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Abstract

Background: Developmental dyscalculia (DD) is a specific learning disability affecting the
acquisition of mathematical skills in children with otherwise normal general intelligence. The goal
of the present study was to examine cerebral mechanisms underlying DD.

Methods: Eighteen children with DD aged 1.2 + |.3 years and twenty age-matched typically
achieving schoolchildren were investigated using functional magnetic resonance imaging (fMRI)
during trials testing approximate and exact mathematical calculation, as well as magnitude
comparison.

Results: Children with DD showed greater inter-individual variability and had weaker activation
in almost the entire neuronal network for approximate calculation including the intraparietal sulcus,
and the middle and inferior frontal gyrus of both hemispheres. In particular, the left intraparietal
sulcus, the left inferior frontal gyrus and the right middle frontal gyrus seem to play crucial roles in
correct approximate calculation, since brain activation correlated with accuracy rate in these
regions. In contrast, no differences between groups could be found for exact calculation and
magnitude comparison. In general, fMRI revealed similar parietal and prefrontal activation patterns
in DD children compared to controls for all conditions.

Conclusion: In conclusion, there is evidence for a deficient recruitment of neural resources in
children with DD when processing analog magnitudes of numbers.

Background Specific disorders of numerical skills are neither widely
The present study was aimed at investigating the neural = recognized nor well understood. Children can exhibit low
underpinnings of developmental dyscalculia in school-  math performance in many different ways [1]. Some may
children using functional magnetic resonance imaging  have particular difficulties with arithmetical facts [2], oth-
(fMRI). ers with procedures and strategies [3], while most disa-
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bled children seem to have difficulties across the whole
spectrum of numerical tasks [4]. Just as diverse as the
manifestation of specific math learning disabilities is the
wide range of terms referring to these developmental
math disabilities (developmental dyscalculia, mathemati-
cal disability, arithmetical learning disability, number fact
disorder, psychological difficulties in mathematics). The
term 'developmental dyscalculia' (DD) will be used here,
which is defined as a significant discrepancy between spe-
cific math performance and performance in other
domains (i.e. reading) and/or general intelligence that
cannot be explained by mental retardation, inappropriate
schooling or poor social environment according to the
International Classification of Diseases, 10t revision
(ICD-10, F81.2, [5]). Prevalence studies using different
definitions of DD have been carried out in various coun-
tries. In spite of the lack of definitional consistency, the
prevalence of DD across countries is relatively uniform,
ranging from 3-6% in the normal population, which is
similar to that of developmental dyslexia and attention
deficit hyperactivity disorder (ADHD) [6]. Unlike these
other learning disabilities, girls and boys seem to be
affected by DD equally [6,7]. Furthermore, DD seems to
be an enduring specific learning difficulty, persisting into
late adolescence [8]. While it is clearly the case that DD is
frequently co-morbid with a variety of disorders, like dys-
lexia, ADHD, poor hand-eye coordination, poor working
memory span, epilepsy, fragile X syndrome, Williams syn-
drome and Turner syndrome, causal relationships
between these disorders have not been established [1,9-
13]. For illustration, about one quarter of dyscalculics
show comorbidity with ADHD and dyslexia [10,13]. Over
the past two decades sufficient genetic, neurobiological,
and epidemiologic evidence has accumulated to indicate
that learning disabilities, including DD, are in fact expres-
sions of brain dysfunction [12-18].

Functional neuroimaging has revealed that parietal and
prefrontal cortices are involved in arithmetic tasks [19-
24]. In particular, the intraparietal sulcus (IPS) seems to
play a major role in number processing [25]. While in
adults the IPS seems to be mainly involved in the process-
ing of numerical quantities, number comparison and sim-
ple quantity manipulations, including approximation,
the left angular gyrus and left prefrontal regions are
mainly implicated in exact, verbal memory based, lan-
guage-dependent calculation [20,26,27]. According to
this functional dissociation, circumscribed lesions should
cause different patterns of dysfunction depending on
whether the lesion affects the quantity or the verbal sys-
tem of numerical representation [28]. Indeed, patients
with IPS lesions particularly fail to comprehend numeri-
cal quantities that are required in approximation, numer-
ical comparison tasks or solving subtraction trials,
whereas simple multiplication might be unaffected, pre-
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sumably because it can still be retrieved from intact verbal
memory [29-31]. Conversely, patients with acalculia fol-
lowing a perisylvian lesion exhibited greater impairment
in the verbal processing of numbers needed for multipli-
cation tables rather than for quantity-based operations
[29,32]. Although several imaging as well as lesion studies
corroborate the existence of a dissociated processing for
exact and approximate calculation [24,29,31], this disso-
ciation could not be systematically replicated in normal
and disabled calculators [33,34]. Moreover, studies test-
ing fact retrieval based on multiplication or addition and
quantity processing by using subtraction or number com-
parison tasks could also not identify a neuronal dissocia-
tion. In contrast, they found close activation patterns for
verbal and quantity based processing of numbers [22,35].

Do children and adults with DD exhibit the same neuro-
nal networks reported in typically achieving subjects? Can
dissociation between the verbal and the quantity-based
system be observed in children and adults with DD? Is
one of these systems more affected by DD? These are only
a few of the open questions in dyscalculia research.
Answers to these questions would enable us to specify the
neuronal underpinnings of this learning disability and
provide new possibilities to develop and evaluate thera-
peutic interventions.

Thus far, a few MRI studies have begun to elucidate the
correlation of dyscalculia with neuronal processing, mor-
phology and metabolism in patients with dyscalculia.
Functional [34,36-38], spectroscopic [38] and morpho-
metric [39,40] MRI techniques have been conducted on
dyscalculia.

FMRI has been used to study neural activity in a subject
with dyscalculia secondary to a right temporal lobe hem-
orrhage endured during infancy [37,38], and in samples
of patients with Turner's [34] and fragile X syndrome [36].
All these fMRI studies provide evidence for an abnormal-
ity in the parietal cortices with overall diminished as well
as abnormally modulated IPS activity, correlating to
number size or task difficulty [34,36,37]. Investigating
verbal and quantity based number processing, Molko et
al. [34] used an experimental design that included exact
and approximate addition tasks in subjects with Turner's
syndrome. In contrast to controls, these subjects failed to
show any difference in brain activation between trials of
exact and approximate calculation, although they per-
formed the calculations as well as the controls. Molko and
colleagues concluded that Turner's syndrome subjects
might have used quantity manipulation strategies during
both tasks [34].
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By means of magnetic resonance spectroscopy a defect in
the left parieto-temporal area was indicated in one patient
with DD without any known structural abnormality [38].

Voxel-based morphometry indicated a decrease in grey
matter density in the left IPS in premature children with
DD [40] and in a symmetrical location in the right IPS of
Turner syndrome subjects [39]. In addition, morphomet-
ric analysis revealed atypical anatomy of the right IPS in
Turner syndrome subjects [39].

In summary, the data derived from findings in patients
with dyscalculia suggest that defects in parietal areas seem
to be particularly responsible for arithmetic problems.
However, the potentially distinct roles of the left and right
IPS remain to be clarified. Finally, the question remains
open whether observed structural abnormalities in IPS are
the cause or consequence of poor arithmetic ability [1].

The present fMRI study investigated brain activation in 18
children with DD and 20 typically achieving schoolchil-
dren during different numerical tasks. We used exact and
approximate addition tasks that examine the verbal and
the quantity based system in cerebral representations of
numbers. The comparison of exact and approximate cal-
culation is expected to assess a dissociation of these proc-
esses and afford a more specialized delineation of
possible functional deficits in children with DD. Addi-
tionally, non-symbolic magnitude comparison was used
to investigate basic number representations independent
of the Arabic notation system. The present study repre-
sents the first examination of brain activation in a non-
clinical sample of children with DD. Therefore, it is diffi-
cult to pose clear hypotheses. However, according to pre-
vious findings and the important role of the parietal lobe
in number processing, we expect that children with DD
would show deviations in parietal activation patterns
compared to typically achieving children. In particular,
differences in IPS activation during approximate calcula-
tion are anticipated since the IPS is supposed to represent
the neuronal correlate of the mental number line in typi-
cal calculators. Moreover, an existing fMRI study in dyscal-
culic patients provided evidence for an abnormal
activation of this region during approximate calculation
[34]. With respect to neuropsychological theory of verbal
and quantity based representations [27], we predict that
children with DD might show a disorganization of the
functional patterns and stronger impairments of quantity
based representations compared to verbal representa-
tions. However, whether such a dissociation could really
be expected is still unclear, as the literature reports diver-
gent findings.

http://www.behavioralandbrainfunctions.com/content/2/1/31

Methods

Subjects

Eighteen children with DD and 20 typically achieving
schoolchildren participated in this fMRI-study. Partici-
pants were healthy, right-handed volunteers with no psy-
chiatric or medical complications as determined by a
detailed questionnaire. None of the children suffered
from any neuroanatomical abnormalities as determined
by high-resolution structural magnetic resonance scans.
All participants were medication-free.

Typically achieving schoolchildren in two age ranges were
examined: younger subjects attending the 3'd grade (5
females and 5 males, mean age 9.2 + 0.2 years) and older
children attending the 6t grade (5 females and 5 males,
mean age 12.0 + 0.3 years).

Eighteen age-matched children with DD were carefully
selected (younger group: 5 females and 4 males, mean age
10.1 + 0.6 years; older group: 9 females, mean age 12.3 +
0.6 years). An independent samples t-test confirmed that
dyscalculic and typically achieving children were in the
same age range (p < 0.3). It was not possible to balance
gender in the DD group because fewer boys volunteered
and most of them did not fulfill participation criteria. The
high number of volunteering girls likely reflects the rela-
tive predominance of girls with DD [6,7]. In addition, our
previous study showed no gender differences in typically
achieving children performing the same number process-
ing tasks [41].

Written, informed consent for the participation in this
study was obtained from the legal guardians of the chil-
dren. The study was approved by the local ethics commit-
tee based on the World Medical Association's Declaration
of Helsinki [42].

Behavioral tests in children

Behavioral tests in children with DD were executed by a
trained specialist, e.g. from the psychological school serv-
ices. Batteries included tests to assess their mathematical,
linguistic and spatial abilities as well as their IQ (exam-
ples: ZAREKI, [43]; K-ABC, [44]; HAWIK-III, [45]). Dys-
calculia was clearly diagnosed in all of our subjects. The
diagnosis was based on the definition of the ICD-10 [5],
which uses the discrepancy between the individual's gen-
eral intelligence and his or her mathematical performance
that cannot be explained by inadequate schooling, sen-
sory deficits or other neurological, psychiatric or medical
disorders alone. All children had an IQ above 80. None of
these children suffered from any other neurological, psy-
chiatric or learning disorders (e.g. dyslexia, ADHD).

All typically achieving children were made to undergo

behavioral tests to assess their linguistic and mathemati-
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cal competence prior to the study. Children in the 6th
grade completed two modules of a test battery for seman-
tic and linguistic verbal fluency in German and mathe-
matical competence [46]. All 6th grade children showed
average age-related performance in both modules com-
pared to the 6th grade Swiss normative sample of over 500
children, indicated in italics (verbal score: 37.1 (5.5); N =
512, 38.1 (6.84); mathematical score: 16.1 (4.0); N=517,
14.2 (4.14)). Children in the 3t grade were tested for
number processing and calculation abilities (ZAREKI,
[43]) and for reading and spelling skills (Knuspel's
Leseaufgaben, [47]; Salzburger Lese- und Rechtsch-
reibtest, [48]). All children showed normal age-related
performance compared to a Swiss normative sample of
337 age-matched children, indicated in italics (ZAREKI:
147.5 (21.9) ; 143.6 (27.7); Knuspel's Leseaufgaben: 26.5
(2.9); 21.2 (8.6); Salzburger Lese- und Rechtschreibtest:
8.0 (1.7); 7.53 (4.2)).

Stimuli and task

Before entering the scanner the participants were carefully
instructed about the examination procedure and task.
First, the paradigm was explained and performed on a
desktop computer outside the scanner and children had
to solve one to three 20 s blocks of practice trials by press-
ing the corresponding mouse button. After completing
practice trials with a minimum of 60% correct answers
within a block, we proceeded to the actual fMRI experi-
ment.

During fMRI examination the computer-generated para-
digm (E-Prime, Psychology Software Tools Inc.) was pre-
sented to the subjects via video-goggles (Resonance
Technology Inc., Northridge, U.S.A.) and synchronized
with the fMRI sequence using the scanner trigger pulses.
Behavioral data were collected by means of a response box
(LUMINA, Cedrus Corporation, San Pedro, U.S.A). The
paradigm was a classical boxcar design consisting of three
experimental conditions: (1) approximate and exact cal-
culation, (2) approximate and exact control condition,
(3) magnitude comparison of small numbers of objects

(Fig. 1).

Each block lasted 80 s separated by a break of 12.5 s. Dur-
ing the rest condition, subjects were asked to focus on a
fixation mark at the center of the screen. The three condi-
tions and trials within a block were presented to all sub-
jects in a randomized order. The number of trials within
one block varied between subjects due to the self-paced
stimulation. Self-paced stimulation allows solving the
tasks on each individual working load and thus provokes
in typically achieving and dyscalculic children strong
brain activation of corresponding regions.

http://www.behavioralandbrainfunctions.com/content/2/1/31

CALCULATION
approximate exact

3+8 2+95

10 5 9

b b

CONTROL
approximate  exact

b b

MAGNITUDE
COMPARISON

.?
n &
¢
Y

Figure |

Paradigm. The paradigm used during fMRI examination
consisted of approximate and exact calculation, approximate
and exact control conditions as well as magnitude compari-
son. Each condition was presented in three blocks of 80 s.

Calculation
The calculation task consisted of three cycles of alternating
approximate (AP) and exact (EX) calculation blocks. First,
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a single-digit addition was presented for 850 ms, followed
by a break of 200 ms and two alternative solutions again
presented during 850 ms. Afterwards, subjects had a max-
imum time of 6 s to give their answer. The subsequent trial
started 1 s after the previous response. In the exact addi-
tion condition, subjects selected the correct sum of two
numerically close numbers by pressing a response button.
In the approximate addition condition, they were asked to
estimate the result and to select the closest number of two
choices.

Control condition

The control condition for the calculation trials was a gray-
scale discrimination task, again presented during three
cycles of approximate and exact discrimination blocks
using an equal stimulus presentation time and inter-stim-
ulus interval (ISI). Stimuli were presented in randomized
order. In the exact control task, subjects had to match
sequentially presented grayscale patterns. In the approxi-
mate control task, they were asked to pick the grayscale
pattern with the most similar luminosity. Alternative solu-
tions were more alike in the exact control condition than
those in the approximate control condition.

Magnitude comparison

The magnitude comparison (MC) task involved three
blocks of 80 s. Subjects had to compare two sets of differ-
ent objects (pictures of fruit or vegetables) and were asked
to select the set with the larger number of objects. The
maximal duration of stimulus presentation was 2 s and
the ISI was 1 s. The maximum number of objects dis-
played on one side was 18. The differences between the
two sets were 1, 2, 3 or 4 in the first block; 9, 10, 11 or 12
in the second block; and 5, 6, 7 or 8 in the third block. Fix-
ation during rest served as the control condition for mag-
nitude comparison.

Magnetic resonance imaging

Functional MRI acquisition was performed on a 1.5 Tesla
whole-body system (GE Medical Systems, Milwaukee, W1,
USA), using gradient-recalled echo planar imaging (repe-
tition time, TR = 3.2 s; echo time, TE = 55 ms; field of view
(FOV) =240 mm x 240 mmy; flip angle = 90°C; matrix size
=64 x 64; voxel size =3.75 mm x 3.75 mm; 32 contiguous
slices parallel to the AC-PC line, slice thickness = 4 mm).
Three-dimensional anatomical images of the entire brain
were obtained by using a T1-weighted gradient echo pulse
sequence (TR = 27 ms; FOV = 240 mm x 240 mm x 144
mm; matrix size = 256 x 192 x 90).

Data analysis

Statistical analysis of behavioral data was based on 18
children with DD and 20 typically achieving children
using SPSS [49].

http://www.behavioralandbrainfunctions.com/content/2/1/31

FMRI-data were analyzed using the Statistical Parametric
Mapping (SPM99) software (Wellcome Department of
Cognitive Neurology, London, UK). The first four images
were discarded thus allowing for a steady-state magnetiza-
tion. All images were realigned and transformed into the
standardized stereotactic reference system (EPI-template
provided by the Montreal Neurological Institute). Abso-
lute motion was less than half a voxel size for all subjects.
Each normalized scan was smoothed with a 9 mm full-
width at half-maximum Gaussian kernel. Changes in
regional blood oxygen level-dependent (BOLD) contrast
were determined by applying the general linear model
(GLM) to each voxel. A within group voxel-wise compari-
son of BOLD response was performed using t-statistics to
test for significant changes in BOLD contrast. The result-
ing set of voxel values for each contrast constituted a sta-
tistical parametric map of the t-statistic (SPM(T)). A
second level analysis was performed on the basis of the
linear contrasts for each subject and condition. Reported
activated brain regions of random effects analysis had
been subjected to a family-wise error (FWE) correction
with a minimum number of 10 voxels. If no activation
cluster bore up under FWE-correction the more liberal
false discovery rate (FDR) correction was applied [50]. For
two-sample t-test analysis uncorrected thresholds were
also consulted. Finally, MNI coordinates (Montreal Neu-
rological Institute) of activated voxels were transformed
into the Talairach and Tournoux reference system using
the MNI2TAL tool (MNI2TAL, Matthew Brett). Localiza-
tion of Talairach coordinates was performed by Talairach
Daemon [51] and Talairach atlas [52].

Region of interest (ROI) definition, extraction of data for
the region and statistical analysis of ROI data using the
SPM statistics machinery were performed by MarsBar
(MarsBar Version 0.37, Matthew Brett). ROIs were defined
by significantly activated clusters in the random effect
analysis of typically achieving children for all conditions
at a FWE corrected level of p < 0.05. Only ROIs containing
more than 10 voxels were included. Table 1 summarizes
all defined ROIs, the corresponding range of Talairach
coordinates and the volume of ROIs for all conditions.
The percentage of signal change (AS) and mean t-values
were computed within these ROIs for all subjects.

Results

Behavioral results

Table 2 shows the mean number of trials, reaction times,
accuracy rates and the corresponding standard deviations
for the different conditions in children with and without
DD. Completed number of trials did not differ between
children with or without dyscalculia in any condition (AP:
p > 0.5, EX: p > 0.7, MC: p > 0.2). For each condition, a
multivariate GLM was computed with the reaction time
(RT) and accuracy rate (ACC) as dependent variables and
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Table I: Defined regions of interest (ROls)
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Condition Talairach coordinates Volume (mm?3)
X y z
Approximate calculation
Left intraparietal sulcus (IPS) -45 to -6 -80 to -35 32to 52 6588
Right intraparietal sulcus (IPS) 18 to 36 -78t0 -53 23 to 50 4401
Left inferior frontal gyrus (IFG) -39 to -27 14 to 26 -8to4 1458
Right inferior frontal gyrus (IFG) 24 to 45 14 to 33 -13t0 9 4023
Left middle frontal gyrus (MFG) -33to-18 -10to9 42 to 60 2916
Right middle frontal gyrus (MFG) 27 to 50 27 to 51 12 to 31 4536
Anterior cingulate gyrus (ACG) -12to 15 2to 29 30 to 54 5535
Exact calculation
Left inferior frontal gyrus (IFG) -39 to -27 15 to 30 -lto 12 el
Left fusiform gyrus (FG) 48to-36 -75to-55 -l6to-2 1448
Left intraparietal sulcus (IPS) -42to-24 -65to-44 36to 52 2295
Right intraparietal sulcus (IPS) 24 to 51 -74t0 -38 26 to 46 3504
Magnitude comparison
Left fusiform gyrus (FG) -45 to -6 -97t0-43 -23to5 6480
Right fusiform gyrus (FG) & right middle occipital gyrus (MOG) 6 to 44 -94to0-48  -21 to 21 6376
Right intraparietal sulcus (IPS) 21 to 30 -77t0 -62 37 to 47 1323

Defined ROls for each condition, corresponding range of Talairach coordinates and volume of ROl are listed.

type (with or without DD), grade (3 or 6th grade) or gen-
der (female or male) as a fixed factor.

Wilks' lambda tests revealed significant differences
between 3rdand 6th graders (F (6, 31) = 7.519, p < 0.001).
Post-hoc t-tests indicated significantly higher ACC rates
for 6th graders in approximate (p < 0.001) as well as exact

Table 2: Behavioral results

calculation (p < 0.001), and a trend in the same direction
was observed in magnitude comparison (p < 0.1). In addi-
tion, children in the 3t grade answered significantly
slower than 6t grade children under all conditions (AP: p
< 0.001; EX: p < 0.001; MC: p < 0.05). The improvement
in performance with age is also reflected in significant
Pearson correlations of ACC and RT with age (AP: ACC r

Conditions Number of trials, Mean (S.D.)

3rd grade children

6th grade children

Control children Dyscalculic

children

Control children

Dyscalculic Control children

children

Dyscalculic
children

Approximate
Calculation
Reaction time (ms)
Mean (S.D.)
Accuracy rate (%)
Mean (S.D.)
Exact calculation
Reaction time (ms)
Mean (S.D.)
Accuracy rate (%)
Mean (S.D.)
Magnitude
comparison
Reaction time (ms)
Mean (S.D.)
Accuracy rate (%)
Mean (S.D.)

72.8 (13.2) 70.2 (12.2)

79.5 (4.9)

73.6 (16.1) 72.2 (14.0)

73.7 (8.2)

127.3 (15.5) 1215 (14.7)

931 (254)

97.2 (2.0)

1659 (660)

1707 (763)

1467 (523) 891 (352) 929 (351)

68 (17.0) 89.5 (4.6) 86 (9.2)

1499 (494) 768 (370) 872 (426)

60 (17.2) 87.9 (8.3) 84 (10.2)

964 (288) 702 (176) 827 (189)

95 (1.9) 96.7 (1.3) 97 (1.6)

Means and standard deviations (SD) of the number of trials, reaction times and accuracy rates for 3rd grade and 6t grade children with or without
DD during approximate or exact calculation and magnitude comparison are presented.
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= 0.387, p < 0.05; RT r = -0.694, p < 0.01/EX: ACC 1 =
0.497,p<0.01; RTr=-0.710, p < 0.01/MC: RT 1 = -0.433,
p<0.01).

Multivariate GLM analysis revealed no significant differ-
ences either between children with or without DD (F (6,
31) = 1.188, p < 0.4) or between the genders (F (6, 31) =
0.958, p < 0.5). Additionally, calculated effect sizes
(Cohen's d, [53]) for differences between children with or
without DD as well as for gender differences ranged from
small values to medium values for both effects (with or
without DD: min. d =.08 (EXRT), max. d = .64 (AP ACC);
gender differences: min. d = 0.1 (ACC AP), max. d = 0.57
(RT MC). Furthermore, statistical power analysis was per-
formed for MANOVA using SPSS including values for
mean, correlations and standard deviations calculated
from the present data [54]. Statistical power for differ-
ences between children with or without DD (ACC: power
=.30; RT: power =.19) and between the genders was small
(ACC: power = .08; RT: power = .25). Due to the small
effect sizes and power of statistical differences between
groups and genders, post-hoc t-tests were conducted. Like
the results of the multivariate GLM analysis, none of these
t-tests between children with or without DD, or between
genders, reached significance for any condition (p > 0.05).

To test for differences between conditions, a repeated-
measures GLM analysis was calculated with RT or ACC for
exact calculation, approximate calculation and magnitude
comparison as within-subjects factors, and type (with or
without DD) as between-subjects factor. Statistical Wilks'
lambda analysis indicated significant differences between
conditions for RT (F (2, 35) = 10.932, p < 0.01) as well as
for ACC (F (2, 35) = 39.616, p < 0.01). Interactions
between conditions and type turned out to be not signifi-
cant for RT and ACC. Post-hoc t-tests between conditions
demonstrated that both typically achieving and DD chil-
dren performed most accurately and rapidly in the magni-
tude comparison condition compared to calculation
conditions (ACC: typical children: p < 0.001; children
with DD: p < 0.001; RT: typical children: p < 0.001; chil-
dren with DD: p < 0.01). Neither for children with nor for
those without DD, did RT and ACC differ between
approximate and exact calculation.

Functional MRI results

In general, similar cerebral patterns were activated in chil-
dren with and without DD, including parietal and pre-
frontal regions. However, the observed brain activation
patterns in children with DD were more diffuse and
showed greater inter-individual variance. Hence, mean t-
values of activated voxels were lower in children with DD
compared to typically achieving children.

http://www.behavioralandbrainfunctions.com/content/2/1/31

Random-effects analysis

Figure 2 shows activation patterns in children with and
without DD during all three conditions. Since contrasts
between 3t and 6t grade children showed no significant
differences in brain activation in any condition, the
reported group analysis includes all 18 dyscalculic and all
20 control subjects.

Approximate calculation versus approximate control condition (Table
3)
Children with developmental dyscalculia

Children with DD showed almost no activation when
using FWE correction for approximate calculation vs.
approximate control condition (see Figure 2A). By means
of a less strict correction (FDR), they exhibited significant
(p < 0.01 FDR corrected) bilateral activation during
approximate calculation in the middle frontal gyrus
(MFQG), intraparietal sulcus (IPS) and anterior cingulate
gyrus (ACG). Unilateral activation was found in the left
inferior parietal lobe (IPL), right middle occipital gyrus
(MOG) and left inferior frontal gyrus (IFG) (see Figure
2C).

Control children

The brain activation pattern of typically achieving chil-
dren (p < 0.05 FWE corrected) during approximate calcula-
tion resembled those of the children with DD. Yet
activated clusters reached higher mean t-values compared
to mean t-values of activation in children with DD (p <
0.001). The activated network included the middle frontal
gyrus (MFG), the anterior cingulate gyrus (ACG), the
intraparietal sulcus (IPS) and the inferior frontal gyrus
(IFG) in both hemispheres. Additionally, activation was
found in the left precuneus and right inferior parietal lobe
(IPL) (see Figure 2B).

Exact calculation versus exact control condition (Table 4)
Children with developmental dyscalculia

In general, the observed activation pattern for exact calcu-
lation was quite similar to that of approximate calcula-
tion. In children with DD (p < 0.005 FDR corrected), exact
calculation activated primary and secondary visual areas
in the right hemisphere (MOG, inferior temporal gyrus
(ITG), fusiform gyrus (FG)) and in both hemispheres the
parietal lobe including the intraparietal sulcus (IPS) as
well as prefrontal regions (IFG, MFG, ACG) (see Figure
2D).

Control children
In typically achieving children (p < 0.005 FDR corrected),

the most intense activity was observed in the left inferior
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children with DD

approximate
calculation

exact
calculation

magnitude
comparison

Figure 2
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control children

Brain activation of children with DD and control children. Brain activation patterns of children with DD (N = 18) and
control children (N = 20) during each condition are depicted on the SPM standard brain template. The activated brain regions
shown had been subjected to a FWE or FDR correction with a minimum number of 10 voxels, with one exception in Figure
2C, where the shown cluster comprises only 5 voxels. A, B, C: approximate calculation — approximate control condition. D, E:
exact calculation — exact control condition. F, G: magnitude comparison — rest.

frontal gyrus (IFG). In addition, activation in the frontal
lobe was found in the left precentral gyrus, left superior
frontal gyrus (SFG), right inferior and middle frontal
gyrus (IFG, MFG). Bilateral parietal activation was seen in
the superior parietal lobe (SPL) including the intraparietal
sulcus (IPS). Furthermore, primary and secondary visual
areas were activated (MOG, inferior occipital gyrus (I0G),
ITG, lingual gyrus (LG), FG) (see Figure 2E).

Magnitude comparison versus rest (Table 5)
Children with developmental dyscalculia

During magnitude comparison, children with DD (p <
0.05 FWE corrected) activated a network of primary and
secondary visual areas including middle occipital gyrus
(MOG), fusiform gyrus (FG), lingual gyrus (LG) and
cuneus. In the right hemisphere, the network extended
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Table 3: Cortical activation in children with DD and control children during approximate calculation

Anatomical region Talairach coordinates T Number of voxels in cluster
x y z

Children with DD (p < 0.01 FDR corrected)
Left middle frontal gyrus (MFG) -27 6 58 7.48 92
Left intraparietal sulcus (IPS) -27 -71 31 6.69 108
Bilateral anterior cingulate gyrus (ACG) -3 14 44 6.56 162
Left middle frontal gyrus (MFG) -39 47 -2 6.33 13
Left inferior parietal lobe (IPL) -45 -47 49 6.31 36
Right intraparietal sulcus (IPS) 45 -39 38 6.23 77
Right middle frontal gyrus (MFG) 42 39 17 591 28
Right middle occipital gyrus (MOG) 45 -75 -12 5.41 27
Left inferior frontal gyrus (IFG) -45 10 30 5.59 15
Right intraparietal sulcus (IPS) 33 -59 42 5.27 28

Control children (p < 0.05 FWE corrected)
Left middle frontal gyrus (MFG) -27 0 53 15.03 108
Bilateral anterior cingulate gyrus (ACG) 12 16 38 11.8 205
Left intraparietal sulcus (IPS) -30 -53 44 9.59 244
Left inferior frontal gyrus (IFG) -36 20 -6 9.7 54
Right inferior frontal gyrus (IFG) 39 23 -9 9.41 149
Right intraparietal sulcus (IPS) 33 -65 45 9.41 163
Right middle frontal gyrus (MFG) 33 39 20 9.1 168
Left precuneus -24 -77 34 8.34 15
Right inferior parietal lobe (IPL) 48 -39 41 8.16 24
Right middle frontal gyrus (MFG) 30 0 53 8.12 23
Right inferior frontal gyrus (IFG) 48 7 30 7.83 14

Anatomical localization, Talairach coordinates, T scores of significant activated voxels and cluster size of activated regions with a minimum number
of 10 voxels in children with DD (FDR p < 0.01) and control children (FWE p < 0.05) during approximate calculation versus approximate control

condition are listed.

into the parietal lobe along with the intraparietal sulcus
(IPS) (see Figure 2F).

Control children

Peak locations of brain activation in control children (p <
0.05 FWE corrected) included the same regions found in
children with DD. However, control children showed
bilateral parietal activation foci in the intraparietal sulcus
(IPS) (see Figure 2G).

Two-sample t-tests

Approximate versus exact calculation and vice versa

Contrasting approximate and exact calculation in DD
children and control children by paired t-tests revealed no
significant differences in activation between these two
tasks when correcting the results for FWE or FDR. Using an
uncorrected threshold of p < 0.0001, activation differed in
clusters of more than 10 voxels between approximate and
exact calculation in control children, but not in DD chil-
dren.

In control children, stronger activation was found in the
anterior cingulate gyrus for approximate calculation com-
pared to exact calculation. For exact calculation stronger

activation was exhibited in the left cerebellum compared
to approximate calculation (see Table 6).

Dyscalculic children versus control children and vice versa

A contrast of children with DD and typically achieving
schoolchildren revealed no differences either in approxi-
mate or in exact calculation or in magnitude comparison
when correcting for multiple comparisons (FWE or FDR).
Using uncorrected p-values of 0.001 confirm this finding,
no differences could be found in brain activation between
both groups during exact calculation and magnitude com-
parison, only during approximate calculation did control
children exhibit stronger activation in two small clusters
(see Table 7 and Figure 3).

ROI analysis

Although direct statistical contrasts revealed no differ-
ences in brain activation between children with or with-
out DD in regions known to play an important role in
number processing, subsequent ROI analysis indicated
weaker brain activation in almost the entire network for
approximate calculation in children with DD.

A total number of 14 ROIs were defined in number
processing related and supporting areas. Table 1 describes
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Table 4: Cortical activation in children with DD and control children during exact calculation

Anatomical region Talairach coordinates T Number of voxels in cluster
X y z

Children with DD (p < 0.005 FDR corrected)
Right middle occipital gyrus (MOG) 45 -73 -6 7.36 94
Right inferior temporal gyrus (ITG) 45 -70 | 6.0
Right fusiform gyrus (FG) 45 -59 -17 5.7
Left intraparietal sulcus (IPS) -45 -47 50 6.57 288
Right inferior frontal gyrus (IFG) 21 -90 7 6.95 20
Right intraparietal sulcus (IPS) 48 -36 46 6.82 242
Right inferior parietal lobe (IPL) 53 -41 49 6.72
Anterior cingulated gyrus (ACG) 0 8 49 6.3 120
Left inferior frontal gyrus (IFG) -30 23 -1 6.22 54
Right inferior frontal gyrus (IFG) 36 23 -11 6.08 76
Left middle frontal gyrus (MFG) -27 3 58 5.8 98
Right middle frontal gyrus (MFG) 39 36 20 5.59 15
Right middle frontal gyrus (MFG) 42 48 20 5.36 12

Control children (p < 0.005 FDR corrected)
Left inferior frontal gyrus (IFG) -33 26 | 7.42 491
Left intraparietal sulcus (IPS) -30 -56 44 10.01 902
Right superior parietal lobe (SPL) 30 -71 45 9.33 914
Right intrapaprietal sulcus (IPS) 45 -42 41 8.63
Left precentral gyrus -48 2 33 8.8 126
Right inferior frontal gyrus (IFG) 36 18 7 8.49 211
Left middle occipital gyrus (MOG) -45 -73 -4 7.78 806
Left fusiform gyrus (FG) -39 -59 -12 7.54
Left superior frontal gyrus (SFG) -24 3 6l 6.99 481
Left middle frontal gyrus (MFG) -27 -9 47 6.41
Right inferior occipital gyrus (I0G) 42 -79 -6 6.46 238
Right inferior temporal gyrus (ITG) 48 -67 -2 5.67
Right inferior frontal gyrus (IFG) 50 7 33 6.27 93
Right middle frontal gyrus (MFG) 42 37 37 451 214
Right middle frontal gyrus (MFG) 27 0 58 5.35 68
Left thalamus -12 -14 12 5.17 36
Right lingual gyrus (LG) 18 -79 -1 5.16 27
Left lingual gyrus (LG) -18 -87 -1 4.72 17
Right fusiform gyrus (FG) 45 -47 -15 4.66 13

Anatomical localization, Talairach coordinates, T scores of significant activated voxels and cluster size of activated regions in children with DD and
control children during exact calculation versus exact control condition are specified. Listed activated brain regions had been subjected to a FDR

correction at p < 0.005 with a minimum number of 10 voxels.

all determined ROIs. The percentage of signal change (AS)
and the mean t-values were computed within these ROIs
for all subjects.

When comparing mean AS and mean t-values between
children with or without DD in each ROI by t-tests, signif-
icant differences or trends for differences in mean t-values
were observed in six out of seven ROIs for approximate
calculation (Figure 4). Children with DD exhibited signif-
icantly weaker activation in the left IPS (p < 0.05), right
IFG (p < 0.05) and right MFG (p < 0.05) and showed a
trend toward weaker activation in the right IPS (p < 0.1),
left IFG (p < 0.1) and left MFG (p < 0.1). For exact calcula-
tion and magnitude comparison, no differences could be
found in any ROI by statistical comparison of mean AS
and mean t-values.

The IPS is the area that is always active when dealing with
numbers. Accordingly, a repeated-measures GLM analysis
in this region for approximate and exact calculation was
conducted. Data thus obtained in the left IPS suggested
the same trend observed in direct comparison between
conditions and between groups. No significant differences
between the conditions could be found (Wilk's Lambda F
(1,36) =0.274, p <0.7), but a trend could be observed for
an interaction between condition (AP, EX) and type (chil-
dren with DD, control children) (Wilk's Lambda F (1, 36)
=2.993, p < 0.1). This interaction suggests that differences
in activation of the left IPS are greater in approximate cal-
culation than in exact calculation when comparing chil-
dren with DD with control children. Or reworded, brain
activation is nearly the same during exact calculation but
different during approximate calculation for the two
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Table 5: Cortical activation in children with DD and control children during magnitude comparison

Anatomical region Talairach coordinates T Number of voxels in clusters
X y z

Children with DD (p < 0.05 FWE corrected)
Right middle occipital gyrus (MOG) 33 -78 15 16.29 979
Right fusiform gyrus (FG) 30 -68 -19 12.94
Right lingual gyrus (LG) 9 -87 -1 12.35
Left fusiform gyrus (FG) -27 -65 -19 10.92
Left cuneus -15 -87 10 10.71
Left middle occipital gyrus (MOG) -30 -87 4 10.57
Right superior parietal lobe (SPL) 21 -74 40 8.35

Control children (p < 0.05 FWE corrected)
Left fusiform gyrus (FG) -39 -68 -12 11.32 339
Left lingual gyrus (LG) -9 -93 0 9.22
Right cuneus 18 -93 7 10.18 418
Right fusiform gyrus (FG) 27 71 -19 9.94
Right intraparietal sulcus (IPS) 27 -71 42 8.76 46
Left intraparietal sulcus (IPS) -42 -39 41 7.82 I

Anatomical localization, Talairach coordinates, T scores of significant activated voxels and cluster size of activated regions in children with DD and
control children during magnitude comparison versus rest are listed. Activated brain regions had been subjected to a FWE correction at p < 0.05

with a minimum number of |10 voxels.

groups. No differences between conditions and no inter-
actions could be found in the right IPS when computing
repeated-measures GLM analysis.

Performance contribution on AS and mean t-values

As mentioned above, behavioral results showed slightly
lower ACC in children with DD compared to typically
achieving children for approximate and exact calculation.
To test the relation between performance level and brain
activation, partial correlations were computed, controlled
for type (with or without DD), between ACC and AS and
mean t-values in each ROI for approximate and exact cal-
culation. One subject was excluded from this analysis due
to very low ACC levels (AP: 26%; EX: 21%). Only in
approximate calculation was there a significant correla-
tion, or a trend toward correlation. ACC in approximate
calculation correlated positively with mean t-values in the

Table 6: Exact versus approximate calculation and vice versa

right MFG (p < 0.05), left IPS (p < 0.1) and left IFG (p <
0.1).

Discussion

Differences in brain activation between children with DD
and control children

The results of this study show particular differences in acti-
vation patterns between children with DD and typically
achieving children. Children with DD showed greater
inter-individual variance than typically achieving children
and exhibited weaker activation of the arithmetic network
during approximate calculation, when compared to typi-
cally achieving children.

The observed differences in brain activation could be
attributed to differences in cerebral organization rather
than to effects of task difficulty or quality of response,
since no differences in ACC and RT between children with

Anatomical region Talairach coordinates T ke
x y z
Control children (p = 0.0001 uncorrected, k = 10)
Approximate vs. exact calculation
Anterior cingulate gyrus (BA32) 9 19 38 5.72 60
Exact vs. approximate calculation
Left cerebellum -15 -57 -30 6.24 13

Anatomical localization, Talairach coordinates, T scores and cluster size of significant differences between approximate and exact calculation in

control children at p = 0.000/ uncorrected, k = 10.
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Table 7: Direct comparison of cortical activations between children with DD and control children during approximate calculation

Anatomical region Talairach coordinates T Number of voxels in clusters
x y z
Control children vs. children with DD (p < 0.001 uncorrected)
Right Insula 27 26 I 420 18
Right parahippocampal gyrus 27 -49 8 38 13

Children with DD vs. control children (p < 0.001 uncorrected)

Anatomical localization, Talairach coordinates, T scores of significant activated voxels and cluster size of direct statistical comparisons between
children with DD and control children during approximate calculation vs. approximate control condition are listed. Reported brain regions were

uncorrected at p < 0.001 with a minimum number of 10 voxels.

DD and control children were found. In addition, chil-
dren of both groups reported that they could easily solve
the tasks. Based on performance indicators and the indi-
vidual impressions of the participants, both groups were
able to perform the presented tasks. Furthermore, both
groups had normal intelligence and showed no other neu-
rological, psychiatric or learning disorders (e.g. dyslexia,
ADHD), supporting the argument that the observed dif-
ferences are likely to correspond to specific neuronal dif-
ferences.

Approximate

Calculation:
Control children -
children with DD

Figure 3

Stronger activation in control children compared to
children with DD. Control children exhibited stronger
activation in the insula and parahippocampal gyrus on the
right hemisphere during approximate calculation compared
to children with DD. Activated brain regions were uncor-
rected at p < 0.001 with a minimum number of 10 voxels
represented on the SPM glass brain.

Akin to our findings, previous studies described differ-
ences in brain activation for calculation in adult dyscalcu-
lic patients. By activation of similar regions of dyscalculic
and control subjects, abnormal modulation of brain acti-
vation was reported in dyscalculic patients [34,36]. Dys-
calculic subjects with Turner's syndrome showed an
insufficient recruitment of the right IPS with increasing
number size [34], and dyscalculic subjects with fragile X
syndrome did not show increasing activation with greater
task difficulty as was observed in normal controls [36]. In
addition, a single case study of a 17-year-old boy with dys-
calculia and dyslexia after early brain injury associated
with right parietal skull fracture and right temporal lobe
hemorrhage disclosed predominantly left hemisphere
activation involving frontal and parietal regions in con-
trast to control subjects who showed a bilateral activation
pattern [37]. Studies examining impairments of the pari-
etal-prefrontal network in fragile X syndrome subjects
suggest that synaptic malfunctions may result in an
impaired neuronal system that is not able to recruit a suf-
ficient number of neurons and leads to weaker overall
activation [36,55]. However, it remains still unclear,
whether these differences in brain activation are specific
to number processing, or whether they belie more general
cognitive processing deficits in subjects with Turner's-,
fragile X-syndrome or brain injury.

In addition, morphometric and spectroscopic findings
corroborate a particular defect of the parietal lobe in dys-
calculic subjects. A voxel-based morphometric MR study
in adolescents born preterm demonstrate that children
with deficits in calculation have less gray matter in the left
IPS compared to those who do not have this deficit [40].
In addition, the examination of an 18-year-old man with
DD using MR spectroscopy revealed a focal wedge-shaped
defect in the left parieto-temporal area of the brain where
a decreased signal of metabolites suggested an alteration
in cell density and energetics [38]. Apart from reported left
hemispheric deficits, a decrease in grey matter was found
in the right parietal lobe of dyscalculic subjects with
Turner's syndrome. Morphometric analysis revealed that
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ROl-analysis. Mean t-values in each defined ROI for approximate calculation in control children (black) and children with DD
(striped) are shown. Significant group differences are marked with two stars (** p < 0.05) and trends with one star (* p < 0.1).

their right hemispheric IPS was shallower and tended to
be shorter [39]. Finally, findings from behavioral studies,
which investigated the correlation between arithmetic
dysfunction and functional brain laterality in children,
also suggested that dysfunction of either hemisphere
hampers arithmetic reasoning [12,56].

In view of the reported structural abnormalities in calcu-
lation-impaired subjects, the observed weaker brain acti-
vation in dyscalculic children may be a result of
anatomical variability. Developmental disorders, like dys-
calculia, may be accompanied by global and regional
alterations in brain structure that may influence func-
tional imaging results [57]. In general, disease or injury

forces atypical structural development. Given that the
BOLD response is measured within gray matter, the signal
within voxels with more gray matter will be stronger. Con-
sequently, observed differences in BOLD between chil-
dren with and without DD might reflect reduced gray
matter in corresponding regions. However, atypical struc-
tural development must not necessarily be observed in
gray matter density. For instance, an immature or dis-
turbed network may produce a weak change in signal
because experience has not reinforced synaptic connec-
tions and thus the network is not consolidated [57]. Con-
solidation occurs when neuronal connections are
continuously used. Prior to consolidation a neuronal net-
work is depicted by low-level and diffuse activation.
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Taken together, data from different functional, morpho-
metric and spectroscopic MR studies as well as from
behavioral studies indicate that dysfunctions, particularly
in the IPS, of either hemisphere are associated with defi-
cits in calculation. However, arithmetic ability seems to be
more profoundly disturbed in subjects with left hemi-
sphere dysfunction. This conclusion is strengthened by
findings of lesion studies of the left IPS followed by spe-
cific difficulties in calculation [30,58].

Our results affirm particular differences in parietal and
prefrontal brain activation between children with DD and
typically achieving children. More specifically, brain acti-
vation of children with DD during approximate calcula-
tion was significantly weaker in the left IPS, right IFG and
right MFG and tended to be weaker in the right IPS, left
IFG and left MFG. However, no differences in brain acti-
vation could be detected during exact calculation and
magnitude comparison between children with DD and
control children. Furthermore, brain activation in some
regions that showed weaker fMRI-signal was significantly
correlated with performance measures (left IPS, left IFG,
right MFG).

The fact that brain activation in children with DD was sig-
nificantly weaker only in approximate calculation, but
similar to controls in exact calculation and magnitude
comparison, and that differences in activation between
children with and without DD tended to be larger in the
left IPS in approximate calculation than exact calculation,
may reflect specific impairments of dyscalculic children in
tasks that require an understanding of proximity relations
between numbers. This is supported by the fact that exact
calculation mediated by counting and fact retrieval strate-
gies revealed no differences. In the same way, simple com-
parison of different quantities of objects processed by
predominantly visual brain regions exposed no differ-
ences between children with DD and control children.

Findings from behavioral studies of normal development
of spatial number representations and arithmetic compe-
tence contribute to the interpretation of our results. In
adults, the spatially oriented mental number line is,
among others, evidenced by the SNARC effect (Spatial
Numerical Association of Response Codes: faster left-
hand responses to small numbers and faster right-hand
responses to large numbers [59]). SNARC effects arise
after the 2nd grade in typically developing children and
are positively correlated with arithmetic performance in
boys [15,60]. Interestingly, children with visuospatial and
numerical disabilities did not show SNARC effects [61].
These results indicate that visuospatial and numerical dis-
abilities are interlinked and may be mediated by an
abnormality in constructing a mental number line and
representing ordinal numbers. We hypothesize that chil-

http://www.behavioralandbrainfunctions.com/content/2/1/31

dren with disturbed development of a mental number
line would predominantly exhibit difficulties in arithme-
tic problems relying on ordinal number representations.
At the same time, brain activation in regions thought to
host the mental number line would be reduced in these
children. Consequently, reported weaker brain activation
in children with DD during approximate calculation may
refer to an impaired automated access to or disordered
construction of the mental number line.

A recent study provides further evidence for problems in
the automatic activation of magnitudes by digits in people
with DD [62]. They examined the association between
Arabic numerals and the representation of magnitude by
testing a Stroop-like numerical congruity effect in students
with DD. Results showed that Arabic numerals do not
always automatically activate their internal representation
of magnitude even when attending to features that charac-
terize magnitude (e.g. size). The authors suggest that both
neuroanatomical deviations and practice might have led
to a disconnection or weak connections between Arabic
numerals and magnitude. Furthermore, Koontz and Berch
[63] found that children with DD have problems in subi-
tizing (determining the magnitude of a small set of items),
which is considered to be an automated process. Taken
together, all of these behavioral studies highlight a spe-
cific impairment of an automated access to analog magni-
tude representation of numbers in dyscalculic subjects.

Given that children with DD showed weaker activation
only during approximate calculation, but not during the
other two tasks let us suggest that observed differences are
not simply a matter of anatomical variability. If a dissoci-
ation is observed such that group differences occur for one
cognitive function but not for others, then it can be pre-
sumed that true functional differences exist [57].

Finally, it has to be pointed out that a direct contrast of
brain activation patterns in children with DD and controls
revealed no differences in any condition when correcting
for multiple comparisons. Only when using uncorrected
thresholds was stronger activation in the right insula and
the right parahippocampal gyrus observed in control chil-
dren compared to children with DD during approximate
calculation. Both regions are not expected to be specifi-
cally task-related. Only comparison of mean t-values in
ROIs that were defined by activated clusters in the control
group revealed differences between children with DD and
control children. It has to be considered that if a region is
selected on the basis that it is shown to be activated in one
group (here, the control group), then comparison with
any other group statistically inflates the chances that
increased activation in the first group will be found. How-
ever, in the present study both groups showed positive
activation in all ROIs and activation patterns of typically
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achieving children should mirror the ordinary cerebral
representation of number processing enabling age-appro-
priate arithmetic efficiency.

Brain activation patterns in children with DD and control
children

In general, children with DD showed similar brain activa-
tion patterns during approximate calculation, exact calcu-
lation and magnitude comparison when compared to
typically achieving children. This is in accordance with
fMRI studies that investigated brain activation in dyscal-
culic subjects suffering from Turner's-, fragile X-syndrome
or early brain injury. All of them reported similar activated
regions both in subjects with DD and in unaffected sub-
jects [34,36,37]. The activation sites for children with DD
and typically achieving children fall within brain areas
that are well known to be involved in arithmetic process-
ing in non-impaired adults and children, including pari-
etal and prefrontal areas [19-24,64,65].

When contrasting approximate and exact calculation, our
findings did not result in a functional dissociation of these
two calculation tasks neither in children with DD nor in
control children, also demonstrated by Dehaene et al. for
adults [20]. Only when using uncorrected thresholds were
differences between approximate and exact addition
found for typically achieving children. For instance, con-
trol children activated more strongly the anterior cingu-
late gyrus during approximate calculation compared to
exact addition, which reflects more the higher attention
and working memory load during approximation rather
than a dissociation between the quantity based and verbal
system for number processing. A recent study also
reported no significant differences between approximate
and exact calculation using either non-symbolic or sym-
bolic stimuli [33]. Venkatraman et al. hypothesized that it
is difficult for participants to perform mental arithmetic
approximately, which is particularly true for simple arith-
metic where individuals automatically compute the exact
result. Furthermore, Burbaud and colleagues [66] could
show that brain activation of the quantity based and ver-
bal system varied between subjects due to individual strat-
egy choice rather than condition. Taken together, our
results may indicate a particular difficulty in study design
to clearly disentangle these two distinct processing routes,
but they do not reject the existence of a dissociated route
for quantity based and verbal number processing. Approx-
imate and exact addition conditions are probably too sim-
ilar to evoke clear differences in brain activation by direct
comparison in a group of subjects. Furthermore, inter-
individual differences in strategy choice also have an
important impact on brain activation patterns.

http://www.behavioralandbrainfunctions.com/content/2/1/31

Conclusion

In summary, the present study presents the first attempt at
characterizing the neural underpinnings of DD in other-
wise typically achieving schoolchildren. Results indicate
differences between children with DD and controls in
approximate calculation with dyscalculic children exhibit-
ing weaker activation in almost the entire neural network.
In particular, the left IPS, left IFG and right MFG seem to
play a crucial role in correct number processing, since
brain activation correlated with accuracy rate in these
regions. Nevertheless, dyscalculic and typically achieving
children in general activated similar neural networks dur-
ing number processing.

To conclude, these group differences appear to reflect a
deficiency in recruitment of neural resources designated
for the processing of analog number magnitudes in dys-
calculic children. In contrast, no differences in brain acti-
vation could be detected for exact calculation mediated by
arithmetic fact retrieval and for non-symbolic magnitude
comparison. These results may indicate a difficulty in
establishing an abstract spatial number representation as
predicted from neuropsychological research (SNARC-
effect).

Future research is needed to answer remaining questions
concerning school instruction and therapeutic issues, i.e.
which kind of special training may optimize and induce
specific brain plasticity in children with DD. Furthermore,
the ambitious but promising step from neuroscience into
the classroom has to be taken [67].

Abbreviations: ACC = accuracy rate, ACG = anterior cingu-
late gyrus, AP = approximate calculation, DD = develop-
mental dyscalculia, EX = exact calculation, FDR = false
discovery rate, FG = fusiform gyrus, fMRI = functional
magnetic resonance imaging, FWE = family wise error,
GLM = general linear model, IFG = inferior frontal gyrus,
IOG = inferior occipital gyrus, IPL = inferior parietal lobe,
IPS = intraparietal sulcus, ITG = inferior temporal gyrus,
LG = lingual gyrus, MC = magnitude comparison, MFG =
middle frontal gyrus, MOG = middle occipital gyrus, rCBF
= regional cerebral blood flow, RT = reaction time, SFG =
superior frontal gyrus, SPL = superior parietal lobe, AS =
signal change
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