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Developmental dyscalculia: a dysconnection syndrome?
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Abstract Numerical understanding is important for
everyday life. For children with developmental dyscalculia
(DD), numbers and magnitudes present profound problems
which are thought to be based upon neuronal impairments
of key regions for numerical understanding. The aim of the
present study was to investigate possible differences in
white matter fibre integrity between children with DD and
controls using diffusion tensor imaging. White matter
integrity and behavioural measures were evaluated in 15
children with developmental dyscalculia aged around
10 years and 15 matched controls. The main finding,
obtained by a whole brain group comparison, revealed
reduced fractional anisotropy in the superior longitudinal
fasciculus in children with developmental dyscalculia. In
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addition, a region of interest analysis exhibited prominent
deficits in fibres of the superior longitudinal fasciculus
adjacent to the intraparietal sulcus, which is thought to be
the core region for number processing. To conclude, our
results outline deficient fibre projection between parietal,
temporal and frontal regions in children with develop-
mental dyscalculia, and therefore raise the question of
whether dyscalculia can be seen as a dysconnection syn-
drome. Since the superior longitudinal fasciculus is
involved in the integration and control of distributed brain
processes, the present results highlight the importance of
considering broader domain-general mechanisms in the
diagnosis and therapy of dyscalculia.

Keywords Developmental dyscalculia - Diffusion tensor
imaging - Children - Calculation - Intelligence - Number
processing - Discrepancy

Introduction

There is a widespread misunderstanding of the importance
of math in everyday life and a lack of appreciation of how
important math learning is for young children. Not only the
importance but also the complexity of number processing
is underestimated. Even the mental calculation of a simple
addition problem like 7 + 5 requires the engagement of a
broad, intact functionally integrated neuronal network.
Brain imaging studies have revealed that in addition to the
parietal lobes the prefrontal cortices, regions associated
with the dorsal and ventral visual pathways, as well as sub-
cortical areas play a significant role in numerical tasks
(Arsalidou and Taylor 2011; Kaufmann et al. 2011). The
disruption of key areas within this network has been related
to specific learning deficits in math (Kucian et al. 2006,
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2011a, b; Mussolin et al. 2010; Price et al. 2007; Kaufmann
et al. 2009; Kovas et al. 2009). However, most of the
studies published to date have focused on brain function or
grey matter differences, and little is known about the white
matter deficits linked to specific math learning disabilities.
The goal of the present study was to examine the role of
structural abnormalities in white matter integrity in chil-
dren with developmental dyscalculia.

Developmental dyscalculia (DD) is a specific learning
disability affecting the development of arithmetical skills.
In every classroom there will be approximately one child
that suffers from DD (Reigosa-Crespo et al. 2012; Shalev
et al. 2000; Shalev and von Aster 2008; von Aster et al.
2007). The deficit comprises problems in the mastery of a
wide range of numerical understanding such as counting
skills, magnitude processing, arithmetical computations,
transcoding between number words, digits and quantities,
or the spatial number representation. These deficits are not
explicable on the basis of general mental retardation,
inadequate schooling or neurological injuries. Since
mathematical skills are tremendously critical for success in
school and employment, arguably more important than
reading and writing abilities, the knowledge about neuronal
underpinnings of this learning disability is of high rele-
vance to provide adequate support for children with DD
and thereby reduce the socioeconomic burden associated
with this disorder (Duncan et al. 2007; Gross et al. 2009;
Parsons and Bynner 2005).

To investigate white matter abnormalities in children
with DD, we conducted diffusion tensor imaging (DTI),
which is a magnetic resonance imaging (MRI) technique
providing information about white matter microstructure
non-invasively. Diffusion of water molecules is restricted
by axons in white matter. This directional dependence of
diffusion can be quantified by the fractional anisotropy
(FA), which reflects both the size and number of myelin-
ated axons and the coherence of axonal orientation.
Reduced FA is a marker of decreased white matter integrity
and can point to a disruption or disorganization of white
matter tracts which has been demonstrated in a variety of
diseases [details about DTI can be found e.g. in the review
article by Le Bihan et al. (2001)].

To our knowledge, only one study has looked at DTI
findings in children with DD (Rykhlevskaia et al. 2009).
Results point to abnormalities in microstructure of white
matter in the right temporo-parietal cortex in children with
DD. However, differences in FA have only been evaluated
in this area on the basis of a prior analysis, which indicated
reduced white matter volume in the right temporo-parietal
cortex. Accordingly, DD seems to be related to disruption
of white matter integrity; however, the question remains
open whether additional areas in the brain might be
affected. Rykhlevskaia et al. (2009) reported not only
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reduced FA in children with DD, but also showed that
diffusivity correlated positively with numerical operations
related to fact retrieval and computation.

Similarly, two clinical studies demonstrated a positive
link between white matter integrity and arithmetic levels in
different patient groups (Till et al. 2011; Barnea-Goraly
et al. 2005). Therefore, deficits in math performance due to
DD or another clinical disease may relate to a disruption of
white matter fibre connections.

Findings in typically achieving children also demon-
strated a significant association between FA and mathe-
matical abilities (Tsang et al. 2009; van Eimeren et al.
2008), leading some authors to suggest a role of white
matter tracts in the left hemisphere for the development of
mathematical competencies (Van Eimeren et al. 2008). In
particular, the left superior corona radiata and inferior
longitudinal fasciculus showed an association between
white matter integrity and calculation abilities. Tsang et al.
(2009) assessed the relation between diffusivity and arith-
metic skills in the anterior portion of the superior longi-
tudinal fasciculus (SLF), a fibre tract linking the frontal,
parietal and temporal lobes. They also found a significant
association between white matter integrity in this fibre tract
on the right hemisphere and children’s ability to perform
approximate mental arithmetic. In the same vein, Holmes
et al. (2010) reported a significant association between the
direct measure of myelin integrity and mathematical abil-
ities in children in a white matter region close to the right
intraparietal sulcus (IPS), a region which is essential to
number processing (Arsalidou and Taylor 2011; Kaufmann
et al. 2011).

Some further information can be gained by the exami-
nation of white matter changes induced through intensive
mathematical training. A recent study reported an
enhancement of FA after a long-term abacus calculation
training program (Hu et al. 2011). The authors concluded
that the training might have affected brain development by
increasing myelination of fibres responsible for motor and
visuo-spatial processing, both capacities on which effective
abacus calculation is based. Another learning study
investigated white matter changes after participants learned
the association of figures with a numerical value from 1 to
9 (Koch et al. 2010). Successful learning of this task was
related to enhanced diffusivity in the SLF, cingulate bun-
dle, and the corpus callosum that might reflect an increased
connectivity to neighbouring, task-relevant regions.

Taken together, these results indicate that calculation is
a demanding cognitive ability which is processed by a
complex neuronal network. Successful development of
mathematical skills is partly based on the construction of
effective, fast and accurate connections between task-rel-
evant brain areas. There is evidence that increased white
matter integrity measured by DTI is related to calculation
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skills, while a disruption of white matter fibre tracts has
been associated with DD and other math problems.
However, no consensus about which fibre connections are
most critical for calculation has yet been achieved. In the
present study, we aim to shed further light on possible
white matter deficits in children with DD. We hypothe-
sized that dyscalculia is associated with abnormalities in
diffusion measurements due to aberrant myelination,
axonal maturation, or coherence of fibre orientation. These
diffusion abnormalities are hypothesized to arise in brain
regions or related networks known to be essential for
calculation.

Methods
Subjects

A total number of 47 children between 8 and 11 years
participated in the present study, of whom 30 children had
a clinical diagnosis of DD and 17 were age-matched con-
trols showing age-appropriate calculation performance. All
of these children underwent detailed neuropsychological
testing and DTI-measurements. The diagnosis of DD was
confirmed in all children from the DD sample. None of the
participants had neurological or psychiatric disorders, were
on medication, or had any contraindications for MRIL

Parents gave informed consent and children received a
voucher for their participation. The study was approved by
the local ethics committee based on guidelines from the
World Medical Association’s Declaration of Helsinki
(WMA 2002).

After preprocessing of DTI-data and a thorough data-
quality check, 24 subjects had to be excluded due to
insufficient data quality (please see “Data analysis” section
for further information), which resulted in a group of 15
dyscalculic children and eight controls. Due to the small
number of controls, additional DTI data sets of ten age- and
gender-matched control children were included from two
other studies running at the Center for MR-Research of the
University Children’s Hospital Zurich. DTI-data of these
children had been acquired with the identical scan-protocol
on the same scanner. Three children had to be excluded
since the data did not pass our data-quality criteria,
resulting in a final sample of 15 dyscalculic children and 15
control children matched for gender, age and handedness
entering statistical DTI analysis. Table | summarizes
demographic and behavioural data of participants. Please
note that complete behavioural data were only available for
eight control children deriving from the original study.
From the remaining seven control children, measures of
handedness, age, gender and intelligence were available,
but not for the ZAREKI-R and CORSI-test.

Behavioural testing
Handedness

Handedness was determined by the Edinburgh Handedness
Inventory (Oldfield 1971). Results are shown in Table 1.

Mathematical performance

Numerical abilities were assessed using the Neuropsycho-
logical Test Battery for number processing and calculation
in children [ZAREKI-R: (von Aster et al. 2006)]. This
neuropsychological battery examines the progress of basic
skills in calculation and arithmetic and aims to identify and
characterize the profile of mathematical abilities in chil-
dren with dyscalculia. It is composed of 12 subtests such as
counting forward and backward, writing numbers, addition,
subtraction, multiplication, reading numbers, number line
(verbal and Arabic digits), digit span forward and back-
ward, number comparison (words), perceptual and cogni-
tive quantity judgement, story problem, and finally number
comparison of Arabic digits. Criteria for DD were met if a
child’s performance in the ZAREKI-R was 1.5 standard
deviations below the average in three subtests or in the total
score.

Intelligence quotient (1Q)

Intelligence was measured with three verbal (vocabulary,
arithmetic, similarities) and two performance subtests
(picture arrangement, block design) of the Wechsler
Intelligence Scale for Children (WISC-III) (Wechsler
1999). Table 1 shows estimated IQ of these subtests as well
as the total estimated IQ which is corrected for differences
in arithmetical thinking. Estimated total IQ was calculated
by the mean of picture arrangement, block design, vocab-
ulary, and similarities.

Data from seven control children were included from
parallel studies at the Center of MR-Research of the Uni-
versity Children’s Hospital Zurich. Neuropsychological
measures of intelligence also acquired by the WISC-test
battery were available from these seven children, which are
summarized in Table 1.

Spatial working memory

The Corsi Block-Tapping test was conducted to assess the
visual block span forward (Corsi 1972). The basic idea of
the Corsi Block-Tapping test is, by usage of a plate with
cubes, to reproduce a sequence previously tapped by the
investigator. In addition, the Corsi Block-Suppression test
has been performed (Beblo et al. 2004). In this test, sub-
jects are asked to reproduce only every second block of a
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Table 1 Demographic and testmetric data

Dyscalculics Controls p value
N 15 15 n.s.
Gender (f/m) 11/4 11/4 n.s.
Handedness (1/a/l) 12/2/1 14/1/0 n.s.
Age (years) (SD) 10.0 (1.2) 10.1 (1.3) n.s.
Numerical abilities N Mean (SD) N Mean (SD)
ZAREKI-R 1 counting forward 15 80.7 (32.5) 8 82.1 (35.2) n.s.?
ZAREKI-R 2 counting backward 15 68.9 (43.6) 8 92.6 (20.9) n.s. *
ZAREKI-R 3 writing numbers 15 35.1 (43.5) 8 92.1 (22.3) <0.01*
ZAREKI-R 4a addition 15 31.6 (37.6) 8 80.1 (30.6) <0.01
ZAREKI-R 4b subtraction 15 94 (11.3) 8 75.8 (26.4) <0.001
ZAREKI-R 4c multiplication 15 66.1 (47.2) 8 88.1 (33.6) n.s.?
ZAREKI-R 5 reading numbers 15 49.0 (46.9) 8 77.4 (41.9) n.s.?
ZAREKI-R 6a number line (with lines) 15 71.0 (40.6) 8 83.9 (30.5) n.s.*
ZAREKI-R 6b number line (without lines) 15 50.4 (28.1) 8 63.3 (24.7) n.s.
ZAREKI-R 7a digit span forward 15 34.1 (20.2) 8 75.5 (20.0) <0.001
ZAREKI-R 7b digit span backward 15 43.8 (23.4) 8 66.3 (19.3) <0.05
ZAREKI-R 8 number comparison (words) 15 44.6 (39.0) 8 82.9 (23.6) <0.01
ZAREKI-R 9 perceptual quantity judgement 15 63.1 (36.9) 8 88.8 (22.5) n.s.?
ZAREKI-R 10 cognitive quantity judgement 15 84.1 (31.8) 8 85.5(27.9) n.s.”
ZAREKI-R 11 story problem 15 41.4 (45.7) 8 73.6 (39.6) n.s.
ZAREKI-R 12 number comparison (digits) 15 47.4 (42.5) 8 82.5 (34.1) n.s.?
ZAREKI-R total 15 15.1 21.1) 8 68.9 (16.3) <0.001
Intelligence
WISC-III similarities 15 109.7 (14.9) 8 113.8 (7.4) n.s.
WISC-III vocabulary 15 104.7 (10.9) 8 108.8 (11.6) n.s.
WISC-III picture arrangement 15 98.3 (13.5) 8 101.9 (11.6) n.s.
WISC-III block design 15 98.0 (15.8) 8 116.3 (10.9) <0.01
WISC-III arithmetical thinking 15 92.7 (8.6) 8 106.9 (10.0) <0.01
WISCH-III total (corrected for arithmetical thinkingh) 15 102.7 (7.9) 8 110.2 (7.6) n.s.
WISC-III total® 7 115.2 (13.9) -
Memory
CORSI block-tapping 15 4.7 (0.8) 8 5.0 (1.2) n.s.
CORSI block-suppression 15 1.9 (0.6) 8 2.9 (1.0) <0.01*

* Non-parametric testing because normal distribution of one or both groups is not assumed

® Arithmetical thinking is not included in the mean of HAWIK-III total and statistical comparison is corrected for arithmetical thinking

¢ Seven control children were recruited from parallel running studies at the Center for MR-Research of the University Children’s Hospital Zurich

for whom intelligence was also determined by subtests of the WISC-III

previous demonstrated sequence. The visual block span
forward is associated with retrieving visual short-term
information, whereas the Corsi Block-Suppression test is
thought to require storage and manipulation of visual
information.

DTI-data acquisition

Brain images were acquired from all 57 children on a 3.0-T
whole-body scanner (GE Medical Systems, Milwaukee,
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WI, USA) using a standard eight-channel head coil. Images
were sampled along 21 different encoding directions with a
diffusion-weighted single-shot double spin-echo sequence.
An effective b value of 1,000 s/mm> was used for each of
the 21 directions. Five additional b0 measurements with a
b value of 0 s/mm? were interleaved with the diffusion
encoding scans. Thirty-nine continuous 3.2-mm-thick axial
slices were acquired parallel to the anterior—posterior
commissural line with a measured and reconstructed res-
olution of 094 x 0.94 x 3.2 mm. Further imaging
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parameters were: repetition time TR = 10.725 s, echo time
TE = 87.3 ms, acquisition matrix size = 128 x 128 pix-
els (resampled to 256 x 256 pixels), flip angle = 90°, and
field of view FOV = 240 x 240 mm?”. Scan time was
4 min 50 s.

Data analysis
Software

Statistical analysis of behavioural data was analysed using
Predictive Analytics Software 18 (PASW). Significance
was assumed on the p < 0.05 level.

DTI-data analysis was performed by FMRIB (functional
MRI of the brain) software library (FSL) of the University
of Oxford (Smith et al. 2004; Woolrich et al. 2009) and
Statistical Parametric Mapping (SPMS8) (Wellcome
Department of Cognitive Neurology, London, UK on
MATLAB Version R2010a, The Math-Works, Natick,
MA, USA) as well as in-house software.

DTI preprocessing

First, in order to improve the robustness of the registration,
skull and other non-brain tissue were removed from the
brain images by creation of an individually adapted binary
mask which determines the voxels of pure brain tissue.
After correcting distortion due to eddy current effects and
head motion, a diffusion tensor model was fitted at each
voxel. This resulted in maps including all necessary DTI-
parameters, such as FA, 11 (axial diffusivity = AD), 12,
A3, €l, €2, €3, and mean diffusivity (MD) for each voxel.
Radial diffusivity (RD) was calculated by [(12 + A3)/2].
FA is thought to be related to white matter coherence and
integrity and a decline in FA is often used as an index of
decreasing white matter health. AD reflects the primary
eigenvector describing water diffusivity in the direction of
the fibre tract, and increasing AD values are often associ-
ated with axonal maturation. RD is assumed to be linked to
myelin content, such that the higher the RD, the lower the
degree of myelination. MD itself is rather non-specific,
albeit increased MD may represent alterations in white
matter microstructure attributed to pathophysiological
processes.

Since DTI acquisition is prone to noise, all FA-maps
were carefully checked for data quality. This was done by
colour-coding the FA-maps and manual screening of all 39
slices of each subject. Bad slices were quickly visible by
distortions in the colour distribution. Data sets with more
than one faulty slice were excluded. Based on this strict
quality checks, 27 from our 57 subjects had to be excluded.
The remaining 15 dyscalculic and 15 control children
entered the next data analysis steps.

All individual FA-maps were normalized by non-linear
registration to a reference image. FA-templates serving this
purpose are currently only available for adult brain images.
Therefore, a study-specific template was determined
among all subjects by estimating the average amount of
warping that was necessary to align all other images to it.
The one with the smallest amount of warping was then
used as the reference image. After non-linear normalization
to the reference image, an affine transformation into
MNI152 space was performed to enable the subsequent
reporting of coordinates. Finally, FA-maps were smoothed
with a Gaussian kernel of the full-with at half maximum
(FWHM) of 9 mm.

For subsequent statistical DTT analysis, it is important to
control for the influence of individual variability of the
total brain microstructure. For this purpose, the mean FA of
the total brain was computed for every subject using the
MarsBaR software tool by Matthew Brett.

Statistical analyses of DTI-data

DTI-parameters (FA, MD, AD, and RD) were compared
between groups in a second-level whole brain analysis.
Individual mean FA served as a covariate of no interest in
the two-sample ¢ test design matrix of the FA comparison.
An implicit mask threshold of 0.1 was applied, which
means that voxels with an FA value below 0.1 were
excluded from the analysis.

A whole brain multiple regression analysis was then
conducted. All behavioural parameters (see Table 1) were
correlated with FA values in every voxel, while mean FA
of the whole brain served as nuisance covariate. Behav-
ioural data were z-transformed before entering the analysis.
Design matrices were calculated for each behavioural
parameter separately as well as in combined groups (IQ,
including all 5 IQ subtests and total IQ; math, including all
ZAREKI-subtests and total score; 1Q and math, including
total IQ- and total ZAREKI-score; working memory,
including both CORSI-Block and CORSI-Suppression
score). All children from whom behavioural data were
available were included in the regression analysis (15
children with DD and eight controls).

Multiple statistical comparisons increase the risk of
detecting significant differences in some voxels between
groups just by chance. The application of a family-wise
error (FWE) correction can prevent this from happening.
Further the problem of non-stationary cluster inference,
which occurs due to non-isotropic (non-uniform) smooth-
ness of data leads to invalid cluster size statistics and an
over- or underestimation of cluster sizes (Hayasaka et al.
2004). To correct for both problems, we used the toolbox
“VBMS8” of SPM8 developed by Christian Gaser (http://
dbm.neuro.uni-jena.de/author/admin/). Reported results
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reach a statistical p value of 0.001, a cluster extent
threshold of p < 0.01, FWE-corrected for multiple com-

parisons, and are also corrected for non-isotropic
smoothness.
Results

Behavioural testing

According to group definition, data analysis revealed sig-
nificant differences in math performance assessed by the
ZAREKI-R and the arithmetical thinking subtest of the
WISC-II (for details please see Table 1). In contrast, both
children with and without DD showed average estimated
intelligence. However, children with DD reached lower
levels in the block design subtest of the WISC-III. The
estimated IQ of the seven control children derived from
parallel studies showed intelligence above 85 (mean esti-
mated 1Q based on WISC-III subtests = 115.2, SD 13.9).
Finally, the visual-spatial memory span measured by the
CORSI Block-Tapping task was comparable between
groups, but visual-spatial working memory capacity
(CORSI Block-Suppression) was reduced in children with
DD.

Whole brain analyses
Group differences

Fractional anisotropy (FA), mean diffusivity (MD), axial
(AD), and radial diffusivity (RD) were compared in a two-
sample ¢ test between dyscalculic children and controls
with mean FA, MD, AD or RD values as covariate,
respectively. Only FA revealed significant differences
between groups at a statistical p value of 0.001, including a
FWE cluster extent correction at p < (0.01 (minimum
cluster extent 1,530 voxels) and a correction for non-sta-
tionarity of smoothness. Dyscalculic children showed sig-
nificantly lower FA values in three clusters which are all
part of the superior longitudinal fasciculus (see Table 2;
Fig. 1). No cluster was found to show higher FA values in
DD children.

In order to ascertain whether the group differences in FA
arise from differences in axial or radial diffusivity a more
liberal statistical threshold was applied of p < 0.001,
uncorrected. Differences in MD, AD and RD were only
calculated within regions that have shown significant group
differences in FA. Therefore, the significant clusters from
the whole brain FA analysis served as regions of interest
(ROIs). Within these ROIs, dyscalculic children showed
higher RD compared to controls in three clusters at
p < 0.001, uncorrected (see Table 3). No cluster showed
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lower RD in dyscalculic children at p < 0.001. Regarding
AD, dyscalculic children exhibited lower AD values
compared to controls only in one small cluster in the left
hemisphere at p < 0.001 (see Table 3). AD was not higher
in any voxel in DD children. Therefore, reduced FA in
dyscalculic children appears to be explained by differences
in RD than AD. MD did not differ between groups within
the ROIs showing FA differences.

Correlations with behavioural parameters

Multiple regression analysis of behavioural data and FA
values revealed no significant correlation in any voxel that
would survive correction for multiple comparisons.

Region of interest analysis
Group differences

Differences between dyscalculic and control children in
FA, MD, AD, and RD were not only analysed on a whole
brain level, but additionally in predefined ROIs repre-
senting the most important fibre tracts. The superior
longitudinal fasciculi (SLF), the inferior longitudinal
fasciculi (ILF), the cinguli (CI), and the uncinate fasciculi
(UF) served as ROIs. These ROIs were derived from the
JHU white matter tractography atlas, which is included in
FSL (Mori et al. 2005; Hua et al. 2008; Wakana et al.
2007). The ROIs were thresholded by 33 % for the SLF
and ILF. The thresholding assures that at least 33 % of all
subjects contain fibres in the corresponding tract. The
thresholding was performed by the image calculation tool
(ImCal) of SPM. The CI and UF were thresholded at
15 % to gain a comparable number of fibres. Only the
SLF showed significant differences. Since the SLF is a
large fibre tract, we decided to further split our SLF ROI
into an anterior, a posterior and inferior part. The splitting
was performed in the middle of the longest dimension
(anterior to posterior), resulting in an anterior SLF ROI
and a posterior part of the SLF. The posterior part was the
split further in the middle of the longest inferior to
superior extension creating an inferior SLF ROI and a
superior SLF ROI. For illustration please see Fig. 2. The
most prominent differences were evident in the posterior
SLF. Dyscalculic children showed significantly lower FA
in this ROI at a Bonferroni corrected threshold level of
p < 0.008. In addition, at an uncorrected p level of 0.05,
dyscalculic children showed lower FA in the left anterior
SLF, higher RD in the posterior SLF on both hemi-
spheres, and a trend towards reduced MD in the right
anterior SLF. Please see Table 4 for a summary of all
differences in the SLF ROls.
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Table 2 Whole brain analysis of FA (control vs. dyscalculic children)

Fibre tract Cluster size (voxels) T value MNI coordinates

X y z
(A) Left SLF near parietal lobe 2,523 7.02 —41 —34 27
(B) Left SLF near central operculum and secondary somatosensory cortex 2,433 6.37 —42 -7 17
(C) Right SLF near insula 1,991 4.10 38 —19 12

SLF superior longitudinal fasciculus

Reduced FA in dyscalculic children

X -56 x -51 X -46

Fig. 1 Sagittal slices of the left and right hemisphere, coronal and
axial slices illustrate regions in pink where children with DD show
reduced fractional anisotropy (FA) compared to control children at
p <0.001 corrected for multiple comparisons: a left superior
longitudinal fasciculus, close to parietal lobe; b left superior

X -41

X -36

longitudinal fasciculus, close to central operculum and secondary
somatosensory cortex; ¢ right superior longitudinal fasciculus, close
to insula. Within this pattern of reduced FA, dyscalculic children
showed increased radial diffusivity (RD) at p < 0.001 uncorrected

marked in green
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Table 3 Analysis of radial (RD) and axial (AD) diffusivity within areas showing significant group differences in FA

DTI Contrast Fibre tract Cluster size T value MNI coordinates
parameter (voxels)
X y z
RD DD > CC (A) Left SLF near parietal lobe 531 4.24 —42 31 28
(B) Left SLF near central operculum and secondary 110 3.73 —46 —12 21
somatosensory cortex
(B) Left SLF near parietal operculum and secondary 10 3.65 62 —10 15
somatosensory cortex
AD CC > DD (C) Left SLF near Brocca’s area 37 4.52 —37 1 22

SLF superior longitudinal fasciculus

ROls of the superior longitudinal fasciculus

posterior SLF anterior SLF

Fig. 2 The superior longitudinal fasciculus (SLF) shown in yellow
was thresholded at 33 % probability and split into three different
regions of interest (ROIs): an inferior (green), posterior (pink), and
anterior (blue) part. The figure illustrates only the ROIs of the left
hemisphere. Most prominent differences in fractional anisotropy (FA)
and radial diffusivity (RD) between children with DD and controls
were evident in the posterior (pink) ROI on both hemispheres

Table 4 ROI analysis in the segmented SLF comparing children with
and without DD

ROIs p values (one-tailed two-sample ¢ test)

FA MD AD RD

Anterior SLF

Left 0.038 0.483 0.206 0.316

Right 0.195 0.092 0.070 0.245
Posterior SLF

Left 0.005* 0.113 0.302 0.010

Right 0.003* 0.332 0.073 0.021
Inferior SLF

Left 0.375 0.166 0.388 0.218

Right 0.178 0.350 0.095 0.328

Bold values are reaching significance

* Reaching Bonferroni correction of p > 0.008

Correlations with behavioural parameters
In order to evaluate the relationship between behavioural

measures and FA values in ROIs that have shown signifi-
cant group differences, a partial correlation was conducted.
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All subjects were included and the influence of individual
differences in mean FA of the entire brain was measured
with a correlation analysis. Table 5 summarizes significant
correlation coefficients and p values. Most prominent
correlations were found in the posterior SLF: on the left
hemisphere FA correlated positively with the performance
in the number line 6a subtests (r = 0.484, p < 0.05) and in
both hemispheres with digit span forward 7a subtests
(right: r = 0.605, p < 0.01; left: » = 0.524, p < 0.05) of
the ZAREKI-R. Furthermore, multiplication abilities
assessed in the ZAREKI-R 4c showed a significant corre-
lation with FA in the inferior ROI of the SLF, only in the
left hemisphere. Finally, FA of the anterior part of the SLF
was significantly related to number line representation
measured in the ZAREKI-R 6a and to more domain-gen-
eral skills depicted in the WISC-III similarities subtest.

To examine whether the observed relations between
behavioural measures and FA values are not only driven by
group differences, we analysed the correlations within each
group. Results indicated that most of the correlations over
all subjects are mainly driven by children with DD,
because control children performed at ceiling level and
showed low variance in number processing and calculation
tasks. This is the case in the left posterior SLF for the digit
span forward 7a subtest of the ZAREKI-R (in DD:
r=0.259, p = 0.393; in CC: r = 0.221, p = 0.633), the
left inferior SLF for the multiplication subtest of the
ZAREKI-R (in DD: r= —-0.642, p =0.018; in CC:
r = 0.028, p = 0.952), as well as in the left anterior SLF
for the number line 6a subtest of the ZAREKI-R (in DD:
r=0.722, p = 0.005; in CC: r = 0.093, p = 0.843) and
the similarities subtest of the WISC-III (in DD: r = 0.684,
p = 0.010; in CC: r = —0.442, p = 0.321).

In contrast, the relation between FA values and perfor-
mance of the number line 6a subtest of the ZAREKI-R in
the left posterior SLF (in DD: r = 0.363, p = 0.222; in
CC: r=0.723, p = 0.067) and digit span forward skills
measured in the ZAREKI-R 7a in the right posterior SLF
(in DD: r=0.238, p=0434; in CC: r=0.713,
p = 0.072) appear to be driven by control children.
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Table 5 Partial correlation between behavioural parameters and FA values in ROIs corrected for mean FA

Behavioural tests Fractional anisotropy (FA)

Posterior SLF

Anterior SLF Inferior SLF

L R L R L R
ZAREKI-R 4c multiplication r —0.447
P 0.042
ZAREKI-R 6a number line (with r 0.484 r 0.522
lines) p 0.026 p 0.015
ZAREKI-R 7a digit span forward r 0.524 r 0.605
P 0.015 p 0.004
WISC-III similarities r 0.479
p 0.028

r correlation coefficient, p p value, L left, R right, SLF superior longitudinal fasciculus

Discussion

The present study addressed the question of whether defi-
cits in numeracy are rooted in neurobiological anomalies in
white matter tracts, using the DTI brain imaging method to
investigate white matter properties in children with and
without a specific learning disability in math (develop-
mental dyscalculia = DD). Findings revealed deficient
white matter integrity in children with DD in the SLF, an
important fibre tract connecting parietal and frontal brain
regions. Most prominent differences were evident in white
matter close to the intraparietal sulcus, the key region for
number processing. Furthermore, dyscalculic and typical
calculators both yielded significant correlations between
the degree of FA in these regions and numerical abilities.

Group differences whole brain analysis

The present study revealed striking differences in white
matter integrity between children with and without DD. FA
as a quantitative indicator of white matter coherence and
integrity was reduced in children with DD in three clusters,
all belonging to the SLF. On the left hemisphere, cluster A
is located near the parietal lobe at the tip of the intraparietal
sulcus. In the elongation of the fibre tract towards the
frontal lobe, cluster B appears which is in vicinity to the
central operculum and secondary somatosensory cortex.
The third cluster C is located close to the insula on the right
hemisphere. Reduced FA is often associated with patho-
logical processes and lower cognitive performance [for
review please see Hiippi (2010)]. Similarly, there is
growing evidence that deficits in reading (developmental
dyslexia) are related to lower FA values [for review please
see Vandermosten et al. (2012)]. Moreover, developmental
studies report an increase of FA from childhood to adult-
hood [for review please see Hiippi and Dubois (2006)]. In
general, FA is thought to be influenced by myelin-sheets

around axons, axonal membrane, axon properties like the
number and size of axons or axonal density and the parallel
organization of fibres and filaments. All these properties
restrict the diffusivity, and the main contribution to FA
stems from the interaxonal space rather than restricted
diffusion in the axoplasm [please see review article by Le
Bihan et al. (2001)]. Further investigation indicated that
group differences in FA were largely explained by differ-
ences in RD and AD. In a similar vein, research on dyslexia
has suggested that the white matter abnormalities that
underlie reading impairments are mainly rooted in atypical
RD rather than in AD [for review please see Vandermosten
et al. (2012)]. RD is assumed to be related to the degree of
myelination whereas AD is thought to reflect axonal mat-
uration. Therefore, reduced white matter integrity in chil-
dren with DD might be due to deficient myelination of
fibres rather than axonal development. However, since the
neurophysiological underpinnings of FA, RD and AD are
still unclear, interpretations are rather speculative and
probably oversimplified (Wheeler-Kingshott and Cercig-
nani 2009).

Our results indicate that the superior longitudinal path-
way is atypical in children with DD. The SLF emanating
from the parietal lobe can be seen as one of the major
projection fibres according to the known functional neu-
roanatomy of numerical cognition in children and adults
(Kaufmann et al. 2011; Kucian et al. 2008; Dehaene et al.
2003; Arsalidou and Taylor 2011). Similarly, Tsang et al.
(2009) identified the SLF as the most relevant connection
of the inferior parietal lobe/IPS with precentral and frontal
regions involved in calculation. Moreover, they report a
positive correlation of FA values in the left SLF with
arithmetic approximation skills in typically achieving
children. These results support our findings and strengthen
the notion that the SLF plays a critical role in the devel-
opment of numerical reasoning and might be impaired or
developmentally retarded in dyscalculia. Similarly, van
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Eimeren et al. (2008) also linked arithmetical abilities with
white matter microstructure in the left SLF in typically
achieving children, but only the inferior part of the fibre
connection reached significance.

Consistent with these findings, Rykhlevskaia et al.
(2009) identified abnormalities in white matter fibre tracts
related to dyscalculia. However, they reported the ILF and
fronto-occipital fasciculus to be mainly affected on the
right hemisphere. In addition to these two pathways, five
other tracts were identified that showed a reduced degree of
FA in children with DD, including the SLF. Differences
with respect to our results are most likely explained by the
fact that Rykhlevskaia et al. restricted their analysis to a
predefined region in the right temporo-parietal cortex
where children with DD exhibited reduced white matter
volume defined by voxel-based morphometry. Since FA
seems more sensitive than volume loss, other fibre con-
nections are expected to be impaired next to the ones
included in the regions showing reduced white matter
volume as reported by Rykhlevskaia (Hugenschmidt et al.
2008), given the relation between white matter volume and
integrity. Therefore, our results provide important new
insights into abnormalities of white matter integrity related
to DD on an unbiased whole brain level.

ROI analysis

Atlas-based definition of major fibre tracts in the brain as
ROIs supported our whole brain analysis by specifically
identifying the SLF to be affected in children with DD.
Since the SLF represents a wide-ranging fibre connection,
we decided to split the tract into an inferior, posterior, and
superior part. Comparison of mean FA in these parts
between groups revealed prominent and highly significant
deficits in the posterior SLF on both hemispheres in chil-
dren with DD. The posterior part of the SLF is in closest
proximity to the intraparietal sulcus. Interestingly, results
from investigating the brains of rhesus monkeys showed
projections of the SLF to the intraparietal sulcus (Sch-
mahmann et al. 2007). In terms of DD, recent work has
emphasized core structural and functional deficits in the
parietal lobes including the IPS (Kucian et al. 2006, 2011a,
b; Mussolin et al. 2010; Price et al. 2007; Kaufmann et al.
2009; Kovas et al. 2009). Furthermore, studies in patient
groups with reduced numerical understanding also showed
white matter aberrations close to the parietal lobes that
contribute to their reduced arithmetic abilities (Barnea-
Goraly et al. 2005; Till et al. 2011). Consistent with these
findings, our results suggest that the fibres connecting the
key region for numerical representation with other areas
necessary for number processing and calculation are
impaired or developmentally delayed in children with DD.
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Relation to behavioural measures

Correlation of behavioural measures with mean FA values
in predefined ROIs of the SLF revealed some interesting
relations. The ability to identify the location of a spoken
number on a number line is assumed to be a measure of the
internal representation of the mental number line. This skill
correlated positively with white matter integrity in the left
posterior SLF. On a functional level, the IPS is thought to
code the mental number line (Fulbright et al. 2003; Kucian
et al. 2011a). Moreover, number line performance also
correlated with the adjacent anterior part of the SLF.
Therefore, not only the IPS but also the intact connection
of parietal areas with the frontal lobe through the SLF in
the left hemisphere seems to be essential for the spatial
numerical representation.

Further, digit span forward test showed a significant
relation to white matter integrity in the posterior SLF. Digit
span forward represents the memory span of numbers and
is therefore a measure of short-term memory capacities. It
is known that parietal areas are not exclusively involved in
processing numerical functions. Among others, memory
capacities also rely on parietal activations (Knops et al.
2006). Hence, connection of parietal regions with the
frontal lobe in both hemispheres seems to be important for
efficient numerical memory span processes.

In addition to numeracy, domain-general capabilities
like abstract and concrete verbal reasoning abilities also
correlate significantly with white matter integrity in our
ROIs, since the verbal reasoning skills measured by the
similarities subtest of the WISC-III are linked to the degree
of FA in the anterior part of the SLF. Fronto-parietal
pathways in particular, including the SLF, are claimed to
contribute to intelligence (Barbey et al. 2012; Deary et al.
2010; Gléscher et al. 2010). A recent study (Barbey et al.
2013) identified the dorsolateral prefrontal cortex as a
region providing an integrative domain-general neural
architecture for human intelligence, which may underlie
our observed correlation with markers of intelligence in the
anterior part of the SLF.

Finally, multiplication abilities were related to white
matter integrity in the inferior part of the left SLF, which is
close to the angular gyrus. Left lateralized activation of the
angular gyrus has been observed in numerical fact retrieval
tasks such as multiplication (Delazer et al. 2003; Grabner
et al. 2011). In line with these observations, our results
suggest that fibres projecting to or from this region may be
relevant for multiplication competencies. However, in
contrast to other findings, we observed a negative relation
such that children with low FA values exhibited better
multiplication skills. Studies examining white matter
integrity in children with developmental dyslexia similarly
reported inverse relations between FA and reading related
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measures in some areas [for review please see Vanderm-
osten et al. (2012)]. It seems that better performance is not
always associated with higher FA, further illustrating that
the relationship between diffusion measures and behaviour
are still unclear and interpretation has to be taken with care.

Limitations

Some limitations have to be considered when evaluating
the present study. First, due to the strict inclusion criteria
with regard to the quality of the imaging data, we had to
exclude 24 children out of the total sample of 47 kids. As a
consequence, we were reliant on the inclusion of an addi-
tional seven control children from parallel studies. These
seven control children underwent the identical MR-mea-
surements and behavioural tests of intelligence. However,
study-specific data of the ZAREKI-R and the CORSI tests
were not collected from these children, so the correlation
analyses could only be done in a reduced sample size.
Second, control children performed at ceiling level in the
numerical tasks, leading to a reduction of correlation
strength. Third, the problem of multicollinearity has to be
taken into account, which means that correlations can
change erratically in response to small changes in the data.
These factors might explain why most of the correlations
did not reach significance when calculating them within the
group of control children. Therefore, correlative results and
their interpretation have to be taken with care and we
suggest further investigation of these relationships in future
studies in more detail.

Finally, DTI interpretation needs to be done with great
caution. Current DTT analyses cannot determine the unique
influence of neuroanatomical factors such as myelination
or fibre properties on FA (Wheeler-Kingshott and Cercig-
nani 2009). Moreover, since a high density of fibre cross-
ings can also affect FA values in these areas, we cannot
exclude the possibility that group differences in FA are
explained by a different number of crossing fibres in these
regions (Wheeler-Kingshott and Cercignani 2009).

Impact

The SLF represents one of the longest association fibre
tracts and connects mainly the frontal cortex with the
dorso-lateral parietal and temporal cortex. This important
fibre connection has been reported to be involved in a range
of cognitive functions including cognitive processing speed
(Turken et al. 2008), spatial working memory (Vestergaard
et al. 2011), reading (Rauschecker et al. 2009), and arith-
metic (Tsang et al. 2009). Interestingly, the parieto-frontal
integration theory of intelligence claims that general
intelligence requires undisrupted information transfer
among parietal and frontal regions (Jung and Haier 2007).

To date, there is a growing consensus that intelligence does
not reside in a single brain region. Intelligence seems to be
best described by fast and accurate integration and control
of information processing among different brain regions
(Naghavi and Nyberg 2007; Deary et al. 2010). It is
interesting to note that two lesion mapping studies pointed
to the SLF as one of the major fibre tracts implicated in
general intelligence (Barbey et al. 2012; Gléscher et al.
2010). In addition, studies examining white matter integrity
in childhood support the notion that fronto-parietal con-
nections are significantly involved in general intelligence
(Deary et al. 2006; Schmithorst et al. 2005).

On these grounds, in the context of results presented in
the current study, it seems not surprising that many chil-
dren with DD might show additional impairments in
domains contributing to measures of intelligence. For
instance, in addition to numeracy children with DD also
show problems in spatial working memory on behavioural
and neural levels (Rotzer et al. 2009). It seems plausible
that impairments in the fast and accurate transfer of
information between parietal and frontal lobes via the SLF
affect not only numeracy, but additionally hinder general
fronto-parietal integration of information. Furthermore,
standard neuropsychological test batteries assessing intel-
ligence also include subtests reliant on numerical under-
standing and calculation. Both factors can affect measures
of intelligence in children with DD. In addition, these
results question the current principle of DD diagnosis
which requires a discrepancy between numerical and gen-
eral intellectual skills, and might be seen as neurobiologi-
cal evidence for reconsidering the diagnostic criterion of
DD relative to intelligence. Similarly in the research field
of developmental dyslexia, brain imaging results converge
with behavioural evidence indicating that, regardless of 1Q,
poor readers have similar kinds of reading difficulties in
relation to phonological processing (Tanaka et al. 2011).
We assume that comparable mechanisms might be
observed in children with DD and we are looking forward
to future research addressing this question specifically.

Conclusion

The present results highlight a connection deficit between
parietal and frontal areas in children with DD. In particular,
the SLF seems to be affected in parts that are adjacent to
key areas for number processing, namely the IPS. The
development of axonal coherence and/or myelination pro-
jecting to/from the parietal lobe might be impaired or
delayed in dyscalculia, leading to the possibility that DD
might be seen as a dysconnection syndrome. However, it
cannot be clarified whether observed impairments in fibre
tracts are a cause or consequence of generally deficient
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activation in parietal regions in children with DD. Finally,
since the SLF can be seen as a critical tract of a core system
allowing integration and control of widespread information
processes in the brain, additional problems in higher cog-
nitive functions are likely and might underlie the behav-
ioural deficits observed outside the numerical domain in
dyscalculia.
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