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Abstract We conducted a functional magnetic resonance imaging study of cer-
ebral activation elicited by auditorily-presented and speed-adjusted simple men-
tal addition tasks. The subjects were 8 healthy, right-handed men. We devised
a method for determining the appropriate speed for auditory presentation of the
mental addition task to each subject. A block design was used for this study.
In the task state, simple mental addition problems were presented auditorily.
In the control state, random numbers were presented auditorily. The left me-
dial frontal gyrus, left cingulate gyrus, bilateral precentral gyri, left middle
and inferior frontal gyri, bilateral insulae, left superior and inferior parietal lobuli,
and right cerebellum were shown to be activated. Our findings indicate that
the simple mental addition task is sufficient for activating cerebral areas as-
sociated with mental calculation when the difficulty of the mathematical task
is controlled. The speed-adjusted simple addition task is useful for function-
al magnetic resonance imaging investigation of higher cognitive function.

Simple tasks are more useful for clinical
Introduction evaluation of patients or elderly persons.
Thus, we have used simple tasks for in-
Patients with cerebral disease such as vestigation of arithmetic processing. There
infarction, hemorrhage, or tumor can have been indications, however, that sim-
show dyscalculia or acalculia, although ple mathematical tasks are processed dif-
the mechanism of which is not sufficient- ferently from complex mathematical tasks
ly clear. Cerebral activation studies were *¥, and Dehaene et al. showed that
recently shown to be useful for investiga- simple addition and multiplication solutions
tion of cognitive function.” Many such are stored in and retrieved from rote ver-
studies have used complex tasks for bal memory.® Therefore, mathematical tasks
clarifying brain function, but patients used in activation studies should be sim-
with certain cognitive disorders and the ple without being too simple.
very aged can not perform complex tasks. Arithmetic operations are used in vari-
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ous daily life situations and are general-
ly of four types: addition, subtraction,
multiplication, and division. Selective im-
pairment of each of these operations has
been reported in patients with brain dam-
age.”® Thus, each operation may require
a different cognitive process, and it is
difficult to compare one operation with
another in activation studies. Dixon et al.
showed that mathematical principles are
represented more by addition than by any
other operation.” Cohen et al. showed
dissociation between operations in patients
with dyscalculia.® In these patients, arith-
metic processing impairment often affects
multiplication more severely than subtrac-
tion or subtraction more severely than
multiplication, whereas the performance
of addition in these patients is intermedi-
ate between that of multiplication and
subtraction. Therefore, there is less pos-
sibility of severe impairment with respect
to addition than to other operations in
patients with dyscalculia. Understanding
this is important in activation studies of
the damaged brain. Most Japanese chil-
dren first learn addition in elementary
school. Addition is common in daily life
and is used to explain the other mathe-
matical operations. We hypothesized that
addition is the best arithmetic task to use
in testing patients with cognitive dysfunc-
tion. Many recent activation studies for
mental calculation have involved subtr-
action, multiplication, or more complex
arithmetic tasks®®'®; few have involved
simple mental addition tasks.*'?*” In ad-
dition, the tasks in these studies have not
been controlled for individual mathemati-
cal abilities. The findings of one study
suggested that functional optimization of
arithmetic processing differs between per-
fect and imperfect performers.'” Thus,
we conducted a study in which the diffi-
culty of arithmetic problems was adjusted
on a per subject basis but the amounts
difficulty of arithmetic work were nearly
equal.

This study was undertaken with the
aim of determining whether a simple men-
tal addition task is enough to activate
cerebral areas related to mental calcula-

tion when the difficulty of the task is con-
trolled.
Materials and Methods
Subjects

The subjects were 8 healthy, right-
handed men, aged 24 to 43 years, who
graduated from a university or college.
No neurological signs, significant medical
conditions, or abnormal magnetic resonance
(MR) image findings were present in these
subjects. None had special mathematical
ability. All provided informed consent to
participate in the study.
Task design

We used a block design for this study.
In the task condition, auditory addition
problems were presented to each subject
by artificial voice through headphones
attached to a personal computer. The
problem was as follows. A single-digit
number was added to another single-digit
number to yield a double-digit sum. The
sum provided was either correct [for
example, 9+6=15] or incorrect [for exam-
ple, 8+4=13]. The subjects were required
to judge mentally whether the given sum
was correct or incorrect. The speed at which
the problem presented was adjusted ac-
cording to individual arithmetic ability de-
termined before the MR examination. In
the control condition, each subject laid with
his eyes closed and random numbers were
auditorily presented, i.e. 9, 7, 6, 3, etc.;
the subject just listened to the random
numbers. In alternating 35 sec epochs,
subjects were presented with the arithme-
tic problem or the random numbers. One
examination period was 280 sec.
Task presentation speed and performance

Because it is difficult to check task
performance in the MR imaging unit,
we examined task performance for each
subject outside the unit just before scan-
ning. One examination for checking his
performance was same tasks and periods
which were presented in the unit, the task
and control conditions were both presented
during this period. Each subject responded
to the problems on a 10-key numerical pad.
The # 1 key was used to indicate a cor-
rect sum; the # 3 key was used to indicate
an incorrect sum. Subjects' responses were
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Table 1 Test performance of subjects

Subject Percentage of

correct responses
76%
85%
88%
75%
80%
82%
82%
78%
mean 80.8%
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stored in the personal computer, and the
number of correct responses was determined
after the examination. The presentation
speed was controlled by software and
could be adjusted. We examined the per-
formance of each subject at four different
presentation speeds (1000 £ 80, 1350 =
70, 1790 +£100, 2160 £ 120 [msec/item]),
and we used the speed at which the sub-
ject achieved about 80% accuracy.
Functional data acquisition

All experiments were performed with a
1.5 Tesla MR imaging scanner and the use
of a head coil (SIEMENS). A single-shot

size was 64X64, repetition time was 5000
msec, flip angle was 90 degrees, and
time to echo was 55.24 msec. Thirty axial
slices were collected in each volume. Each
slice was 4 mm thick without separation
and parallel to the intercommissural plane.
Forty-four volumes were acquired per scan,
and the first two images of each scan
were discarded.
Data analysis

The functional MR imaging data were
analyzed with the SPM-96 module included
in the MEDx 3.3 software package (Sen-
sor Systems). The images were not aligned
with the SPM realign module because the
head motion of each subject was less than
0.4 mm (less than 10% of the voxel size).
The images were smoothed and normal-
ized by the SPM-96 module according to
Montreal Neurological Institute (MNI) coor-
dinates. Statistical analysis was performed
with SPM-96 on pooled data with
multi-subject analysis; the MR imaging
signal data of all 8 subjects were analyzed
as a whole. The resulting z-maps were
thresholded by the z score height (z > 6).

Results were given using the MNI brain
and then transformed into the Talairach
atlas.?” The transformation was done
with the following formula for translating

echo-planar image sequence was used. between two coordinates: X' = 0.88 X -
The field of view was 256 mm, matrix 0.8, Y' = 0.97 Y - 3.32, Z' = 0.05 Y +
Table 2 Significant activated areas on the MNI brain
X Y Z Z value

Frontal lobe

Lt. cingulate gyrus —12 4 48 7.92

Lt. insula —44 0 20 7.91

Lt. inferior frontal gyrus —48 16 20 7.60

Lt. precentral gyrus —44 —8 52 7.60

Lt. middle frontal gyrus —48 4 48 7.57

Lt. medial frontal gyrus —8 0 56 7.83

Rt. precentral gyrus 48 —4 48 7.14

Rt. insula 40 12 —4 6.25

Parietal lobe

Lt. superior parietal lobule —32 —68 60 7.62

Lt. inferior parietal lobule —48 —44 36 6.95

Cerebellum

Rt. cerebellum 24 —176 —28 7.65

Lt., left side; Rt., side; XYZ, MNI coordinates.
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Fig. 1 Activated areas are superimposed on the glass brain. Maximum intensity projections

are shown.

a); Ieft side view, b); top view, c); front view

1.; Left precentral gyrus

2.; Left insula and middle frontal gyrus

; Left inferior frontal gyrus

3.

4.; Left medial frontal gyrus and cingulate gyrus
5.; Left superior and inferior parietal lobuli
6.
7.

; Right precentral gyrus and insula

; Right cerebellum

0.88 Z - 0.44. (X', Y', Z'; Talairach atlas,
X, Y, Z; MNI brain). We defined the ac-
tivated areas using the Talairach atlas.
Results

The performance of each subject is
shown on Table 1. Subjects responded
correctly to >75% and <88% of problems
(mean 80.8%).

Regional brain activation is shown on
Table 2. The left medial frontal gyrus,
left cingulate gyrus, bilateral precentral
gyri, left middle and inferior frontal gyri,
bilateral insulae, left superior and inferior
parietal lobuli, and right cerebellum were
activated. Images of the activated areas
were superimposed on a glass brain (Fig.
1) and also on the MNI brain (Fig. 2).

Discussion

Mental calculation is one of the most
common higher cognitive functions. Many
processes are involved, i.e. verbal process-
ing mechanisms, perception and recognition
of numerical orthography and/or
number-symbol representation, visual-spatial

discrimination, short-term memory,
long-term memory, syntactic/algorithmic
reasoning, and sustained attention.?” Re-
cent studies have shown that working
memory is also associated with mental
calculation.?®?® Therefore, many areas of
the brain likely are activated by mental
calculation tasks. Although Dehaene et
al. reported that in some countries (France
and Japan, for example), simple single-digit
addition and multiplication are rote ver-
bal tasks, not real mathematical calcula-
tions ¥, our use of the double-digit addi-
tion task activated most areas shown to
be activated in complex mathematical
tasks. The left medial frontal gyrus, left
cingulate gyrus, bilateral precentral gyri,
left middle and inferior frontal gyri, bi-
lateral insulae, left superior and inferior
parietal lobuli, and right cerebellum were
activated in our study. It is difficult to
simply compare our results with the results
of other mathematical activation studies
because the results are influenced by
differences in the task and control condi-
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tions. What is interesting, however, is
that the mental addition task we used in
this study activated so many areas asso-
ciated with mental calculation.

In general, the parietal lobe is believed
to be an important area for mathematical
calculation.?****® There have been some
reports of bilateral parietal lobe activation
and some of left parietal lobe activation
81920 © and a parietal lesion was reported
to cause selective impairment of addition in
a patient.” Using complex tasks, Gruber
et al. showed that the parietal area plays
only a supportive role in mental arithme-
tic. In our study, the left parietal lobe
was activated. Our results suggest that
the left parietal lobe is related to mental
addition.

The bilateral precentral gyri and the
left medial frontal gyrus were activated in
our study. The left side precentral gyrus
and the medial frontal gyrus were activated
by simple addition in previous PET
studies.'” Another simple addition task
study showed the left precentral gyrus, left

medial frontal gyrus, and left parietal lobe
to be associated with the spatial aspects
of mental calculation and sequential
manipulation of numbers within internal
space.’” We asked our subjects just after
the experiment whether they wused a
verbal or visual strategy in the simple ad-
dition task, and all reported they used a
visual strategy. Cognitive strategies have
been reported to influence patterns of
cortical activation during mental calcula-
tions.'” We speculate that the bilateral
precentral gyri and left medial frontal
gyrus were activated in our subjects be-
cause they used a visual strategy for the
spatial aspects of mental calculation and
sequential manipulation of numbers within
internal space.

The insular cortex was activated bilateral-
ly in our study. The insular cortex is as-
sociated with many cognitive functions and
is connected to many areas.”’” Nagai et
al. suggested that the insular cortex is
implicated in the translation and integra-
tion of different sensations.?” In our study,

Fig. 2 Activated areas are superimposed on the MNI brain.
a); left side view, b); right side view, c); top view

1.; Left precentral gyrus
2.; Left middle frontal gyrus
3.; Left inferior frontal gyrus

4.; Left superior and inferior parietal lobuli

5.; Left medial frontal gyrus
6.; Right precentral gyrus



68 Jun-ichi Ogasawara

subjects approached the auditorily-presented
problems with a visual strategy. The insu-
lar cortex may be associated with the trans-
lation and integration of auditory and vis-
ual functions.

The right cerebellum was activated in a
few previous mental calculation studies
2101928 - hut its function related to calcu-
lation is wunclear. Because the right
cerebellum is activated by many different
tasks®®*” and cerebellar disorders do not
cause dyscalculia®*?***°** | the cerebellum is
believed to play only a supportive role in
mental addition.?® Recent investigations
have shown, however, that the cerebellum
is associated with working memory and
connected to the prefrontal lobe in prima-
tes.*®% The task used in our study loads
the working memory, which may in turn
cause the cerebellar activation.

Despite use of the auditory task, no chan-
ges were seen in the primary auditory or
Broca and Wernicke language-associated
areas. This fact may reflect the masking
effect of the control task.

Task performance is very important in
the investigation of cognitive function such
as that used in mental calculation because
each participant has a different arithme-
tic ability and different ability to attend
to the mathematical questions. Arithmetic
ability and attention are associated with
working memory. *>** Working memory plays
an important role in cognitive function, and
attempts have been made to define work-
ing memory. Baddeley suggested working
memory to be the system that provides tem-
porary storage and manipulation of infor-
mation necessary for such complex cogni-
tive tasks as language comprehension, learn-
ing, and reasoning.®” One study suggested
that the amounts of working memory vary
between individuals *”; another indicated
that working memory is made up of sep-
arate components .°* In other words, it is
very difficult to control the working mem-
ory independently. The subjects in our study
were asked to use maximum effort for the
mental calculations. Problems were of dif-
ferent degrees of difficulty and were applied
on an individual basis. We defined the
appropriate task presentation speed as that

at which achievement is about 80%.
At this speed, subjects concentrated only
on the mental addition task, and they could
spend their working memory resources on
the task. A previous study showed that
figures, carrying a number, and the speed
at which problems are presented determines
the difficulty of the mental addition task .°
Accordingly, we controlled the level of dif-
ficulty by the speed at which questions
were asked and thus equalized the influ-
ence of working memory for each subject.
Working memory is associated with many
areas in the brain, especially the prefron-
tal lobe.?” In our study, we thought that
activation of a part of the prefrontal lobe;
the left middle and inferior frontal gyri,
spent the resources of working memory.

Individual differences in working mem-
ory available for calculation were not con-
sidered in earlier mental arithmetic acti-
vation studies. In some studies, only the
ability of each subject to perform the
task was checked. In clinical situations,
patients have various mathematical abilities
and this must be addressed. Thus, we
adjusted the level of difficulty on a per
subject basis, and we believe we achieved
a more appropriate tool for the investi-
gation of mental calculation. It is impor-
tant to consider individual mathematical
ability in activation studies. Using sim-
ple mental addition tasks we can get
about the same MR imaging results, ob-
tained by the use of complex mathemat-
ical tasks. This method has potential for
advancing the investigation of mathemat-
ical function in patients with brain dam-
age.
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