
www.mjms.usm.my © Penerbit Universiti Sains Malaysia, 2011
For permission, please email:mjms.usm@gmail.com

3
Malaysian J Med Sci. Apr-Jun 2011; 18(2): 3-15

Abstract
 Background: In spite of extensive research conducted to study how human brain works, 
little is known about a special function of the brain that stores and manipulates information—the 
working memory—and how noise influences this special ability. In this study, Functional magnetic 
resonance imaging (fMRI) was used to investigate brain responses to arithmetic problems solved in 
noisy and quiet backgrounds. 
 Methods: Eighteen healthy young males performed simple arithmetic operations of addition 
and subtraction with in-quiet and in-noise backgrounds. The MATLAB-based Statistical Parametric 
Mapping (SPM8) was implemented on the fMRI datasets to generate and analyse the activated brain 
regions. 
 Results: Group results showed that addition and subtraction operations evoked extended 
activation in the left inferior parietal lobe, left precentral gyrus, left superior parietal lobe, left 
supramarginal gyrus, and left middle temporal gyrus. This supported the hypothesis that the 
human brain relatively activates its left hemisphere more compared with the right hemisphere 
when solving arithmetic problems. The insula, middle cingulate cortex, and middle frontal gyrus, 
however, showed more extended right hemispheric activation, potentially due to the involvement of 
attention, executive processes, and working memory. For addition operations, there was extensive 
left hemispheric activation in the superior temporal gyrus, inferior frontal gyrus, and thalamus. 
In contrast, subtraction tasks evoked a greater activation of similar brain structures in the right 
hemisphere. For both addition and subtraction operations, the total number of activated voxels was 
higher for in-noise than in-quiet conditions. 
 Conclusion: These findings suggest that when arithmetic operations were delivered 
auditorily, the auditory, attention, and working memory functions were required to accomplish 
the executive processing of the mathematical calculation. The respective brain activation patterns 
appear to be modulated by the noisy background condition.
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Introduction
 
 Arithmetic is a branch of mathematics 
involving problem solving and processing of 
numbers, such as in addition and subtraction (1). 
Problem solving in mathematics incorporates 
various cognitive processes and strategies. Three 
mental operations (i.e., information storage, data 
organisation, and executive control) are necessary 
in solving arithmetic problems (2).
 Different brain regions are responsible 
for the different functions executed during 
arithmetic problem solving. Evidence from brain-
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imaging studies indicates  that parietal lobe 
areas are central in calculating and processing of                                                                                
numbers (1,3), while frontal lobe areas are 
involved in recalling numerical knowledge and 
working memory (3,4).
 Working memory is a comprehensive 
function of the brain normally used in processing 
and storing information temporarily and is very 
important for many cognitive actions (5). Several 
functional imaging studies (6,7) found that the 
frontal lobe areas are activated in tasks involving 
executive function and working memory. It has 
been suggested that frontal lobe areas such as 
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inferior frontal gyrus (IFG), superior frontal gyrus 
(SFG), and medial frontal gyrus support working 
memory demand during arithmetic operations 
(6–10). A previous study on the laterality of brain 
areas associated with arithmetic calculation (11) 
revealed greater activation in the right hemisphere 
IFG than in the left hemisphere. However, different 
modes of task presentation produce different 
hemispheric dominance in the frontal region. For 
example, visually presented tasks tend to produce 
bilateral frontal region activation (12), whereas 
tasks presented auditorily trigger a relatively 
larger activation in the right frontal regions (13). 
It has also been suggested that the laterality 
index (LI), which measures the hemispheric 
dominance of IFG, increases with task difficulty 
(11). Thus, a complex task is expected to produce 
a greater number of activated voxels in the left 
compared with the right hemisphere. Gruber et 
al. (14) and Fehr et  al. (12,13) demonstrated that 
bilateral frontal regions were differently involved 
during simple and complex arithmetic tasks in 
different operations (i.e., addition, subtraction, 
multiplication, and division), from which complex 
arithmetic tasks required working memory 
involvement, whereas simple tasks only required 
arithmetic facts retrieval (12). In addition to frontal 
lobe areas, parietal lobe areas are also important 
in mental calculation, specifically for representing 
and manipulating quantitative information (4). 
Number processing and calculation have been 
shown to activate the inferior parietal lobe regions, 
including intraparietal sulcus (IPS), angular gyrus 
(AG), and supramarginal gyrus (SMG) (4). These 
areas are involved in addition, subtraction, and 
multiplication tasks (4). The LI of the inferior 
parietal lobule decreases with increasing task 
difficulty (11). It is also important to note that the 
inferior parietal cortex is the region specifically 
activated in response to increasing arithmetic 
complexity (10,11). In relation to that, SMG has 
also been identified as the region that deals with 
calculation difficulty (4,10), such as listening to 
spoken words in a noisy background.
 However, knowledge of how the human 
brain processes arithmetic operations in 
different environments is still lacking, as verbal 
communication often occurs in the presence of 
an interfering background, such as noise. The 
superior temporal gyrus (STG) plays a central 
role in the perception of speech (15–19) and 
non-speech stimuli (20). Listening to speech 
in noisy conditions resulted in the engagement 
of attention and cognitive networks (18). Other 
regions involved in attention are the cingulate 
gyrus, medial frontal gyrus, basal ganglia, and 
thalamus (19).

 In the present study, brain activations 
involved in arithmetic processing (addition and 
subtraction) in the human brain for in-quiet 
and in-noise were explored using a functional 
magnetic resonance imaging (fMRI) technique 
and statistical parametric mapping (SPM). The 
objectives of the study were (1) to identify the 
areas of activation, and (2) to determine the 
LI of the areas activated when the participants 
performed arithmetic working memory tasks 
for in-quiet and in-noise backgrounds. To 
achieve a quiet condition, a silent fMRI imaging                                                                        
paradigm (21) with a long silent interval was 
applied during stimulus presentation; this avoided 
the effects of scanner sound on the functional 
images (22).

Subjects and Methods

 This study was approved by the Universiti 
Kebangsaan Malaysia (UKM) Ethics Committee 
(IEC) (NN-049-2009), and informed consent was 
obtained from all study subjects prior to testing.

Participants
 Eighteen native, Malay-speaking, male adults 
with an average age of 23.2 (SD 2.5) years (range 
of 20–28 years) participated in the present study. 
All participants were screened by means of the 
Sijil Pelajaran Malaysia (Malaysian Certificate of 
Education) to obtain a group of participants able 
to perform simple mathematical operations; only 
those who passed their mathematics papers were 
enrolled in this study. Participants’ handedness 
was determined using the Edinburgh Handedness 
Inventory (23).

fMRI data acquisition
 The fMRI scans were conducted in the 
Department of Radiology, UKM Medical Centre. 
Functional images were acquired using a 1.5-
T magnetic resonance imaging (MRI) system 
(Siemens Avanto, Erlangen, Germany ) equipped 
with blood oxygenation level-dependent imaging 
protocol, echo-planar imaging capabilities, 
and radiofrequency head coil used for signal 
transmission and reception. Gradient-echo 
echo-planar imaging pulse sequence with the 
following parameters was used: repetition 
time (TR) = 16000 ms, acquisition time                                                                          
(TA) = 5000 ms (interscan interval =                                                                       
16000 ms − 5000 ms = 11000 ms), echo time                                                                                                                          
(TE)  = 50 ms, field of view (FOV) = 192 × 192 mm,                                                                                                                             
flip angle = 90°, matrix size = 128 × 128, and 
slice thickness = 3 mm. In addition, high 
resolution anatomical images of the entire brain 
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were obtained using a T1-weighted multiplanar 
reconstruction (MPR) spin-echo pulse sequence 
with the following parameters: TR = 1620 ms, 
FOV = 250 × 250 mm, flip angle = 90°, matrix 
size = 128 × 128, and slice thickness = 1 mm.

Tasks
 The experimental tasks consisted of simple 
arithmetic calculations involving addition and 
subtraction, presented auditorily for in-quiet and 
in-noise backgrounds. For in-noise conditions, 
the 83-dB stimuli were embedded in 80-dB white 
noise. Prior to the scanning, all participants were 
given detailed instructions on how to respond to 
the stimuli. The participants were instructed to 
listen to a series of simple arithmetic operations 
(e.g., 1 + 2 + 3 + 4) presented binaurally via 
headphones (transmission of sound through air) 
and were required to perform the calculations. 
The participants were also instructed not to move 
their head during the scan as head movements 
can cause signal intensity changes over time from 
any one voxel and present a serious confound 
in fMRI studies. To minimise head movement, 
immobilising devices were used together with the 
head coil. A training session was carried out prior 
to the scanning session, to ensure that participants 
understood the task.
 A silent fMRI-imaging paradigm was used to 
eliminate the effects of the scanner sound on the 
MRI images. The stimuli were presented during 
the silent gaps between volume acquisitions so 
that they did not overlap with the sound arising 
from the scanner. This paradigm is commonly 
used in auditory studies using fMRI (21,24). 
Each participant was subjected to 2 scanning 
sessions, which were exclusively carried out for 
addition and subtraction operations. Each session 
consisted of 2 different conditions, which were 
scanning in-quiet and in-noise. Thus, the 4 test 
conditions were addition in-quiet, addition in-
noise, subtraction in-quiet, and subtraction in-
noise. A schematic representation of the paradigm 
used in this study is shown in Figure 1. In the first 
scan, single-digit addition problems were used 
as stimuli (e.g., 1 + 2 + 3 + 4). Each set of digits 
that consisted of numbers 1–9 were randomly 
presented auditorily, without visual presentation, 
to the participants. In the second scan, single-
digit subtractions were used as stimuli (e.g., 9 – 
4 – 3 – 1). In this task, the minuend was always 
larger than the subtrahend, so that the answer to 
the problem was always positive. The participants 
were required to provide an answer verbally to 
each addition and subtraction task in order to 
evoke responses in the respective brain areas, and 
to ensure that the participants remained alert and 
focused throughout the scanning session.

 Each functional scan consisted of 120 series 
of trials (or measurements); 30 trials each for 
both in-quiet conditions (i.e., addition in-quiet 
and subtraction in-quiet), 30 trials each for 
both in-noise conditions (i.e., addition in-noise 
and subtraction in-noise), and 60 trials for 
baseline (stimulus not given). A long (11 s) inter-
measurement interval was used to allow for the 
haemodynamic response to decline after each 
given stimulus. The acquisition time was 5 s, with 
each functional measurement producing 35 axial 
slices in the 5-s duration (1 image slice per 143 
ms). The measurement started with the active 
state. The imaging time for each session was 32 
minutes, which produced 120 × 35 = 4200 images 
in total.

Post-processing
 All the functional (T2*-weighted) and 
structural (T1-weighted) images were processed 
in the Functional Image Processing Laboratory, 
Diagnostic Imaging & Radiotherapy Programme, 
Faculty of Allied Health Sciences, UKM, Kuala 
Lumpur. Image analyses were performed using a 
personal computer using the software MATLAB 
7.6 R2008a (Mathworks Inc., Natick, MA, USA) 
and Statistical Parametric Mapping (SPM8) 
(Functional Imaging Laboratory, Wellcome 
Department of Imaging Neuroscience, Institute 
of Neurology, University College of London). 
The raw data in DICOM (.dcm) format were 
transformed into Analyze (.hdr, .img) format using 
SPM8. Functional images for each measurement 
were realigned using the 6-parameter affine 
transformation in translational (x, y, and z)  and 
rotational (pitch, roll, and yaw) directions to 
reduce artefacts from subject movement and to 
make within- and between-subject comparisons 
meaningful (25). After realignment, a mean image 
of the series was used to estimate some warping 
parameters that mapped it onto a template that 
conformed to a standard anatomical space, i.e., 
EPI template (26) provided by the Montreal 
Neurological Institute (MNI). The normalisation 
procedure used a 12-parameter affine 
transformation, where the parameters constituted 
a spatial transformation matrix. The images were 
then smoothed using a 6-mm full-width-at-half-
maximum Gaussian kernel. The activated voxels 
were identified by the general linear model 
approach by estimating the parameters of the 
model and deriving the appropriate test statistic 
(t statistic) for every voxel. Statistical inferences 
were finally obtained on the basis of the general 
linear   model   and   Gaussian   random   field   
theory (27).
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Group analyses
 The participants’ activation maps were 
defined using the WFU Pick Atlas software 
(28). For group random effects (RFX) analysis, 
significant statistical inference was made at                 
α = 0.001, uncorrected for multiple comparisons. 
The laterality of the functional areas was evaluated 
using LI for each participant for all regions of 
interest (ROIs). Here, laterality is defined as the 
hemispheric dominance or preference between 
left and right hemispheres of functional activation 
(29). The chosen ROIs for the analysis of LI were 
based on the activations obtained from single 
subject analysis, group analysis, and from those 
reported in previous studies (29,30). The LI for 
any one ROI was calculated using the formula                                                  
LI = (VL – VR) / (VL + VR), in which VL  is the number 
of the activated voxels in the left hemisphere, 
and VR is the number of the activated voxels in 
the right hemisphere (11). The LI values ranged          
from −1 to 1, with the range –1 to 0 indicating 
right-hemisphere dominance and range 0 to 1, 
left-hemisphere dominance.

Analysis of the main effects and interaction
 The two-way repeated measures ANOVA 
was used to investigate the interaction between 
tasks (addition and subtraction) and conditions 
(in-quiet and in-noise) and to make inferences 
concerning the effects of tasks and conditions. 
The level of significance was set at uncorrected 
α = 0.05.

Results

Brain activation
 The brain activation obtained from RFX 
for (a) addition in-quiet, (b) addition in-noise, 
(c) subtraction in-quiet, and (d) subtraction 
in-noise, overlaid onto a 3-dimensional MNI-
template for brain structure is shown in                                                                                                               
Figure 1. The corresponding activated regions, 
together with their number of activated voxels 
(NOV) at α = 0.001, coordinates of maximum 
intensity, and the respective t values were 
tabulated in Tables 1 and 2 . All the addition 
and subtraction operations in-quiet and in-noise 
evoked bilateral activation in Heschl’s gyrus (HG), 
STG, IFG, SMG, precentral gyrus (PCG), superior 
parietal lobe (SPL), insula lobe, thalamus, and 
middle temporal gyrus (MTG). However, for 
MFG and middle cingulate cortex (MCC), there 
was brain activation only in the right hemisphere 
in all test conditions. For the inferior parietal 
lobe (IPL), there was bilateral activation during 
addition in-quiet and in-noise, whereas during 
subtraction in-quiet and in-noise, only the left 
IPL was activated. The total number of activated 
voxels summed for all ROIs (α = 0.001) were 5516 
during addition in-quiet and 5731 during addition 
in-noise, while for subtraction in-quiet and in-
noise, there were 2025 and 3162 activated voxels, 
respectively (Tables 1 and 2 ). A greater activation 
was observed in-noise compared with in-quiet for 
both addition and subtraction operations. The 
addition operation activated a relatively larger 
area of the whole brain than subtraction for both 
in-quiet and in-noise conditions.

Figure 1:  The study paradigm
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Laterality
 The laterality of the brain regions in relation 
to addition and subtraction operations was 
evaluated by LI as previously described (Table 3). 
Addition and subtraction produced asymmetrical 
activation in the IPL, PCG, and SPL that favoured 
the left hemisphere, in both in-quiet and in-noise 
conditions (i.e., LI > 0). In contrast, the areas 
of activation for the insula and MCC were more 
extended in the right hemisphere for all addition 
and subtraction in-quiet and in-noise (i.e.,                                                                                                                 
LI < 0). The STG, IFG, and thalamus indicated a left 
lateralisation with a small increase in activation 
for addition (i.e., LI > 0), while subtraction 

produced reversed lateralization (i.e., LI < 0). For 
HG, addition and subtraction evoked the right 
hemisphere region more extensively, except for 
addition in-quiet, which showed left-hemispheric 
preference. For MFG, subtraction in-quiet 
produced a left-hemispheric preference, whereas 
other tasks increased right-hemisphere activation. 
For MTG, there was extensive activation in the left 
hemisphere for all tasks except for subtraction in-
noise, which had a  right-hemispheric preference. 
Generally, there was relatively larger activation 
in the left hemisphere for both arithmetic tasks 
either for in-quiet or in-noise conditions.

Table 1: Number of activated voxels (NOV), coordinates of maximum intensity (x,y,z),  and the t value 
obtained from brain activation of group random effects analysis shown in Figures 2 (a) and  
(b) for addition task

Condition AIQ AIN
Region Hemisphere NOV x, y, z  t NOV x, y, z   t
HG L 154 -38, -28, 10 6.66 149 -42, -24, 10 7.46

R 119 40, -26, 8 5.83 146 48, -20, 8 7.47
STG L 1608 -46, -20, 4 11.69 1562 -52, -4, 0 10.84

R 1236 46, -14, 4 7.68 1326 58, -24, -4 8.32
IFG L 15 -48,   16,   -6 5.83 23 -48, 16, -6 6.09

R 34 52, 18, -8 7.55 40 52, 18, -8 6.81
IPL L 27 -42, -48, 52 3.92 51 -42, -46, 48 4.42

R 76 52, -40, 52 6.12 42 50,  -38, 50 5.49
SG L 138 -64, -38, 24 4.95 127 -52,  -42, 28 5.17

R 27 68, -40, 26 5.03 10 68, -40, 24 3.19
Insula L 213 -46,   8, -6 6.66 299 -46, 6, -4 7.11

R 287 46,   2, -8 5.74 294 50, 12, -6 6.73
Thalamus L 123 -2, -24, 8 7.10 121 -2, -24, 8 7.44

R 170 8, -24, 10 7.96 144 4, -22, 8 8.22
MCC L   - -  -    - - -

R 148 6, -22, 32 7.12  71 4, 22, 32  
PG L 269 -52, -4, 24 8.29 308 -48,  -8, 46 7.56

R 130 50, -6, 40 7.74 160 50, -6, 38 7.88
MTG L 432 -60, -30, 6 7.03 445 -56, -20, 0 8.68

R 298  60, -24, -4 8.59 399 60, -24, -4 8.11
MFG L       - - -    - - -

R 2  32,    6, 60 3.71 10 32, 6, 58 4.03
SPL L       - - - 4 -28, -66, 50 4.15

R 10 54, -38, 58 4.20    - - -
Abbreviations: AIQ = addition in-quiet, AIN = addition in-noise, HG = Heschl’s gyrus, STG = superior temporal gyrus,                                 
IFG = inferior frontal gyrus, IPL = inferior parietal lobe, SG = supramarginal gyrus, MCC = middle cingulate cortex, PG = pre-
central gyrus, MTG = middle temporal gyrus, MFG = middle frontal gyrus, SPL = superior parietal lobe  
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Main effects and interaction
 The two-way repeated measures ANOVA 
revealed a significant main effect of arithmetic 
operations (addition versus subtraction) on brain 
responses (uncorrected P < 0.05) for bilateral 
STG, IFG, IPL, MCC, insula lobe, thalamus, PCG, 
MTG, SFG, and SPL, including left HG and right 
SMG (Table 4). The comparison between the 
addition and subtraction operations (addition 
in-quiet > subtraction in-quiet, and addition in-
noise > subtraction in-noise) revealed that the left 
HG, left STG, left insula lobe, right MCC, bilateral 

MTG and bilateral MFG were significantly 
activated according to t values (Table 5). The 
reverse contrast (subtraction in-quiet > addition 
in-quiet, and subtraction in-noise > addition in-
noise) showed that bilateral hemispheres IPL, 
SMG, PCG, SPL, and SFG were activated but with a 
higher number of activated voxels for subtraction 
compared with addition (Table 6).
 However, there was no significant main effect 
of background conditions (i.e., in-quiet and in-
noise) and their interaction with operations (i.e., 
addition and subtraction) in any brain region.

Table 2: Number of activated voxels (NOV), coordinates of maximum intensity (x,y,z), and the t value 
obtained from brain activation from group random effects analysis shown in Figure 2 (c) and 
(d) for subtraction task

Condition SIQ SIN
Region Hemisphere NOV x, y, z t NOV x, y, z t
HG L 30 -46, -14, 4 4.24 84 -40, -24, 6 5.56

R 27 52, -16, 10 3.97 32 48, -12, 6 4.42
STG L 372 -52, 0,  3 6.47 602 -40, -28, 6 8.38

R 602 60, -26, 2 5.91 795 64, -20, 0 6.66
IFG L 33 -38, 22,  -4 6.14 39 -38,  22,  -4 6.22

R 34 52, 18,  -6 5.03 52 52, 18, -6 5.43
IPL L 9 -44, -38, 44 4.04 38 -44, -36,  46 4.93

R  - - -   - 38, -44, 46 3.42
SG L 37 -50, -40, 28 4.27 72 -62, -24, 16 4.85

R 24 62, -42, 24 4.79 21 64, -42, 24 4.38
Insula L 53 -36, 22, -4 5.64 146 -38, 20,  -4 6.21

R 73 48, 4, -3 7.18 163 48, 8,  -8 8.55
Thalamus L 90 -4, -18, 8 5.70 364 -6, -22, 8 9.41

R 91 6, -22, 8 4.04 3 6, -20, 6 9.06
MCC L  - - -   - -   -

R 15 6, 24, 32 3.78 103 4, 12, 44 6.50
PG L 332 -50, -6, 22 6.90 307 -54, -4, 24 6.82

R 116 48,  -6, 28 6.30 117 44, -10,  36 8.43
MTG L 11 -58, -22, 0 4.12 56 -60, -26, 2 4.63

R 49 58, -28, 0 5.60 135 58, -28, 0 5.86
MFG L 12 -30,  50, 20 4.41 19 -32,  50, 20 4.30

R 15 32, 6, 60 5.11 14 36, 6, 56 4.53
SPL L  - - -   - -   -

R  - - -   - -   -
Abbreviations: SIQ = substraction in-quiet, SIN = substraction in-noise, HG = Heschl’s gyrus, STG = superior temporal gyrus, 
IFG = inferior frontal gyrus, IPL = inferior parietal lobe, SG = supramarginal gyrus, MCC = middle cingulate cortex, PG = pre-
central gyrus, MTG = middle temporal gyrus, MFG = middle frontal gyrus, SPL = superior parietal lobe.
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(a) 

(c) (d) 

(b) 

Figure 2: Brain activation from group random effect analysis for addition in-quite, (b) addition in-noise, 
(c) subtraction in-quite, and (d) subtraction in-noise thresholded at α = 0.001 uncorrected 
for multiple comparisons. R denotes the right side of the brain, while L denotes the left side.

Table 3: The laterality index for all regions computed from all different tasks and conditions averaged  
over 18 participants

Region AIQ AIN SIQ SIN
HG 0.05 (0.66) -0.06 (0.65) -0.01 (0.55) -0.07 (0.59)
STG 0.13 (0.31)   0.01 (0.38) -0.05 (0.38) -0.10 (0.35)
IFG 0.08 (0.50)   0.10 (0.50) -0.08 (0.52) -0.13 (0.60)
IPL 0.50 (0.52) 0.30 (0.66) 0.33 (0.56) 0.33 (0.49)
SG 0.27 (0.61)   0.18 (0.61) -0.09 (0.55) 0.16 (0.39)
Insula  -0.29 (0.40)  -0.19 (0.36) -0.16 (0.55) -0.37 (0.49)
Thalamus 0.09 (0.37) 0.09 (0.39) -0.18 (0.52) -0.10 (0.53)
MCC  -0.19 (0.52)  -0.26 (0.67)  -0.17 (0.49) -0.29 (0.43)
PG 0.19 (0.57) 0.28 (0.45)    0.26 (0.38) 0.18 (0.40)
MTG 0.14 (0.43)   0.10 (0.40) 0.01 (0.48) -0.09 (0.43)
MFG - 0.16 (0.45)  -0.25 (0.49) -0.03 (0.57) 0.00 (0.61)
SPL    0.08 (0.73) 0.03 (0.68) 0.22 (0.59) 0.05 (0.70)
Data are expressed in mean (SD). 
Abbreviations: AIQ = addition in-quiet, AIN = addition in-noise, SIQ = substraction in-quiet, SIN = substraction                                                                                
in-noise, HG = Heschl’s gyrus, STG = superior temporal gyrus, IFG = inferior frontal gyrus, IPL = inferior parietal lobe,                                                                                                                                       
SG = supramarginal gyrus, MCC = middle cingulate cortex, PG = precentral gyrus, MTG = middle temporal gyrus, MFG = middle 
frontal gyrus, SPL = superior parietal lobe.

R L R L

R LR L



10 www.mjms.usm.my

Malaysian J Med Sci. Apr-Jun 2011; 18(2): 3-15

Table 4: Activated brain region during the main effects of arithmetic stimulus typeat 
uncorrected P < 0.05

Region Hemisphere NOV x, y, z F value P value
HG L 35 -40, -20, 2 6.90 0.005
STG L 487 -58, -36, 12 15.56 0.000

R 25 50, -10, -6 4.49 0.008
IFG L 14 -28, 24, -24       9.15 0.003

R 7 52, 26, -8 4.84 0.031
IPL L 80 -44, -30, 44 9.25 0.003

R 184 30, -44, 50 9.45 0.003
SG R 92 60, -16, 28 9.09 0.004
Insula L 126 -34, 18, 14 12.38 0.001

R 10 42,  -4,  -8 4.52 0.036
Thalamus L 23 -12, -32, 0 7.63 0.007
MCC L 27 -8, 2, 40 5.68 0.020

R 73 0, 18, 32 7.94 0.006
PG L 74 -20, -24, 70 11.98 0.001

R 79 50, -14, 54        9.18 0.003
MTG L 404 -58, -26, -6 11.37 0.001

R 217 48, -76, 20 16.77 0.000
MFG L 220 -24, 0, 48 17.38 0.000

R 184 34, 54, 0 11.07 0.001
SFG L 71 -22, 0, 48 18.05 0.000

R 59 22, 0, 62       9.71 0.003
SPL L 116 -16, -58, 50  6.70 0.012

R 264 24, -66, 48 14.12 0.000
Abbreviations: NOV = number of activated voxels, HG = Heschl’s gyrus, STG = superior temporal gyrus,           
IFG = inferior frontal gyrus, IPL = inferior parietal lobe, SG = supramarginal gyrus, MCC = middle cingulate 
cortex, PG = precentral gyrus, MTG = middle temporal gyrus, MFG = middle frontal gyrus, SFG = superior 
frontal gyrus, SPL = superior parietal lobe.

Discussion

 This study identified the activated areas in the 
brain and their laterality during simple addition 
and subtraction operations for in-quiet and in-
noise backgrounds. In addition, it also examined 
the differential effect of background noise on the 
task-related activation during the aforementioned 
operations.
 SPM analyses indicated that performing 
subtraction or addition in-quiet as well as in-noise 
resulted in a different spatial extent of activation 
in several brain regions. Group results showed that 
addition and subtraction operations evoked brain 
activation in the HG, STG, IFG, IPL, SMG, PCG, 
MTG, MFG, SPL, MCC, insula, and thalamus. In 

general, NOV was higher during addition than 
subtraction, for both in-quiet and in-noise. NOV 
was also modulated by background condition, 
where in-noise produced higher NOV in both 
addition and subtraction operations compared 
with in-quiet conditions. The differences in 
NOV for different mathematical operations and 
background conditions were possibly due to 
the difference in task demand and participants’ 
efforts in accomplishing the tasks. These results 
were similar to those of other studies on speech 
perception in-noise (19,31) that found increased 
activation in some regions, especially in superior 
temporal activation, due to increased effort in 
extracting the speech signal in-noise.
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Table 5: Activated brain regions during addition greater than subtraction in the quiet and noise 
conditions at uncorrected P < 0.05

Region Hemisphere AIQ >  SIQ AIN > SIN

   NOV x, y, z t NOV x, y, z t

HG L 24 -40, -20, 4 1.81 5 -40, -20, 2 1.96
STG L 322 -58, -36, 12 3.12 251 -46, -14, -10 2.64

R 9 50, -24, 12 1.77    -  - -
MTG L 225 -40, 6, -28 2.88 253 -58, -24, -6 2.72

R 58 56, -14, -18 2.13 51 58, -16, -18 2.14
Insula L 40 -34, 18, 14 2.44 31 -34, 18, 14 2.53

MCC R 28 4, -24, 44 1.87 12 4, -24, 44 1.77
SFG R 6 18, 56, 30 2.05 11 -20, 52,  32 2.30
MFG L  - - - 6  - -

R 14 34, 60,  -2 2.20 18 40,  12, 42 2.10
Abbreviations: AIQ = addition in-quiet, AIN = addition in-noise, SIQ = substraction in-quiet, SIN = substraction in-noise,                
NOV = number of activated voxels, HG = Heschl’s gyrus, STG = superior temporal gyrus, MTG = middle temporal gyrus,                     
MCC = middle cingulate cortex, SFG = superior frontal gyrus, MFG = middle frontal gyrus.

 An extended spread of activation in bilateral 
HG and STG was observed in-noise compared 
with in-quiet for both addition and subtraction 
operations, similar to that found in a study of 
speech perception, where greater activation was 
found during speech perception in-noise than 
in-quiet (19). Bilateral activation of HG and STG 
was expected due to their respective functions in 
processing auditory stimuli (18–20,32). The HG, 
together with the posterior area of STG, is known 

to be the primary auditory area and is associated 
to BA41 in Brodmann classification (33). In 
the present study, HG and parts of STG were 
assumed to act as the input centre for auditory 
processing, where auditory signals from sub-
cortical areas were received before transmission 
to other cortical areas involved in processing of 
arithmetic stimuli. Verbal stimuli (e.g., speech or 
word numbers) caused an extended activation in 
the left auditory compared with the right auditory 

Table 6: Activated brain regions during subtraction greater than addition in the quiet and noise 
conditions at uncorrected P < 0.05

Region Hemisphere SIQ > AIQ AIN > SIN

   NOV x, y, z  t NOV x, y, z t

IPL L 14 -58, -40, 38 1.94 70 -44, -30, 44 2.58
R 121 34, -42,  54 2.44 30 30, -44, 50 1.99

SPL L 6 -24, -56, 58 1.74 41 -16, -58, 50 2.11
R 152 16, -56, 58 2.61 126 24, -66, 48 2.77

SG L 4 -58, -40, 36 1.53 -
R 88 60, -16, 28 2.33 16 60, -16, 28 1.95

SFG L 54 -22, 0, 48 2.87 31 -22,  0, 48 3.13
R 59 22, 24, 58 2.32 12 20,  2, 60 1.90

PG L 34 -20, -24, 70 2.33 27 -20, -24, 70 2.56
R 49 18, -26, 72 2.16 47 50, -14, 54 2.37

Abbreviations: AIQ = addition in-quiet, AIN = addition in-noise, SIQ = substraction in-quiet, SIN = substraction                                                                                                                                    
in-noise, IPL = inferior parietal lobe, SPL = superior parietal lobe, SG = supramarginal gyrus, SFG = superior frontal gyrus,               
PG = precentral gyrus.
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area (34). However, the right auditory area has 
been shown to be more sensitive to tonality or 
non-verbal stimuli, such as pure tones and noises. 
For example, listening to white noise has been 
found to produce a larger number of activated 
voxels in the right HG compared with the left HG 
(32). These findings by Tervaniemia et al. (34) 
and Yusoff et al. (32) indicate that HG responds 
differently to verbal and non-verbal stimuli. 
However, the present study showed that the right 
HG triggered a relatively wider area of activation 
(LI < 0) compared with the left HG for all tasks 
except for addition in-quiet, which evoked a 
relatively wider extent of activation in the left 
hemisphere (LI > 0). This right hemispheric 
dominance is potentially due to the change in 
the processing strategy for HG when dealing 
with simple arithmetic operations. For STG, 
there was an extended activation area in the left 
hemisphere (LI > 0) for addition in-quiet and 
in-noise; in contrast, subtraction in-quiet and 
in-noise showed a wider extent of activation in 
the right hemisphere (LI < 0). However, the LI 
values obtained from the analyses were small, 
reflecting small differences in NOV between the 
left and right STG during addition and subtraction 
operation in-quiet and in-noise. These findings 
suggest that both left and right STG play equal 
roles in processing mathematical input presented 
auditorily (19,35).
 The present study also found that addition 
and subtraction operations resulted in extended 
activation in the frontal and parietal lobes, 
2 regions known to be involved in mental 
calculations (36). In the frontal lobes, there was 
significant activation in bilateral IFG, SFG, and 
MFG–regions related to working memory and 
executive functions (7,8). The present study also 
revealed that addition and subtraction operations 
resulted in bilateral activations in the IFG and SFG, 
suggesting that they may play a role in supporting 
the processes of arithmetic working memory. The 
IFG results indicate that the left hemisphere IFG 
has extended activation compared with the right 
IFG in addition operations both in-quiet and 
in-noise (i.e., LI > 0). In contrast, subtraction 
operations both in-quiet and in-noise resulted in a 
greater activation in the right hemisphere (LI < 0). 
In a previous study on simple calculation, complex 
calculation, and proximity judgement (11), the 
right IFG exhibited a wider extent of activation 
than the left IFG, suggesting that the right IFG 
was associated with the executive function of 
arithmetic operations. The MFG activation pattern 
showed a slightly extended activation in the right 
hemisphere (LI < 0) during addition in-quiet and 

in-noise, as well as subtraction in-quiet, but not 
for subtraction in-noise (LI > 0).  In addition, a 
wider spread of bilateral activation in MFG during 
addition and subtraction tasks may indicate that 
MFG is the central region in working memory 
processes dedicated to numerical processing 
(37). These findings suggest that (1) addition and 
subtraction operations require working memory 
for arithmetic facts retrieval, and (2) addition 
and subtraction in-quiet and in-noise conditions 
produced different hemispheric laterality patterns 
in the frontal regions.
 The parietal regions are commonly activated 
in tasks that involve number operations. The 
activated regions include the IPL (4,10), SPL, and 
SMG (4,10,11), all regions that play important 
roles in processing and manipulating numbers. 
Processing of numbers appears to be important 
especially in differentiating the arithmetic 
stimulus type, i.e., addition and subtraction. 
Furthermore, the IPL, SPL, and SMG seemed 
to have a wider extent of activation for addition 
task. For both SMG and IPL, there was LI > 0, 
and these 2 regions seemed to have a wider extent 
of activation in the left hemisphere, except for 
SMG for subtraction in-quiet that was otherwise. 
Rueckert et al. (38) and Dehaene et al. (39), found 
bilateral activation in IPL. However, it is well 
known that the left IPL plays an important role 
in arithmetic operations as retrieval of arithmetic 
information involves the left Broca areas (40). 
Menon et al. (10) identified the IPL region as 
specifically activated in response to increasing 
arithmetic complexity. They also suggested that 
SMG was activated due to increased difficulty 
of the arithmetic operation. The wider extent of 
activation in the IPL during addition operations 
revealed from the present study showed that 
addition was relatively difficult to solve compared 
with subtraction.
 Interestingly, the right MCC revealed 
activation during all combinations of operations 
and conditions. The right MCC also exhibited 
a wider extent of activation during addition 
compared with subtraction. In Cowel et al. (40), 
the activation found in cingulate cortex was 
associated to cognitive requirements of attention, 
working memory, and decision making. Based on 
the results given above, performing addition for 
in-noise conditions needed higher attention and 
executive function of working memory compared 
with subtraction. Thus, the involvement of MCC in 
this study can be associated with attention when 
the participants were trying to solve the addition 
and subtraction operations.
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 The motor system in the bilateral PCG has 
also been found to be activated during addition 
and subtraction in this study. Besides, a wider 
activation in the left PCG was observed as the        
LI > 0 during addition and subtraction for both in-
noise and in-quiet (43). The motor areas may be 
activated due to imagery finger movement when 
the participants were trying to solve numerical 
processing such as counting (41,42). Both the left 
and right PCG showed greater activation during 
subtraction compared with addition. Counting in 
numerical processing would appear to be most 
important to differentiate between addition and 
subtraction (12). Subtraction seemed to promote 
a relatively larger imagery finger movement in 
processing numerical quantities to solve problems 
compared with addition (44).
 We also observed other brain areas that 
were significantly activated (P < 0.001), e.g., the 
insula lobe and thalamus. The activation in these 
areas was more extensive in the right compared 
with the left hemisphere, except for activation 
in the thalamus for subtraction in-noise that 
was otherwise. These areas have been suggested 
to be components of working memory and               
attention (32).
 The results of the present study should be 
interpreted carefully while considering at least 2 
possible limitations: (1) The statistical thresholds 
used for the whole brain data analyses were rather 
moderate, and (2) perisylvian activation patterns 
in relation to arithmetic processing might be 
over-interpreted due to the underlying contrasts, 
including a verbal comprehension versus a 
nonverbal baseline condition. Nevertheless, 
interaction analyses between modalities and tasks 
provide valuable information for the presented 
differential discussion.

Conclusion

 The results showed that addition and 
subtraction tasks evoked extended activation in the 
left inferior parietal lobe, left precentral gyrus, left 
superior parietal lobe, left supramarginal gyrus, 
and left middle temporal gyrus. This was due to 
the hypothesis that the human brain activates its 
left hemisphere when working on logical thinking. 
However, brain areas in the insula, MCC, and 
MFG showed extended activation in the right 
hemisphere. For superior temporal gyrus, inferior 
frontal gyrus, and thalamus, there was extensive 
left-hemispheric activation for addition tasks but 
not for subtraction tasks. The bilateral activation 
in parietal regions promotes arithmetic problem 
solving, but the involvement of frontal brain 

regions for mental calculation are for executive 
processes and working memory in mathematical 
calculations. The results of the present study 
suggest that addition (compared with subtraction) 
and in-noise (compared with in-quiet) conditions 
promoted higher cognitive processes in working 
memory and attention. The left hemisphere of 
the brain showed apparent extended activation 
in regard to attention, executive processes and 
working memory.
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