP by a 

lesioned or normal brain. In fact, several studies have repeatedly 

shown this observation (Benson and Weir 1972; McCloskey et al., 

1985, 1991; Dagenbach and McCloskey 1992; Lampl et al., 1994; 

Hittmaire-Delazer et al., 1994; McNeil and Warrington 1994; 

Cipolotti, 1995; Delazer and Benke 1997; Dehaene and Cohen 

2004; Núñez-Pe~na et al., 2005; Núñez-Pe~na and Escera, 2006; Pauli 

et al. 2008). While MAP has been linked primarily with slow wave 

components (Ruchkin et al., 1988, 1991; Rö le  and Heil 1991; Igu- 

chi and Hashimoto 2000; Núñez-Pe~na et al., 2005, 2006), inconsis- 

tent findings are found in the literature on the sensitivity of some 

early (P100, P200) and late (P300, N300) ERP components to MAP 

effects. For example, early ERP components have been argued to be 

linked with calculation as numerals/operation signs have to be rec- 

ognized/comprehended during tasks performance (e.g. Earle et al., 

1997; Cohen et al., 2000; Cohen 2000; Delazer et al., 2003, Delazer 1996; Kong et al., 1999; Sz} and C é e 2004). Other studies have 

et al., 2006a; Delazer et al., 2006b). On the other hand, several elec- 

troencephalography (EEG) studies have differentially associated 

several MAP effect with early, late and slow wave components of 

ERPs (Ruchkin et al., 1988, 1991; Rö le  and Heil 1991; Kiefer 
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on the other hand indicated no modulation effect of early compo- 

nents during MAP (e.g. Núñez-Pe~na et al., 2005). Late components 

have been shown to be merely enhance (Iguchi and Hashimoto 

2000); modulated (Kiefer and Dehaene 1997; Zhou et al., 2006); 

as well as not modulated (Pauli et al., 1996; Kong et al., 1999) dur- 

ing MAP. 

In fact, MAP literature suggest that early ERP components 

(P100, P200) are generally considered to be a reflection of attention 

to digit-pattern and the physical identification of numbers and 
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their meaning (Iguchi and Hashimoto 2000; Sz} and C é e domized operation-blocks (i.e. blocks of addition, division, multipli- 

2004). See the study of Kong et al., 1999 as an exception associat- 

ing P200 with problem-size effect (PSE) – a situation were people 

are slower and less accurate in solving problems with numerically 

large digits and answers than solving problems with numerically 

small digits and answers (Ashcraft 1992; Zbrodoff and Logan, 

2005). Late components (P300, N300) on the other hand are gener- 

ally associated with classification of stimulus (Pauli et al., 1994, 

1996; Iguchi and Hashimoto 2000; Núñez-Pe~na et al., 2005) or re- 

trieval of MAP facts (Kiefer and Dehaene, 1997; Zhou et al., 2006). 

MAP studies generally have linked slow wave components with 

mental processes essential to calculation prior to obtaining the re- 

sult of arithmetic-operations (Ruchkin et al., 1988, 1991; Rö le  

and Heil, 1991; Pauli et al., 1994, 1996; Iguchi and Hashimoto 

cation, subtraction). Equal numbers of large- and small-size prob- 

lems in each operation-block where further randomized. Eprime 

software was used to generate the visually presented problems 

(trials). 

 

2.3. Procedure 

 

Problems and answer screens were successively displayed at the 

centre of a 17-inch SVGA monitor in white against a black back- 

ground. Monitor was located at eye level with text subtending a vi- 

sual angle of 2.42 . A keypad with three buttons labelled a, b and c 

corresponding to three multiple choice answers was provided. One 

of the multiple choice options was always ‘‘ e” (i.e. none of the 

2000; Sz} and C é e 2004; Núñez-Pe~na et al., 2005, 2006; Zhou other two presented answers were correct). For example, 2   4 

et al., 2006; Pauli et al., 2008; Núñez-Pe~na, 2008). 

A survey of MAP literature on ERP indicates that studies have: 

(1) focused more on PSE; (2) employed most often sparse electrode 

sampling and low resolution statistical techniques; (3) the time 

course of activation has not been thoroughly investigated in the 

spatial dimension; (4) high resolution statistical analysis technique 

has not been carried out; and (4) investigation of the modulation 

by AOE on ERP components such as P100, P200, P300, N300 and 

the slow wave components in all four arithmetic-operations has 

not been studied by way of separating problems into large- and 

small-sizes (i.e. PSE has not been controlled). (5) separation of 

problems into large- and small-sizes so as to control for PSE, full- 

frequency ERP data (0.1–12 Hz in the present study) into high-fre- 

quency ERP (3–12 Hz) and low-frequency ERP (0.1–3 Hz) prior to 

examining AOE has not been studied. These separations and exam- 

inations were the main focus of the present study. 

 
 

2. Materials and methods 

 
2.1. Subjects 

 

Data was collected from 14 right-handed healthy male subjects 

from the University of Cape Town (UCT), South Africa. Subjects, 

ranging in age from 18 to 21 years (mean age 19.1 years) were 

compensated for their participation in the study with fifty South 

African Rand (R50). The study was approved by the ethics and re- 

search committee of the faculty of health sciences, UCT. 

 
2.2. Stimulus 

 

(1) Only the standard set of problems (LeFevre et al., 1996), 

which excludes problems involving 0 or 1 as an operand or answer 

were used, and (2) Problems with equal operands (e.g. 3 3) and 

negative numerals as operands or answers were excluded (Ashcraft 

1995; Zhou et al., 2006). To operationalize problem-size, the stan- 

dard set in each arithmetic-operation was grouped into two sub- 

sets representing large- and small-size problems (Campell and 

Xue 2001). For addition and multiplication, large-size problems 

were defined as those with the sum or product of two operands 

larger than 11 and 25 respectively, and vice versa for small-size 

problems (Campbell 1997; Campbell et al., 1999). Large- and 

small-size problems in subtraction and division were defined on 

the basis of the inverse relationships between addition and sub- 

traction and between multiplication and division.1 To reduce inter- 

ference and cross-operation errors among arithmetic-operations 

(LeFevre et al., 1996), problems were presented to subjects in ran- 

had as possible answer choices a = 7, b = 9 and c = none. The correct 

answer in this case was ‘‘c”. Setting of a, b or c as correct response 

was randomized with approximately equal probability. That is, 

‘‘a” with 34%, ‘‘b” with 34% and ‘‘c” with 32%. Furthermore, all incor- 

rect answers were small split. Subjects were further instructed to 

press button a, b or c for their choice of answer to each presented 

problem using the right index finger only. Randomized large-, 

small-size problems and answers in each operation-block were 

presented for 25 min with a 15–20 min break between operation- 

blocks. A typical trial was composed of a blank background 

displayed for 1000 ms (pre-stimulus for baseline) followed by a 

problem displayed for 3000 ms and the answer for 2000 ms. 

 

2.4. Data acquisition 

 

A 128 channel Electrical Geodesic System (EGS) of Tucker 

(1993) with impedances less than 50 K Ohms (since the system 

used was a high impedance system, Ferree et al. (2001)) was used 

in collecting data. Scalp voltages (EEG signals) were sampled at 

200 Hz. An online bandpass filter of 0.1 to 80 Hz was applied. 

EEG was recorded using NetStation software while subjects per- 

form MAP tasks for 6000 ms per trial referenced at Cz (vertex). 

Data were imported into Matlab software for further analysis. 

 

2.5. Artifact removal 

 

EEGLAB (Delorme and Makeig 2004), a Matlab toolbox was used 

to remove artifacts. Outer ring electrodes (a total of 18 electrodes) 

that were heavily contaminated by artifacts in most subjects were 

excluded in the analysis in all subjects2. This resulted in 111 elec- 

trodes, hereafter called retained electrode array. Data was visually 

inspected and data from subjects with eye blinks and movements 

in more than 20% of their data was subjected to independent compo- 

nent analysis (ICA). Filtering and segmentation (see below for filter- 

ing and segmentation procedures) were then applied to the data. 

Filtered and segmented data was further inspected visually and 

epochs with amplitudes exceeding ± 70 lV and any of the men- 

tioned artifacts were further excluded from analysis. 

 

2.6. Filtering 

 

Firstly, raw EEG data was low-pass filtered at 3 Hz to obtain the 

low-frequency ERP data containing the late (P300, N300) and slow 

wave components. Secondly, raw EEG data was again filtered into a 

0.1 to 12 Hz band hereafter called full-frequency ERP data. The 

low-frequency ERP data was then subtracted from it to obtain 

the high-frequency ERP data containing the early (P100, P200) 
 

 

1  
For example, because both 5 + 8 and 8 + 5 were classified as large problems, both 

13    5 and 13    8 were defined as large problems. Similarly, because both 3    4 and    

4    3 were classified as small-size problems, both 12    3 and 12   4 were classified 

as small-size problems. 

2  
This method was adopted so as to obtain uniformity in the number of electrodes 

for analysis across subjects. 



P 
V ðtÞ 
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ERP components. This procedure ensured that the two data sets 

obtained represented accurately the full-frequency ERP data with- 

out any loss or distortion of the signals (Iguchi and Hashimoto 

2000). Results of the full-frequency ERP data are not presented in 

the study since components of interest were more prominent in 

the high- and low-frequency ERP data sets. 

 
2.7. Averaging 

 

Incorrect response trials were not analyzed due to an insuffi- 

cient number of trials (less than 10%) to form reliable ERP averages 

(Luck 2005). Trials in which the subjects failed to respond within 

2000 ms (i.e. the duration of the display of the answer screen) were 

also excluded from analysis. Problems in each arithmetic-opera- 

tion were separated into large- and small-sizes. ERPs were ex- 

tracted for each subject, arithmetic-operation and problem-size 

by averaging single trials separately for each electrode in high- 

and low-frequency data sets. Taken together all mentioned prepro- 

cessing on the data, the percentage of rejected trials never 

exceeded 20% per subject. Data was segmented into epochs of 

1200 ms long beginning with a baseline period of 200 ms. 

 
2.8. Statistical technique and analysis 

 

Distribution free randomization and permutation tests using in- 

house codes written in Matlab were employed to quantify the 

amplitudes, latencies and topographies of ERP components of 

interest. Details of these test and the rationale of their usage in 

EEG studies are given in Karniski et al., 1994; Maris, 2004; and 

Maris and Oostenveld 2007. To do this, (1) non-parametric ran- 

domization test was employed for operation-wise comparison at 

selected electrode sites (F3, Fz, F4, C3, Cz, C4, P3, Pz, P4) for mean 

amplitude and 50% area latency measures (see later the definitions 

of mean amplitude and 50% area latency). The electrode set hereaf- 

nificant probability value maps hereafter called P-value-maps were 

manually inspected at each time point. An effect was considered 

for discussion if significant effects spatially covered 4 adjacent 

electrodes. Additionally, significant reliable differences were only 

those found for at least 10 consecutive samples (i.e. 50 ms time- 

window). As a result, this time-window was selected for averaging 

across electrodes and samples in each arithmetic-operation and 

problem-size in all subjects. Manual inspection of the topographi- 

cal maps and P-value-maps reveal that this averaging procedure 

did not change the results in any way. 

Topographical maps and P-value-maps were employed for the 

high resolution quantification of ERP amplitudes while the mean 

peak amplitude (mean amplitude) measure measurement where 

a time-window is defined and the mean voltage within the win- 

dow calculated was used to calculate the mean amplitudes of the 

components using Eq. (1). This was accomplished by using a local 

maximum peak, defined as the largest peak that is surrounded on 

both sides by smaller peaks (Luck 2005). This was located in the 

early components in the 100–200 ms time-window (corresponding 

to the P100 component latency range) and 200–350 ms time-win- 

dow at the frontal and central electrodes (corresponding to the 

frontal and central P200 components latency ranges). Parietal pos- 

itivity and frontal negativity peaks in latency range of 350–550 ms 

were also located for P300 and N300 components. The amplitudes 

of slow waves were not determined because of lack of visible 

peaks. A 50 ms time-window was used around each located local 

maximum peak to calculate the mean amplitude (i.e. 25 ms to 

the left and right respectively of the local maximum peak). Apply- 

ing the method in Luck (2005), a 50% area latency was calculated 

by computing first the area under the waveforms over a given la- 

tency range enclosing local maxima using Eq. (2). The time point 

that divides the area into half was taken as the latency of the 

ERP component using Eq. (2). 

t¼U 
      t ¼L   

ter referred to as standard electrode sites were used for this partic- Mean amplitude ¼ 

N 
ð1Þ 

ular analysis. The resulting randomization test designs was as 
indicated in Fig. 1 A. (2) sample-by-sample non-parametric statis- 

tics at each retained electrode array and each time point were also 

performed on the data post-question stimulus using a permutation 

test hereafter referred to as exact-statistical test. The resulting sig- 

where V(t) = voltage at time t in milliseconds, L = lower bound of the 

time-window,U = upper bound of the time-window and N = number 

of samples from t = L to t = U. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. The divisions of the cortex into 11 electrode regions (left panel) following Dien, 2005 and a top view of a topographical map (right panel) displaying the 9 selected 

standard electrode locations following the 10–20 system of electrode placement. On the left, LR = Left–Right group, FN = Frontal-Negativity group, FP = Frontal-Positivity 

group, CP = Central-Positivity group, PP = Parietal-Positivity group and OPP = Occipito-Parietal- Positivity group. 
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Fifty percent AreaðAÞ ¼   
t¼L  V ðtÞdt

 

2 
ð2Þ 

Visual inspection of grand-average topographical maps in Fig. 3 

indicates that all arithmetic-operations show a similar activation 

pattern for both components. Maximum positivity was observed 
where V(t) = voltage at time t in milliseconds, L and U = lower and 

upper bounds of the selected time-window respectively. 

Fifty percent area latency ¼ V ðtÞ ¼ A ð3Þ 

 

 

3. Results 

 
Nine standard electrodes were chosen for presenting compo- 

nents amplitudes and latencies (Fig. 1, (A) while retained electrode 

arrays were grouped into eleven electrode regions (Fig. 1, (B) for 

topographical amplitude variations presentation. ERP waveforms 

displayed are from 200 ms to 1000 ms pre- and post-question pre- 

sentation respectively. Topographical maps and P-value-maps dis- 

played were obtained by averaging 10 consecutive samples across 

all retained electrodes corresponding to a 50 ms time-window. 

This criterion for displaying results is similar to that adopted by 

Kiefer and Dehaene 1997 and references therein. Three colour 

shades were used to display P-value-map results as this made it 

easy to identify areas of statistical significance. Blue was chosen 

to  represent  P  values  in  the  range  0 6 P < 0.05,  green  for 

0.05 6 P < 0.1 and red for 0.1 6 P < 0.5. Time is in milliseconds 

(ms), voltage in microvolts (lV) and ‘‘ ” in tables represents statis- 

tical significance. Presentation and discussion of results is within 

100–650 ms post-question presentation. This was the time-win- 

dow during which ERPs reflected processes associated with identi- 

fication and computation of the presented arithmetic problems. 

 

3.1. High-frequency  ERP components 

 

Initial ERP components appeared within 350 ms post-question 

presentation. The major components of interest within this time 

period that are discussed are the bilateral occipito-parietal positiv- 

ity corresponding to P100 and the pre-frontal and fronto-central 

positivity corresponding to P200. These components are indicated 

at midline electrodes in Fig. 2. Some degree of overlap in ERP wave- 

forms was observed (left and right panels representing large-size 

and small-size problems respectively) in this figure. However, sub- 

traction showed a slight greater positivity at parietal electrodes 

(P3, Pz and P4) compared to the other arithmetic-operations. 

at occipito-parietal (corresponding to P100); pre-frontal and fron- 

to-central (corresponding to P200); and at centro-parietal (corre- 

sponding to parietal positivity) electrode regions. Electrode 

regions indicating these activation patterns were similar in large- 

and small-size problems (columns one and two respectively of 

each panel) in this figure. 

Non-parametric statistical analysis of the observed amplitudes 

and latencies for AOE modulation of P100 and P200 (in Fig. 2) 

yielded no significant results for P100 component. The amplitude 

of P200 however revealed the following significant AOE modula- 

tions: (1) For a left vs right hemisphere comparison of mean ampli- 

tude, division vs other arithmetic-operations showed significant 

AOE in large-size problems (Table 1. upper panel, columns 2, 5 

and 6). Multiplication vs subtraction revealed a significant AOE in 

small-size problems in this table (lower panel, column 7). (2) Fron- 

tal and central P200 positivity resulted in statistically significant 

AOE when addition vs division (large-size problems, upper panel) 

and central positivity (small-size problems, lower panel) were car- 

ried out as seen in this table. 

Topographically, significant amplitude modulation by AOE of 

these components (P100, P200) was not very pronounced in both 

large- and small-size problems (columns 1 and 2 respectively in 

both left and right panels of Fig. 4). However, in large-size prob- 

lems (column 1 of both left and right panels of this figure), the fol- 

lowing significant effects were recorded: (1) In the left panel 

corresponding to P100, a parietal significant AOE modulation of 

amplitude was observed when addition vs division comparison 

was carried out. A peripheral occipito-temporal, a left parieto-cen- 

tral and a right peripheral temporo-frontal, as well as a focused left 

parietal significant AOE were also seen in the comparisons addition 

vs subtraction, division vs multiplication and division vs subtrac- 

tion respectively. (2) In the right panel, corresponding to P200, sig- 

nificant amplitude modulations by AOE were observed in addition 

vs division at pre-frontal, fronto-central as well as a left temporo- 

parieto-occipital effect. A focused right frontal (in division vs mul- 

tiplication) and left frontal (division vs subtraction) were also 

recorded. Other effects were also observed but not in the electrode 

regions known to show maximum P200 amplitude effect. In small- 

size problems (column 2 in both left and right panels of same 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Left and right panels represent large- and small-size problems respectively showing grand-average ERP waveforms (in high-frequency ERPs) for P100 and P200 in 

addition (black-trace), division (red-trace), multiplication (green-trace) and subtraction (blue-trace). Vertical and horizontal lines represent the appearance of the question 

stimulus and the zero potential level, respectively. (For interpretation of the references in colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 3. ERP grand-average topographical maps, showing amplitude variation of P100 and P200 in large-size (column 1 of each panel) and small-size (column 2 of each panel) 

problems in the four arithmetic-operations (in high-frequency ERPs). Red to light-yellow indicate positive amplitude and blue to light-blue negative amplitude. (For 

interpretation of the references in colour in this figure legend, the reader is referred to the web version of this article.) 

 

figure), significant amplitude modulation by AOE was virtually not 

observed. Although a few focused significant effects were ob- 

served, there were not in the electrode regions known to manifest 

P100 and P200 components. 

 

3.2. Low-frequency  ERP  components 

 

The major low-frequency ERP components discussed are the 

pre-frontal and frontal dominant negativity corresponding to 

N300; centro-parietal maximum positivity corresponding to 

P300; positive centro-parietal as well as a negative pre-frontal 

and frontal slow wave. The onset and offset of these components 

was similar in all arithmetic-operations. In large-size problems, left 

panel of Fig. 5, addition was more negative overall at the frontal 

electrodes (F3, Fz and F4) with division being the least at these 

electrodes. Subtraction and multiplication  were between these 

two operations. Subtraction was more positive at (C3 and Cz) with 

no observable difference at C4 while division was the least positive 

remained least at (P3, Pz and P4). Addition was slightly greater at 

electrodes P3, Pz and P4. On the other hand, small-size problems in 

this figure, right panel, addition was more negative with division 

least negative at electrodes F3, Fz and F4. Multiplication was more 

positive at the central electrodes with addition being least positive 

at these electrodes. At the parietal electrodes, subtraction was 

more positive and division least at electrode P3 while an overlap 

between multiplication and subtraction and to some degree be- 

tween addition and multiplication at Pz and P4. 

Positivity and negativity was not limited only to the standard 

electrode sites as seen in Figs. 6. A pre-frontal and frontal negativ- 

ity was slightly more pronounced in addition than in the other 

arithmetic-operations. A strong bilateral pre-frontal distribution 

was observed in large-size addition while a more left peripheral 

pre-frontal distribution was recorded in small-size addition prob- 

lems and the other arithmetic-operations. Significant AOE was 

observed to be greater in these components compared with high- 

frequency ERP components. Randomization test results at standard 

electrode locations revealed significant AOE in mean amplitude 

and 50% area latency in N300 and P300 components. For ampli- 

tude, and in large-size problems (upper panel, Table 2): (1) left 

vs right hemisphere and frontal-negativity (corresponding to 

N300) comparisons revealed significant AOE. (2) central- and pari- 

etal-positivity (corresponding to P300) also showed significant 

AOE except in the comparisons addition vs subtraction and divi- 

sion vs multiplication. Small-size problems, lower panel of this fig- 

ure showed significant AOE only in comparisons involving the 

division operation. Latency modulation by AOE of these compo- 

nents showed greater significance in large-size (Table 3, upper pa- 

nel) compared to small-size problems (lower panel of this figure) 

that showed significance only in comparisons involving the divi- 

sion operation. 

 

 
Table 1 

Significant P values of the mean amplitude modulation by AOE of P200 in large-size (upper panel) and small-size (lower panel) problems at LR, FP, CP 

and PP electrode groups (in high-frequency ERPs). * indicates statistical significance. 
 

Location Add vs div Add vs mul Add vs sub Div vs mul Div vs sub Mul vs sub 

Left–right (LR) 0.039* – – 0.049* 0.039* – 

Frontal-Positivity (FP) 0.029* – – – – – 

Central-Positivity (CP) 0.007* – – – – – 

Left–Right (LP) – – – – – 0.029* 

Frontal-Positivity (FP) – – – – – – 

Central-Positivity (CP) – – – – – 0.031* 
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Fig. 4. Significant probability maps (P-value-maps) showing areas of significant amplitude modulation by AOE of P100 and P200 components (in high-frequency ERP). In the 

figure, large-size problems are in column 1 of each panel and small-size problems in column 2 of each panel. The P value ranges represented in the maps are: blue for 

0 6 P < 0.05, green for 0.05 6 P < 0.1 and red for 0.1 6 P < 0.5. (For interpretation of the references in colour in this figure legend, the reader is referred to the web version of 

this article.) 

 

As seen in Figs. 7 (left panel corresponding to P300 and N300, 

right panel corresponding to positive and negative slow wave), 

the AOE in both large- and small-size problems was not limited 

to standard electrodes. High resolution significant AOEs in large- 

size (column 1 of both panels) were greater compared to small-size 

problems (column 2 of both panels) in this figure. In large-size 

problems for P300 and N300, addition vs division showed a pre- 

frontal, left–right fronto-central, left–right parieto–occipito–tem- 

poral significant AOE. A similar pattern but reduced significant 

AOEs were recorded in the comparisons addition vs multiplication 

and division vs subtraction. The effect was reduced in slow waves 

but pronounced in comparisons involving division (division vs 

multiplication and division vs subtraction). In small-size problems 

(column 2 of both panels), addition vs division comparison re- 

vealed almost similar results for the P300 and N300 components. 

Some measurable significant AOEs were also observed in division 

vs subtraction for these components. Slow wave significant AOEs 

in small-size problems were observed only in multiplication vs 

subtraction, division vs subtraction as well as a focused central 

AOE in addition vs multiplication and addition vs division 

comparisons. 

3.3. AOE in mean reaction time 

 

The mean reaction times reported are those for correct re- 

sponses only. The few errors recorded did not allow for analysis 

of error rates since many trials are required for a meaningful differ- 

ence to emerge (Zbrodoff and Logan, 2005). Table 4 shows AOE of 

mean reaction time in large- and small-size problems separately. 

Effect was significant mainly in large-size problems complement- 

ing the results of ERPs. 

 

 

4. Discussion 

 
The main findings were: (1) AOE modulated early, late and slow 

wave components; (2) AOE was observed as early as 100 ms post- 

question presentation in all comparisons; and (3) modulation was 

very pronounced during processing of large-size problems (in late 

ERP components). As mentioned already, these results raise the po- 

tential of providing ERP indices that may improve findings about the 

degree (and time) of engagement of cognitive processes (e.g. type 

of  strategy)  employed  during  MAP.  Occipito-temporo–parietal, 
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Fig. 5. Left and right panels represent large- and small-size problems respectively showing grand-average ERP waveforms (in high-frequency ERPs) for P300, N300, positive 

and negative slow waves in addition (black-trace), division (red-trace), multiplication (green-trace) and subtraction (blue-trace). Vertical and horizontal lines represent the 

appearance of the question stimulus and the zero potential level, respectively. (For interpretation of the references in colour in this figure legend, the reader is referred to the 

web version of this article.) 

 

centro–parietal and pre-fronto–frontal activation revealed in the 

present study fits with the visual encoding, selection of strategy 

and some form of computation in all arithmetic-operations (both 

in large- and small-size problems). 

Significant AOE modulation of P100 and P200 components were 

recorded following an occipito-temporo-parietal positivity fol- 

lowed by a pre-frontal and fronto-central as well as a centro–pari- 

etal positivity post-question resentation. The amplitude of P100 

was clearly seen to be different in the various arithmetic-opera- 

tions. For example, subtraction was seen to be slightly more posi- 

tive at electrodes P3, Pz and P4 in both large- and small-size 

problems (Fig. 2). A high resolution statistical analysis of the 

amplitude of this component revealed significant amplitude effect 

in a typical latency range of this component. It may be possible 

that the observed significant effect represented differential atten- 

tion allocation and encoding of operation signs (+, , x, -) during 

MAP. This conclusion is supported by the work of McCloskey 

et al., 1985 that highlights differential processing even within an 

arithmetic-operation (e.g. + and plus processed differently). It is 

also possible that this early significant dissociation may be linked 

with identifying the particular arithmetic-operation to be per- 

formed and orienting the brain resources towards it by subjects. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 6. ERP grand-average topographical maps, showing amplitude variation of P300, N300, positive and negative slow waves in large-size (column 1 of each panel) and small- 

size (column 2 of each panel) problems in the four arithmetic-operations in high-frequency ERPs at retained electrode array. Red to light-yellow indicates positive amplitude and 

blue to light-blue negative amplitude. (For interpretation of the references in colour in this figure legend, the reader is referred to the web version of this article.) 



Location 

Left–right (LR) Frontal- 

Add vs div 

0.047* 

Add vs mul 

0.001* 

Add vs sub 

– 

Div vs mul 

0.000* 

Div vs sub 

– 

Mul vs sub 

0.006* 

Left–right (LR) 

Frontal-negativity (FN) 

Central-Positivity (CP) 

Central-Positivity (CP) 

– 

0.029* 

– 

0.001* 

– 

– 

– 

– 

– 

– 

– 

– 

– – 

– 

0.001* 

0.029* 

– 

– 

– 

– 

– 

– 

– 
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Table 2 

Significant P values of the mean amplitude modulation by AOE of P300 and N300 in large-size (upper panel) and small-size (lower panel) problems at 

LR, FN, CP and PP electrode groups (in low-frequency ERPs).   indicates statistical significance. 

 

 

 

 

 

 

 

 

 

 

It is however, difficult from the present experimental set-up to 

draw firm conclusions on this. Further experimental manipulations 

that invoke attention and strategy are needed to confirm this ten- 

tative conclusion. 

On the other hand, the P200 component has been shown to be 

an independent component in both visual and auditory modalities 

(Crowley and Colrain 2004). An extensive review of literature and 

experiments by these authors reveals that this component can be 

dissociated experimentally. It has further been speculated that this 

component indexes some aspect of stimulus classification process 

by these authors amongst others. The amplitude increase of P200 is 

also linked with increased complexity of task and decreased la- 

tency with over-learned stimuli (Pernet et al., 2003). The latency 

and topography of the observed component in the present study 

agrees with a typical P200 component (Pernet et al., 2003; Crowley 

 

 

 

 

 

 

 

 

 

 

manifested in specific and invariant patterns of neural activity 

and any reliable difference in ERPs implies processes associated 

with the conditions differ in some respect (Handy 2005). Conse- 

quently, the observed differences may associated with some MAP 

component that is different with these operations are compared. 

Present results seem to suggest that the P3a (a variant of P300) ob- 

served in the study by Kong et al. (1999) was probably a P200 con- 

sidering the fact that this component has a strong tendency to 

overlap with P3a (Crowley and Colrain 2004). These authors failure 

to separate early and late ERP components in their study might 

have added to this confounds. No arithmetic-operation effect were 

observed in the latency in any of the comparisons. 

Previous ERP studies have shown that anterior positive and pos- 

terior negative slow potentials are related to MAP. However, sev- 

eral studies have given conflicting observations on the location of 

and Colrain 2004; Sz} and C é e 2004; Key et al., 2005). the slow positivity and negativity in MAP (see Rö le  and Heil 

ERP literature also indicates that the pre-frontal lobe is associ- 

ated with problem solving and complex thought processes 

(Chudler 2007). For example, during calculation, the pre-frontal 

cortex and pre-motor areas have been reported as important areas 

involved in controlling intention and working memory (Smith and 

Jonides 1999). The inferior frontal gyrus of this cortical area has 

also been reported to account for retrieval of arithmetic facts 

(Dehaene and Cohen 1995). ERP activation pattern accompanying 

processing  post-question  presentation  observed  in  the  present 

study is in accord with previous findingsin MAP (see SzU} cs and 

C é e, 2004 for a brief summary of some of their findings). 

High resolution statistical analysis revealed significant AOE at 

pre-frontal, frontal and central electrode regions in the current 

study. These findings seem to suggest that different arithmetic- 

operations have different degrees of involvement of these brain 

areas during early processing Scherg, 1990. It should however be 

cautioned that there are several reasons why scalp distributions 

may change or are different (Handy, 2005). Moreover, individual 

differences (Gevins and Smith 2000; Ashcraft 1992; Dehaene 

1992; Campbell 1994; LeFevre et al., 1996; Campell and Xue 

2001; Lynn and Irwing, 2008), oscillatory brain activity (Ishii 

et al., 1999; Kawamata et al., 2007) have been shown to be factors 

contributing to frontal lobe differences. However, it is argued in 

ERP literature that specific cognitive processes are thought to be 

1991; Iguchi and Hashimoto 2000; Pauli et al., 1994 for a discus- 

sion on conflicting views on this issue). ERPs in the present study 

are more similar posteriorly to those reported by Pauli et al., 

1994; Pauli et al., 1996; Iguchi and Hashimoto 2000; El Yagoubi 

et al., 2003; El Yagoubi et al., 2005; Núñez-Pe~na et al., 2005, 

2006 and anteriorly to those reported by Kong et al., 1999; Jost 

et al., 2004b and Zhou et al., 2006 in MAP. Either way, the observed 

late (and slow) positivity and negativity are possibly associated 

with MAP of the four arithmetic-operations in some way. 

P300 and N300 revealed a left versus right hemispheric signifi- 

cant AOE in amplitude. This may be an indication that the cognitive 

process(es) are engaged to differing degrees in these hemispheres 

in the different arithmetic-operations (as measured at least by 

these components at standard electrode locations). Significant la- 

tency effect in these components may be attributed to the engage- 

ment of these process(es) at differing times. In fact, some studies 

have attributed an increase in P300 amplitude to an increase in 

attention or attention allocation (Overtoom et al., 1998; Strand- 

burg et al., 1996; Donchin et al., 1986). The amount of processing 

resources available, such as in single versus dual tasks is also 

linked with the amplitude increase of this component (Donchin 

et al., 1986). Also, Polich 2007 concluded that cognitive demands 

during task processing influence P300 amplitude with the peak la- 

tency being proportional to stimulus evaluation time. 

 

Table 3 

Significant P values of the 50% area latency modulation by AOE of P300 and N300 in large-size (upper panel) and small-size (lower panel) problems 

at LR, FN, CP and PP electrode groups (in low-frequency ERPs). * indicates statistical significance. 

 

 
negativity (FN) 0.011* 0.000* – 0.011* – 0.029* 

Central-Positivity (CP) 0.046* 0.000* – 0.029* – 0.000* 

Central-Positivity (CP) 0.036* 0.000* 0.038* 0.032* 0.001* 0.000* 

Location Add vs div Add vs mul Add vs sub Div vs mul Div vs sub Mul vs sub 

Left–right (LR) 0.041* 0.043* 0.048* 0.049* 0.030* 0.029* 

Frontal-negativity (FN) 0.000* 0.001* 0.028* 0.002* 0.000* 0.042* 

Central-Positivity (CP) 0.000* 0.033* – – 0.006* 0.003* 

Central-Positivity (CP) 0.000* 0.033* – – 0.001* 0.004* 

Left–right (LR) – – – 0.029* 0.009* 0.029* 

Frontal-negativity (FN) – – – 0.006* 0.018* – 

Central-Positivity (CP) – – – 0.042* 0.026* 0.031* 

Central-Positivity (CP) 0.036* – – – 0.049* – 

 



Condition Add vs div Add vs mul Add vs sub 

– 

– 

Div vs mul 

0.027* 

– 

Div vs sub 

0.008* 

– 

Mul vs sub 

0.018* 

– 
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Fig. 7. Significant probability maps (P-value-maps) showing areas of significant amplitude modulation by AOE of P300, N300, positive and negative slow waves components 

(in high-frequency ERP). In the figure, large-size problems are in column 1 of each panel and small-size problems in column 2 of each panel. The P value ranges represented in 

the maps are: blue for 0 6 P < 0.05, green for 0.05 6 P < 0.1 and red for 0.1 6 P < 0.5. (For interpretation of the references in colour in this figure legend, the reader is referred to 

the web version of this article.) 

 
Qualitatively, P300 was largest for multiplication and least for 

subtraction with addition and division between in the wave pro- 

files (Fig. 2). Based on these observed wave profile differences, 

the P300 component can be used as a marker for the amount of 

processing differences that precede the actual production of solu- 

tions in the different arithmetic-operations (Jost et al., 2004a). 

The reaction times (RTs) in the present study are in agreement 

with this observation (Table 4). Multiplication had the longest 

mean RTs, and subtraction the shortest in those results. It could 

be that subjects selected solution strategies in the various arithme- 

tic-operations prior to the problem solution (Jost et al., 2004a) 

resulting in the differences. This qualitative observation is con- 

firmed by the significant AOE modulation of the amplitude and la- 

tency of this component (Table 2). These differences fit with the 

idea that different problems (arithmetic-operations) are  immedi- 

ately categorized according to  their expected difficulty and  that 

these differences are reflected by the amplitude of P300 (Wilson 

et al., 1998; Bajrič  et al., 1999). 

It is also known that P300 is at its maximum at parietal elec- 

trode sites. As seen in Fig. 7, AOE were significant at the central, 

temporal, parietal and occipital electrodes. These cortical areas 

have been associated with processing arithmetic-operation in the 

 

Table 4 

P values of mean reaction time (RT) showing AOE in larg- and small-size problems using randomization test. 

 
Large 0.001* 0.008* 

Small – – 
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lesioned and normal brain (Lampl et al., 1994; Hittmaire-Delazer 

et al., 1994; McNeil and Warrington 1994; Cipolotti, 1995; Delazer 

and Benke 1997; Dehaene and Cohen, 1997; Cohen 2000; Delazer 

et al., 2006b; Delazer et al., 2006a). High resolution statistical anal- 

ysis revealed that AOE between addition and division was the most 

pronounced significant effect in the time-window corresponding 

to the latency period of P300. The observed effect may be attrib- 

uted to the fact that non-retrieval procedures were employed in 

division compared to the other arithmetic-operations. The left 

parietal area, which has been implicated by almost every study 

involving MAP, was observed to be significant in all comparisons. 

This result presents the first piece of evidence of AOE in the left 

parietal area using ERPs. ERP research in arithmetic and language 

processing has on the other hand demonstrated that a negative 

component (called the semantic N400)3 within the 300–600 ms la- 

tency range has been considered as the signature of semantic pro- 

cessing and that the arithmetic N4004 is functionally similar to the 

semantic N400 (Jost et al., 2004b). The peak latency of the frontal 

negativity observed in the current study is in the same latency range 

as that observed by Jost et al. (2004b). These authors in their study 

ing neuronal activity from depth electrodes). These authors found a 

significant increase of neuronal firing rate in both left and right 

parietal cortices during counting and arithmetic-operations (i.e. 

adding and subtracting two- and single-digit numbers), but not 

during reading the same numbers. These findings are Confirmed 

in the present study and generalized to all four arithmetic-opera- 

tions. On the other hand, frontal activity in this latency range has 

been suggested to be non-specific to calculation per se and was 

regarded as a reflection of organizing or modulation of brain re- 

sources to perform arithmetic tasks (Inouye et al., 1993). Further- 

more, reports about more complex problems compared to simple 

ones involving calculation rules and decomposition strategies 

showing increased activity over frontal areas have been presented 

in MAP (Gruber et al., 2001). These authors related these differ- 

ences to linguistic and working memory functions. The significant 

AOE observed in the frontal negativity in the present study could 

be an indication that these arithmetic-operations impose different 

loads on working memory and executive functions when these 

problems are decomposed into a chain of smaller and easily acces- 

sible facts (McCloskey et al., 1985; Dehaene and Cohen 1995). 

compared arithmetic and semantic fact retrieval. Sz} and C é e, Limitations of the study: Several limitations of the current study 

2005 also noted negativity in the same latency range which they 

called N300. These authors linked the negativity to detection of 

expectation violation. Considering that, at this stage of computation 

in the current study, subjects are presumed to be computing the 

problems (which may involve actual calculation or retrieval pro- 

cesses from memory); it is highly unlikely that the frontal negativity 

is associated with making a choice of answer. Interestingly, Zhou 

et al. (2006) obtained a significant AOE modulation of the amplitude 

of a negative frontal wave (N300) peaking around 320 ms post-stim- 

ulus presentation (in their study of single digit addition, subtraction 

and multiplication processing). These authors attributed the N300 

effect to different retrieval strategies in different arithmetic-opera- 

tions rather than PSE. Thus the negativity observed in the present 

study is more likely to be the arithmetic N300. AOE of N300 ampli- 

tude seem to suggest that subjects used different strategies in com- 

puting and subsequently in retrieving the answers (Zhou et al., 2006) 

to solutions of various arithmetic-operations. The significant effect 

observed in this component can also be argued as being a sign of 

operational difference between these arithmetic-operations. The la- 

tency effect may suggest that the different computational strategies 

take longer in some arithmetic-operations than others. Significant 

AOE observed in the present study may tentatively be associated 

with the differences in managing and monitoring the various arith- 

metic procedures in the various arithmetic-operations. The division 

operation showed the most pronounced significant effect in large- 

size problems. 

An enhanced positive slow wave in the posterior electrode re- 

gions in the latency range of 400–820 ms being strong in the left 

hemisphere has been linked with mental processes essential to 

calculation (Iguchi and Hashimoto 2000). The observed slow posi- 

tivity in the current study was within this latency range (550– 

650 ms) and most probably reflected the continued computational 

process in the various arithmetic-operations. Moreover, ERP stud- 

ies have shown that a positive slow wave elicited by arithmetic 

problems systematically increase with problem size (difficulty) 

and decrease with practice (Pauli et al., 1994, 1996). Abdullaev 

and Melnichuk 1996 have even revealed significant effect of parie- 

tal cortex involvement in arithmetic-operation tasks (from record- 

 
 

3 
The semantic N400 has been suggested to reflect additional processing activities 

that are necessary to activate nonprimed representations that are invoked to find a 

coherent interpretation of the previous context and the nonfitting word (see 

Niedeggen et al. (1999b) and references therein). 

4 
Arithmetic N400 is a phasic negative shift between 300 and 500 ms post-stimulus 

in response to incongruent arithmetic solution (Niedeggen et al., 1999a). 

needed to be discussed: (1) during the last few years, there has 

been a debate about the neural fundamentals of ERPs. Phase con- 

centration, phase resetting and the additive evoked responses 

which are completely independent of ongoing background EEG 

have been argued to be involved in the generate of especially the 

early ERPs (e.g. the studies of Gruber et al., 2005; Hanslmayr 

et al., 2007; Sauseng et al., 2007). It will be absolutely necessary 

to employ analysis methods that take into account these possible 

generators of ERPs in addition with phase-locked and non-phase- 

locked EEG activity (Kalcher and Pfurtscheller, 1995). (2) it will 

be important to consider an analysis approach that factors in inter- 

individual not currently considered. In fact, several behavioural 

studies have also reported interindividual differences during 

MAP. For instance, studies have demonstrated the prevalence of 

individual differences in the use of different types of strategies 

(e.g. retrieval strategy, procedural or non-retrieval strategies) in 

the four basic arithmetic-operations (Ashcraft 1992; Dehaene 

1992; Campbell 1994; LeFevre et al., 1996; Campell and Xue 

2001; Lynn and Irwing, 2008). In fact, the studies of LeFevre 

et al., 1996; Campbell 1994 and Campell and Xue 2001 have shown 

that the selection of strategies varies across individuals, problems- 

size, arithmetic-operation, pedagogy and even culture. 

Conclusions: The present study focused mainly on using non- 

parametric low and high resolution statistical techniques to deter- 

mine the modulation effect by different arithmetic-operations on 

P100, P200, P300, N300, slow positive/negative waves at standard 

electrode sites and retained electrode array during mental arith- 

metic processing. Present findings highlight the importance of 

separating ERP components into early, late and slow wave compo- 

nents prior to analysis. Thus, cognitive processes correlated with 

these components may be used as markers for the engagement 

of mental arithmetic processes. For example, beside considering 

early ERP components as generally reflecting attention to digit-pat- 

tern and the physical identification/and or paying attention to 

numbers and their meaning (Iguchi and Hashimoto 2000; SzU} cs 

and C é e 2004; Núñez-Pe~na et al., 2005), some mental arithmetic 

activities may be involved in this early stage of calculation. 
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