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Abstract

While arithmetic training reduces fronto-temporo-parietal activation related to domain-general processes in typically devel-
oping (TD) children, we know very little about the training-related neurocognitive changes in children with mathemati-
cal disabilities (MD), who seek evidenced-based educational interventions. In a within-participant design, a group of 20
children (age range = 10—15 years old) with MD underwent 2 weeks of arithmetic training. Brain activation was measured
using functional near-infrared spectroscopy (fNIRS) before and after training to assess training-related changes. Two weeks
of training led to both behavioral and brain changes. Training-specific change for trained versus untrained (control) simple
multiplication solving was observed as activation increase in the bilateral temporo-parietal region including angular gyrus
and middle temporal gyrus. Training-specific change for trained versus untrained (control) complex multiplication solving
was observed as activation increase in the bilateral parietal region including intraparietal sulcus, superior parietal lobule,
and supramarginal gyrus. Unlike the findings of a similar study in TD children, 2 weeks of multiplication training led to
brain activation increase in the fronto-parietal network in children with MD. Interestingly, these brain activation differences
between the current findings and a recent similar study in TD children underlie a rather similar behavioral improvement
as regards response time and accuracy after 2 weeks of training. This finding provides valuable insights into underlying
mechanisms of mathematics learning in special samples and suggests that the findings in TD children may not be readily
generalized to children with MD.

Keywords Numerical cognition - Mathematical disabilities - Mental calculation - Arithmetic training - Functional near-
infrared spectroscopy - fNIRS

Introduction

Mathematical disability (MD) is a brain-based learning dis-
order affecting numerical and arithmetic abilities (De Smedt
et al. 2019; Kaufmann et al. 2011). MD emerges at the early
stages of development, affecting 3-6% of children and
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continues into adulthood (Kucian and von Aster 2015). It
harms the career perspectives, mental health, and economic
status of those diagnosed, and also puts a burden on soci-
ety (Gross et al. 2009; Kaufmann et al. 2013). Surprisingly,
we have little knowledge about the neural mechanisms of
arithmetic processing in MD and the way these mechanisms
change in the face of training. This knowledge will help us
to further develop brain-based educational interventions
directly derived from research in children with MD, whose
brain responses might differ from typically developing (TD)
children. Therefore, in the current study, we aim to investi-
gate the neurocognitive mechanisms of arithmetic learning
in children with MD.

The neural network of arithmetic processing consists of
a widespread fronto-parietal network: the bilateral intra-
parietal sulcus (related to manipulation of magnitude) and
the bilateral superior parietal lobule (related to visuospatial
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attention) and the left angular gyrus and hippocampus
(related to verbal retrieval from long-term memory and
attentional demands) and the prefrontal cortex (related to
executive functions and cognitive demands) (Arsalidou et al.
2018; Dehaene et al. 2003; Klein et al. 2016). Studies in TD
children reported consistent findings within the neural net-
work of arithmetic processing with a rather high similarity
across studies (Arsalidou et al. 2018; Peters and De Smedt
2018), whereas neuroimaging studies in children with MD
solving arithmetic tasks provide divergent and seemingly
contradictory findings.

One group of studies on arithmetic processing in chil-
dren with MD reported higher activation (Davis et al. 2009;
Rosenberg-Lee et al. 2015; Simos et al. 2008) and hyper-
functional connectivity (Jolles et al. 2016; Michels et al.
2018; Rosenberg-Lee et al. 2015) in the fronto-parietal
network as compared to TD children while solving arith-
metic tasks. For instance, Davis et al. (2009) found higher
activation in the bilateral precentral gyri and the right insula
during simple addition in children with MD as compared to
TD children, suggesting that children with MD rely on less
advanced strategies to solve arithmetic problems. In a simi-
lar vein, Rosenberg-Lee et al. (2015) found higher activa-
tion in the right intraparietal sulcus, bilateral fusiform gyri,
right visual cortex, and the left lingual gyrus during simple
addition and subtraction in children with MD as compared
to TD children (see also Simos et al. 2008). While show-
ing higher brain activation, children with MD had worse
behavioral performance in simple addition and subtraction
tasks than that of TD children. Kucian and von Aster (2015)
explain that children with MD overuse counting strategies
and finger counting, have limited arithmetic fact retrieval,
and experience difficulties with both procedural and concep-
tual knowledge; therefore, they overuse inefficient and com-
pensatory strategies which leads to higher brain activation
than seen in TD children. The conclusion from this group of
studies is that children with MD have higher but inefficient
brain activation, which is accompanied by poor behavioral
performance (i.e., response time and accuracy) on mental
arithmetic tasks as compared to TD children.

Another group of studies on the arithmetic abilities of
children with MD observed reduced activation (Ashkenazi
et al. 2012; Berteletti et al. 2014; Kucian et al. 2006; Peters
et al. 2018; Schwartz et al. 2018) and structural connec-
tivity (Rotzer et al. 2008; Rykhlevskaia et al. 2009) in the
fronto-parietal network as compared to TD children during
arithmetic problem solving. For instance, children with MD
had reduced activation in the left inferior frontal gyrus, the
left middle and superior temporal gyri, the right intrapari-
etal sulcus, and the superior parietal lobule when complet-
ing simple multiplication tasks (Berteletti et al. 2014). The
authors suggest impaired arithmetic mechanisms in both
numerical- and language-related regions in the brains of
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children with MD. Ashkenazi et al. (2012) found reduced
activation related to the complexity in addition in several
regions, such as the intraparietal sulcus, superior parietal
lobule, angular gyrus, and supramarginal gyrus in the right
hemisphere, and bilaterally in the temporal and dorsolateral
prefrontal cortex for children with MD as compared to TD
children. Moreover, children with MD performed worse on
the addition tasks than TD children. The conclusion from
this group of studies is that arithmetic problem solving does
not lead to the recruitment of the relevant neurocognitive
resources in children with MD leading to poor behavioral
performance.

These contradictory findings are not conclusive. It is
unclear whether increased or decreased brain activation
during arithmetic problem solving is an advantage or disad-
vantage in children with MD. More importantly, the ques-
tion is how children with MD learn arithmetic and whether
a behavioral improvement is accompanied by increased or
decreased brain activation. While the first group of above-
mentioned literature (i.e., higher but inefficient brain activa-
tion in children with MD) might suggest reduced but more
efficient brain activation after training, the second group of
literature (i.e., reduced and non-engaged necessary brain
activation in children with MD) might suggest increased
brian activation in the fronto-parietal network of mental
calculation. By identifying these brain activation changes,
the covert strategies that underly arithmetic problem solv-
ing will be disclosed to better understand the deficiencies in
individuals with MD.

Intervention studies can provide this insight about
changes in strategies and brain responses. So far, only very
limited information is available about neuronal changes
related to intervention (Iuculano et al. 2015; Kucian et al.
2011; Michels et al. 2018) or development (McCaskey et al.
2018, 2020) in children with MD. Of these studies, only one
training study investigated neural activation changes dur-
ing arithmetic learning in children with MD (Tuculano et al.
2015) similarly to our current study of arithmetic interven-
tion. Tuculano et al. (2015) trained 15 children with MD
for 8 weeks using one-on-one tutoring focusing on efficient
counting strategies and arithmetic fact retrieval. Before
training, they observed higher activation in the bilateral
dorsolateral prefrontal and the left ventrolateral prefrontal
cortex, the left intraparietal sulcus, the right fusiform gyrus,
and bilateral insula during simple addition problem solving
in children with MD as compared to age-matched TD peers.
Thus, this training study supports the first group of litera-
ture discussed above in suggesting that there is higher brain
activation in children with MD as compared to TD children.
Interestingly, there were no differences in brain activation
between the two groups of children after training as the over-
engagement of the distributed brain activation was reduced
in children with MD. This reduced activation over training
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manifests the existent inefficient widespread activation dur-
ing simple arithmetic in MD, which is unnecessary, does
not lead to appropriate performance on arithmetic tasks and
therefore decreases after appropriate training.

The only existing neuroimaging study on arithmetic train-
ing in children with MD (Iuculano et al. 2015) is limited to
simple calculation. Complex calculation differs from simple
calculation in strategy use, and procedural and conceptual
knowledge (Soltanlou et al. 2017a, b). Uncovering the neural
mechanisms underlying complex calculation will help us to
understand arithmetic learning beyond behavioral improve-
ments in children with MD because these children struggle
more with complex calculations. While behavioral training
studies mainly support different interventional approaches,
they do not answer the question of why children’s perfor-
mance during arithmetic problem solving improves. Neuro-
imaging studies of arithmetic training provide more specific
information about changes in the covert dysfunctions, which
might be related to magnitude, cognitive, or language-related
processes. These changes may not be clearly demonstrated
in behavioral investigations because of the compensatory,
but inefficient strategies that partially cover mathematical
weaknesses. This knowledge would help us to develop better
interventions that target particular mathematical weaknesses
rather than an unspecific improvement in compensatory
strategies in a child’s behavioral performance.

Therefore, in the present within-participant study, we
investigate neural activation changes before and after 2
weeks of simple and complex multiplication training in
children with MD. This study is built upon on our recent
multiplication training in TD children (Soltanlou et al.
2018a, b), with a very similar procedure. We set out to
examine whether the same training would lead to similar
or different brain responses in children with MD. Moreo-
ver, by training both simple and complex arithmetic prob-
lems, we can extend the findings by Iuculano et al. (2015)
that trained only simple arithmetic problems, and also
test for the difficulty-related modulation of neural activity
(Ashkenazi et al. 2012). The difficulty-related modula-
tion of neural activity is expected as distinguishable brain
responses to simple and complex calculation. Ashkenazi
et al. (2012) reported no distinguishable neural activation
patterns during simple and complex addition in children
with MD in a single-session measurement, which is usu-
ally observed in TD children (Soltanlou et al. 2017a, b).
Additionally, while simple multiplication is mainly solved
via retrieval strategy in TD children, it may not necessarily
be true in children with MD. Therefore, simple multiplica-
tion (specially larger than 5) may still rely on procedural
strategies. Lastly, the task of interest in the current study
is complex multiplication because in our previous study
in TD children, we observed training-related changes only
in complex but not simple multiplication (Soltanlou et al.

2018b). However, we are not sure whether complex mul-
tiplication would be too difficult for our children with MD
that have the risk of drop-out, insufficient number of trials
and corresponding fNIRS data. Therefore, we train both
simple and complex multiplication in the current study.
Training-induced changes is evaluated using func-
tional near-infrared spectroscopy (fNIRS), a well-suited
technique for children (Soltanlou et al. 2018a, b; Soltan-
lou and Artemenko 2020). We predict that children with
MD exhibit shorter response times and make fewer errors
on both simple and complex multiplication tasks after
training. Following Iuculano et al. (2015), we expect an
overall reduced fronto-parietal activation after 2 weeks of
training on simple multiplication, particularly in the right
hemisphere, which is less engaged in advanced retrieval
strategies. This activation reduction is mostly expected in
the prefrontal regions that support procedural processes of
mental calculation. Training would lead to less demands
on these processes that are expected to be more automa-
tized. However, this increased automatization might lead
to an activation increase in the temporo-parietal regions
such as the left angular gyrus (e.g., Rivera et al. 2005).
Additionally, training might improve the capability of
mental number manipulation that is associated with acti-
vation increase in the parietal regions, especially in the
bilateral intraparietal sulcus. Concerning complex mul-
tiplication, two predictions can be derived from the two
groups of literature discussed above. Based on the first
literature group, which argued that children with MD have
higher neural activation as compared to TD children, we
would expect reduced fronto-parietal activation after train-
ing in children with MD, which will be more similar to
TD children. This prediction is in line with the findings on
complex multiplication tasks for TD children (Soltanlou
et al. 2018b). According to the second literature group,
which reported lower neural activation in children with
MD, we would expect increased fronto-parietal activa-
tion after 2 weeks of complex multiplication training in
children with MD. However, similar to our predictions
in training of simple multiplication, we might observe an
activation reduction in the frontal regions, but activation
increase in the parietal regions (see Zamarian et al. 2009
for review of findings in adults). Therefore, while we have
a directional hypothesis for simple multiplication training
(i.e., reduced brain activation after training), there is no
directional hypothesis for complex multiplication training.
Additionally, we expect differentiable brain activation
between simple and complex multiplication (i.e., the diffi-
culty-related modulation of neural activity) after training,
like the complexity-related brain activation seen in TD chil-
dren. Note that since the current study is a follow-up of our
recent multiplication training in TD children (Soltanlou et al.
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2018b), we will descriptively compare the current findings
with the findings of that study as a control group.

Materials and methods
Participants

Twenty-five children with MD participated in the study. Five
children were excluded: two did not finish the study, two
because of technical problems with the fNIRS recording,
and one because of only wrong answers in two conditions.
Hence, 20 children (8 girls; age=12.30+1.13 years old; age
range = 10.42—15.00 years old) were included in the analy-
ses. The children were from grades 4-8 (grade 4:1, grade
5:3, grade 6:9, grade 7:4, grade 8:3). All children, except
two, were right-handed. They had a normal or corrected-to-
normal vision. All procedures of the study were in line with
the latest revision of the Declaration of Helsinki and were
approved by the ethics committee of the University Hospital
of Tuebingen.

In a screening session, math ability was assessed with the
Basisdiagnostik Mathematik fiir die Klassen 4-8 (BASIS-
MATH 4-8, Moser Opitz et al. 2010). It is a standard screen-
ing test in German for all children in grades 4-8 that can
identify numerical deficiencies independent of age and
grade. The test evaluates basic mathematical knowledge,
which is achieved in primary school, including basic arith-
metic operations (i.e., mental arithmetic and written proce-
dures), understanding of the decimal place-value system,
counting, number line estimation, and word problem:s.

The critical threshold is the total raw score of 70 + 3. This
test uses raw scores—rather than standardized scores based
on norms—so that any child who scored above the cut-off
score of 73 was considered to be in the normal range of math
abilities and was not included in the current study. A score
of below 67 indicates that children did not understand basic

classroom math content; 15 children in the current sample
scored below 67. A score between 67 and 73 belongs to the
tolerance zone indicating that children are at risk of difficul-
ties to understand basic classroom math content; 5 children
in the current sample scored between 67 and 73. The cut-off
score of 73 in the current study thus includes children with
math disabilities and being at risk of math difficulties. Since
the recruitment was specific for children with MD, mainly
parents and some teachers, who subjectively considered the
child in their care to have math difficulties, approached us.
Three children had a clinical diagnosis of dyscalculia, and
one had attention-deficit/hyperactivity disorder. Children
and their parents gave written informed consent and received
an expense allowance for their participation.

Characteristics of participants

A few neuropsychological tests were utilized to find the
characteristics of the sample (see Table 1). Two subtests
(similarities and matrix reasoning) of the German Wechsler
1Q test (Hamburg—Wechsler-Intelligenztest fiir Kinder-IV,
Petermann et al. 2007) were utilized to assess intelligence.
According to the literature (Kucian and von Aster 2015),
MD is not influenced by general intelligence, and children
with an average or below-average level of intellect expe-
rience similar difficulties with arithmetic learning (Ehlert
et al. 2012). The number of correct answers was transformed
to IQ scores (M =100, SD=15).

Verbal short-term and working memory, and visuospa-
tial short-term and working memory were assessed using
the letter span test and the block tapping test (Corsi 1973),
respectively. In the verbal memory task, children were asked
to recall spoken sequences of consonant letters (one letter
per second). The test started with sequences of three letters,
which were increased by one if the child correctly recalled
at least two out of three sequences. In the visuospatial mem-
ory task, the child was asked to point to cubes in the same

Table 1 Neuropsychological

data Mean SD Min-Max

Verbal IQ (similarities) 102 15.30 65-125
Non-verbal IQ (matrix reasoning) 95.5 20.90 55-120
Verbal short-term memory (letter span—forward) 4.5 0.83 3-6
Verbal working memory (letter span—backward) 34 1.00 3-5
Visuospatial short-term memory (Corsi—forward) 5.2 0.83 4-7
Visuospatial working memory (Corsi—backward) 5.0 0.89 3-7
Reading* (Salzburger reading test) 83.1 13.40 62-105
Mathematics knowledge (BASIS-MATH) 58.7 10.50 25-73

N=20 (but 19 for the letter span—backward, and 18 for the reading test)

*Two children had a reading score of below 62, which suggests they are at risk of having a reading prob-
lem. Because the test does not provide a norm for the scores below 62, we did not include their reading

score here
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Fig.1 A Procedure of the study showing the pre-post design with
fNIRS recordings and the online training of multiplication. B Sche-
matic positions of fNIRS optodes. Red circles indicate emitters and
blue circles indicate detectors in the two 3 x5 arrays. C fNIRS chan-
nels layout (by Minako Uga). Blue circles indicate the fNIRS chan-

order as the experimenter. The procedure was the same as
in the letter span test. These forward spans were consid-
ered to represent short-term memory, while backward spans
(i.e., inverse recall) were considered to represent working
memory in each test. Note that the score of one child was
missing for the backward letter span test score (not included
in Table 1).

To test the reading ability of the children, the Salzburger
reading test for grades 2-9 (Salzburger Lese-Screening fiir
die Schulstufen 2-9, Form Al; Wimmer and Mayringer
2014) was used. It contains 100 short sentences and children
were asked to verify whether each sentence is grammatically

nels projected on the brain surface. Red circles indicate P3/P4, and
F3/F4 positions—according to the international 10-20 system—pro-
jected on the brain surface. Channels included in the parietal, frontal,
and temporo-parietal ROIs are marked by the orange ovals (see also
Artemenko et al. 2018)

correct or not. They had 3 min to evaluate as many sentences
as they could. The number of correct answers was trans-
formed to reading scores.

Procedure

In a within-participant experiment, we measured behavioral
performance and brain activation of children with MD dur-
ing multiplication problem solving before and after train-
ing (Fig. 1A). The experiment was conducted in a light-
attenuated room, where all the lights were turned off before
starting the experiment. The experiment began with four
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practice trials. The multiplication problems were presented
on the screen and the children were instructed to speak their
answers as quickly and accurately as possible and then to
immediately press the space-key (Fig. 1A). The experi-
menter, who was sitting behind the child, wrote down the
answers on a sheet. Each problem was randomly presented
once during the pre-test and the post-test. Each problem was
presented until keypress or for a maximum duration of 60 s,
and was followed by 20 s of rest (i.e., inter-trial interval;
Fig. 1A). Note that these self-paced responses only appear
as a variation in response times but not a variation in the
number of trials. Each child solved exactly 32 problems (8
problems per condition) in each measurement time (pre- and
post-test). No feedback was given during the experiment.

After the pre-test, six similar training sessions were per-
formed through an online learning platform (Soltanlou et al.
2017b) at home for 2 weeks. In the post-test, children were
measured again to evaluate training effects. The problems
were identical for each condition in pre- and post-test ses-
sions. The experiment was run using the software Presenta-
tion (version 16.3, NeuroBehavioral Systems, Inc., Berkeley,
USA). This study was part of a combined fNIRS-EEG pro-
ject, and only the fNIRS findings are reported here.

Neuroimaging task

In the present study, 16 simple and 16 complex multiplica-
tion problems were used, the same as in our training study
in TD children (Soltanlou et al. 2018b). Half of the prob-
lems in each set were allotted for training, and the other,
closely matched half were used as untrained problems in the
pre- and post-test only, resulting in four conditions: trained
simple, untrained simple, trained complex, and untrained
complex (for the list of the items see Supplementary Mate-
rial, Table S7). Simple problems (e.g., 3 X7) included two
single-digit operands (range 2-9) with a two-digit solution
(range 12-40). Complex problems (e.g., 4 x 19) included a
two-digit operand (range 12—19) multiplied by a single-digit
operand (range 3—8) with a two-digit solution (range 52-98).
In half of the items in each condition, the first operand was
larger than the second operand.

Interactive online training

The training was done using an online learning platform
(Soltanlou et al. 2018b, 2017b), which allowed for at-home
training. The children participated in six training sessions
over 2 weeks in their homes (Fig. 1A). Children were trained
only for the trained simple and trained complex multiplica-
tion sets and not for the untrained sets. The multiplication
problems within each condition were presented randomly
in each run, for a total of five runs in each training ses-
sion (i.e., a total of 80 problems per session). Each problem
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was individually presented along with 12 different choices
including the correct solution. Detailed description of the
choices can be found elsewhere (Soltanlou et al. 2018b).
Response intervals for simple problems ranged randomly
from 7 to 20 s, jittered by 1.3 s, and for complex problems
from 15 to 45 s, jittered by 3 s. In an interactive competi-
tion, the computer displayed the correct solution whenever
the child did not respond within the response interval. To
provide feedback on performance and to increase motiva-
tion, the scores of the child and the computer were shown
on the right side of the screen (see also Soltanlou et al.
2018b). Both the child and the computer received one point
for each correct answer and one point was deducted for each
incorrect answer. The problem was presented until the child
responded correctly or correct answer was given. To cre-
ate a more realistic competition and to increase participant
motivation, the computer responded incorrectly for 30% of
the problems. Children were instructed to solve the problems
as quickly and accurately as possible.

fNIRS recording and preprocessing

fNIRS data were collected with the ETG 4000 Opti-
cal Topography System (Hitachi Medical Corporation,
Tokyo, Japan) using two wavelengths of 695 +20 nm and
830+20 nm to measure the absorption changes of oxy-
genated (O,Hb) and deoxygenated (HHb) hemoglobin,
according to the modified Beer—-Lambert law. The data
were recorded with a 10-Hz sampling rate, the fixed inter-
optode distance was 30 mm. Using two 3 X 5 arrangements
of optodes (8 emitters and 7 detectors each, Fig. 1B) in an
elastic combined fNIRS-EEG cap (Brain Products GmbH,
Herrsching, Germany) resulted in 22 measurement chan-
nels for each hemisphere (Fig. 1C). The correspondence of
the fNIRS channels to the underlying cortical regions was
estimated based on a virtual registration method (Rorden
and Brett 2000; Singh et al. 2005; Tsuzuki et al. 2007) and
labeled according to the automated anatomical labeling
(AAL) atlas (Tzourio-Mazoyer et al. 2002). For more details
see Soltanlou et al. (2017a).

Continuous changes in the concentration of O,Hb and
HHb were recorded for all channels during the measure-
ments. These changes occur through neurovascular coupling
in response to cortical activation. Data were preprocessed
and analyzed with custom MATLAB routines (The Math-
Works, Inc., USA). The continuous signals were bandpass
filtered with 0.01-0.2 Hz to remove long-term drift of base-
line, and high-frequency cardiac and respiratory activities
(Haeussinger et al. 2014; Sasai et al. 2011; Scholkmann
et al. 2014; Tong and Frederick 2010). The remaining noisy
channels (7.5%) were detected by visual inspection for each
participant and interpolated using the average signal of sur-
rounding channels. Most of these channels were located
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on bilateral temples and were not included in the regions
of interest (ROIs; see below). Incorrect and missing trials
(10.5%) were excluded. To address possible motion artifacts,
which is particularly important with children, and to reduce
non-evoked systemic influences (Haeussinger et al. 2014;
Scholkmann et al. 2014), we used the correlation-based sig-
nal improvement (CBSI) method (Cui et al. 2010), as one of
the recommended artifact correction methods in fNIRS sig-
nal processing (Brigadoi et al. 2014; Fishburn et al. 2019).
The CBSI time course, which is calculated based on the
assumed negative correlation between concentrations of
O,Hb and HHb, was used for further analysis. Using a data-
driven approach based on the grand average of the fNIRS
time series of all correctly solved trials across all channels,
participants, and conditions, the amplitude of 10 s after
stimulus onset (i.e., 0-10 s) was averaged for each channel,
participant, and condition. The grand average revealed that
the rising signal came back to the baseline at 10 s after the
stimulus onset. This average was baseline-corrected using
the 5 s before each respective trial and used for the analysis.

Analysis
Behavioral

Response times (RTs) were defined as the time interval from
problem presentation until participant keypress after the
verbal answer in the pre- and post-measurements. Median
RTs were calculated based on correct responses only (89.5%
of problems across pre- and post-test). The error rate was
defined as the proportion of incorrect and missing responses
to the total number of presented trials. Separate repeated-
measures analyses of covariance (rmANCOVAs) were
conducted for median RTs and error rates, and for simple
and complex multiplication. Each 2 X2 rmANCOVA com-
prised the within-factors of measurement time (pre- ver-
sus post-test), and training (trained versus untrained) and
grade as a continuous covariate because of its rather wide
range. According to the literature, having a greater amount
of education makes it easier to solve arithmetic problems,
and different educational levels lead to differences in per-
formance and brain activation patterns (Artemenko et al.
2018; McCaskey et al. 2018; Ranpura et al. 2013). We fur-
ther conducted correlation analyses to test whether children’s
performance in the pre-test predicts the training effect (i.e.,
changes in RT and error rate over time by calculating the
difference between these variables in pre- and post-test).

fNIRS

In the first step, ROIs were defined within the neural net-
work for arithmetic processing. They consisted of the frontal
(bilateral middle frontal gyrus and inferior frontal gyrus),

parietal (bilateral intraparietal sulcus, superior parietal
lobule, and supramarginal gyrus), and temporo-parietal
(bilateral angular gyrus and middle temporal gyrus) cor-
tices (Fig. 1C). The 2x2x2 rmANCOVA comprised the
within-factors of measurement time (pre- versus post-test),
training (trained versus untrained), hemisphere (left versus
right), and grade as a covariate. The rmANCOVAs were
conducted for each ROI, separately for simple and complex
multiplication.

In the next step, to test for the difficulty-related modula-
tion of neural activity due to multiplication training, a global
analysis was conducted. All 44 channels covering both hemi-
spheres were defined as one ROI. The 2 x2 rmANCOVA
comprised the within-factors of measurement time (pre-
versus post-test), complexity (simple versus complex), and
grade as a covariate. The statistical analyses were completed
using R (R Core Team 2018) and jamovi (Version 1.1.9)
(2019).

Results
Behavioral
Simple

The rmANCOVA of median RT for simple multiplication
revealed no significant effects (Fig. 2A). The rmANCOVA
of error rate revealed a significant main effect of training
[F(1,18)=6.52, p=0.020, fzpz =0.266], showing that the
children made fewer errors when solving trained simple
problems than untrained simple problems (Fig. 2B). Further
analysis revealed that the main effect of training comes from
the post-test difference between trained and untrained simple
problems [#(33.24)=2.22, p=0.033, d=0.50], while there
was no significant difference in the pre-test [#(33.24)=1.37,
p=0.179, d=0.31]. This observation suggests training-spe-
cific improvement as regards error rate in simple conditions.
A significant interaction of training X grade [F(1,18) =4.90,
p =0.040, I’[pz =0.214] indicated a larger difference
between trained and untrained conditions for older children
[7(18)=0.46, p =0.040]. Other effects were not significant
(see Supplementary Materials, Table S2).

Complex

The rmANCOVA of median RT for complex multiplication
revealed a significant main effect of time [F(1,18)=5.39,
p=0.032, qu =0.230], showing that the children became
faster at complex multiplication after training (Fig. 2A).
This observation suggests training improved performance
in both trained [#(29.59)=2.61, p=0.014, d=0.58] and
untrained [#(29.59)=2.43, p=0.022, d =0.54] complex
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problems over time. The significant main effect of train-
ing [F(1,18)=4.59, p=0.046, I’lpz =0.203] indicated faster
responses for trained complex problems than untrained
complex problems. Further analysis revealed that the
main effect of training comes from the post-test differ-
ence between trained and untrained complex problems
[#(33.73)=2.12, p=0.041, d=0.47], while the difference
was marginally significant in the pre-test [#(33.24) =1.84,
p=0.074, d=0.41]. This observation suggests training-
specific improvement as regards median RT in complex
conditions. Furthermore, the significant main effect of
grade [F(1,18)=14.70, p=0.001, izpz =0.450] indicated
that older children responded faster than younger children
[r(18)=-0.67, p=0.001].

The rmANCOVA of error rate revealed a significant
main effect of time [F(1,18)=4.39, p=0.050, rlp2=0.196],
showing that the children made fewer errors after train-
ing (Fig. 2B). Further analysis revealed a marginal effect
of time in trained complex problems [#(27.47)=1.83,
p=0.078, d=0.41], but not in untrained complex prob-
lems [#(27.47)=0.69, p=0.499, d=0.15]. The main effect
of grade [F(1,18)=11.60, p=0.003, qp2:0.391] indicated
that older children made fewer errors than younger children
[7(18)=— 0.63, p=0.003]. Other effects were not significant
(see Supplementary Materials, Table S2).

The correlation analysis between the RTs and error
rates before training predicted the training effect (trained
simple RT: r(18)=0.70, p <0.001; trained complex
RT: r(18)=0.91, p<0.001; trained simple error rate:
r(18)=0.92, p<0.001; trained complex error rate:
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r(18)=0.88, p<0.001). This finding suggests that children
with poorer performance before training gained more from
the 2 weeks of multiplication training.

fNIRS
Simple

The rmANCOVA revealed a significant interac-
tion of time X training in the temporo-parietal cortex
[F(1,18)=4.72, p=0.043, rlpz =0.208], suggesting train-
ing-specific changes. Whereas temporo-parietal activation
increased during trained simple multiplication solving after
2 weeks, this activation decreased during untrained simple
multiplication solving (Fig. 3A). Other effects were not sig-
nificant (see Supplementary Materials, Table S3).

Complex

In the frontal cortex, a significant main effect of time
[F(1,18)=6.46, p=0.020, 111,2 =0.264] and an interaction
of time X grade [F(1,18)=5.42, p=0.032, fzpz =0.231]
(Fig. 2B) showed increased activation after 2 weeks of
training, particularly in younger children [r(18)=— 0.48,
p=0.032]. The significant interaction of time X hemisphere
[F(1,18)=6.37, p=0.021, ’sz =0.261] and the interaction
of time X hemisphere X grade [F(1,18)=5.77, p=0.027,
quz 0.243] showed a greater increase in the left frontal
activation than in the right frontal activation after 2 weeks
of training (Fig. 3C), particularly in younger children.
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In the parietal cortex, a significant main effect of hemi-
sphere [F(1,18)=5.14, p=0.036, 11[,2 =0.222] and an inter-
action of hemisphere X grade [F(1,18)=5.20, p=0.035,
}lpz =0.224] showed greater activation in the right than in
the left parietal cortex, particularly in younger children
[r(18)=0.47, p=0.035]. The significant interaction of
time X training [F(1,18)=5.63, p=0.029, ,sz =(.238] and
the interaction of time X training X grade [F(1,18)=5.12,
p=0.036, ,sz =0.221] revealed training-specific changes.
The parietal activation increased during trained complex
multiplication after 2 weeks of training as compared to
untrained complex multiplication (Fig. 3D), particularly
in younger children.

In the temporo-parietal cortex, a significant main effect
of time [F(1,18)=6.21, p=0.023, ,lpz =0.256] showed
increased activation after 2 weeks of training (Fig. 3B).
Other effects were not significant (see Supplementary
Materials, Table S4).

Post-test

) Post-test
Time

Pre-test

Global analysis

To test difficulty-related modulation of neural activity, the
rmANCOVA on global activation revealed a significant
interaction of time X complexity [F(1,18)=4.84, p=0.041,
QPZ =0.212], showing increased activation only for complex
multiplication after 2 weeks of training [#(35.96) =2.06,
p=0.047, d=0.46] (Fig. 4). Other effects were not signifi-
cant (see Supplementary Materials, Table S5).

Discussion

The present study aimed at uncovering the brain activation
changes underlying arithmetic learning in children with MD.
Children with MD underwent computer-based arithmetic
training for 2 weeks. In a within-participant design, brain
activation in children with MD was measured using fNIRS
during simple and complex multiplication problem solving
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before and after the training, following up on our previous
study in TD children (Soltanlou et al. 2018b).

Neurobehavioral changes during simple calculation
in children with MD

On the behavioral level, fewer errors were observed in
the trained simple as compared to untrained simple prob-
lems in the post-test, showing that 2 weeks of training was
effective (see also Supplementary Materials, Table S6 for
transfer effects). On the neural level, 2 weeks of training
led to training-specific changes: temporo-parietal acti-
vation increased for trained simple multiplication prob-
lems, but decreased for untrained simple multiplication
problems. The left angular gyrus of the temporo-parietal
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(both trained and untrained) conditions in pre- and post-test. Error
bars depict 1 SE of the mean. For simplicity, the values in the figure
are not adjusted for the covariate. *p <0.05. C The heat map of brain
activation for each condition in pre- and post-test. Red and blue dem-
onstrate increased and decreased activation, respectively

cortex is a part of the arithmetic fact retrieval network and
automatization (Dehaene et al. 2003; Klein et al. 2016).
Our training probably led to the engagement of this net-
work during simple multiplication problem solving, which
indicates that the children used advanced strategies, such
as rote retrieval strategy and automatized procedures, to
a greater degree. This interpretation is in line with the
reported strategy that showed higher fact retrieval strat-
egy use after training as compared to before training
measurement.

The increased temporo-parietal activation for trained
simple multiplication supports previous studies show-
ing reduced overall brain activation in children with MD
as compared to TD children in a single-session meas-
urement (Berteletti et al. 2014). However, it contradicts
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fronto-parietal activation decrease during simple addition
problem solving that was reported by Iuculano et al. (2015).
Several methodological differences between the two studies
might explain this inconsistency. For example, our study
was in 10-14 years old children who are more advanced in
simple arithmetic skills than 7-10 years old children in their
study who have just started learning those skills. Previous
longitudinal (e.g., Artemenko et al. 2018) and cross-sec-
tional (e.g., Rivera et al. 2005) have shown brain activation
differences related to mathematical skills and advancements
between younger and older children. Additionally, while our
2-week training focused on the repetition of similar multipli-
cation problems (the most common way of learning multipli-
cation at school), their 8-week one-to-one tutoring focused
on conceptual knowledge acquisition such as counting
strategies and speeded retrieval facts. In other words, while
the aim of our study was developing retrieval strategy by
repeating the same problems over and over, Iuculano et al.
(2015) aimed to develop broader mathematical knowledge
in children with MD. There are some other methodological
differences between the two studies, such as number of train-
ing sessions (6 vs 16), arithmetic operation (multiplication
vs addition), and paradigm (verbal production vs verifica-
tion) that may partially explain the contradictory findings.
However, because of a lack of knowledge in this field, more
studies are needed to better understand the mechanisms of
simple calculation training in individuals with MD.

While the left angular gyrus has frequently been associ-
ated with multiplication fact retrieval, the literature on the
role of the right angular gyrus is less conclusive. Arsalidou
and Taylor (2011) suggested that the right angular gyrus
is involved in goal-directed salience representations and
supports visuospatial attentional demands during men-
tal arithmetic. We might conclude that children with MD
became more fluent and automatized in their problem solv-
ing strategies only for the simple multiplication problems
on which they received direct training but they could not
transfer this fluency to untrained, new simple multiplica-
tion problems. This training-specific change derives from the
interaction between measurement time and training, which
shows an unexpectedly decreased temporo-parietal activa-
tion in untrained simple multiplication over time. Behavioral
data indicate almost no improvement in untrained simple
multiplication over time. Therefore, we might speculate that
children with MD may have not yet established a problem
solving strategy for untrained calculations that might lead
to random brain activation patterns. Note that within our
training procedure, we expected developing those strategies
for trained problems, which we assume to lead to more con-
sistent brain responses to the trained problems. Future stud-
ies using trial-by-trial strategy reports might help to better
understand these brain activation changes.

Neurobehavioral changes during complex
calculation in children with MD

Children with MD improved in their behavioral performance
in trained as compared to untrained complex arithmetic after
training (see also Supplementary Materials, Table S6 for
transfer effects). While they were faster in solving both
trained and untrained complex problems after training, this
improvement was significantly larger in trained complex
problems. Children also made fewer errors only in trained
but not untrained complex problems after training. On the
neural level, training-related activation changes were exclu-
sively observed in the parietal region and generalized to
untrained complex multiplication in the frontal and temporo-
parietal regions (Fig. 3B and D).

As one of the most interesting findings in the current
study, 2 weeks of arithmetic training improved the numerical
and spatial processes related to mental calculation. This was
reflected by the training-related increase in parietal activa-
tion, particularly in younger children. The parietal cortex,
i.e., the intraparietal sulcus and the superior parietal lob-
ule, is involved in magnitude and visuospatial attentional
processes during mental arithmetic (Dehaene et al. 2003).
The increased engagement of these regions during trained
complex problem solving but not untrained complex prob-
lems supports previous literature on the dysfunction of these
regions in MD. For instance, Kucian et al. (2014) suggested
an impaired or delayed development of axonal coherence
and myelination in the fibers projecting to/from the parietal
cortex in children with MD, which might point to a discon-
nection syndrome. We may conclude that 2 weeks of training
partially resolved this disconnection syndrome and reduced
the arithmetic deficit in children with MD. However, this
conclusion is based on contrast analyses and the connectivity
between the parietal cortices and other math-related brain
regions needs to be investigated.

We also observed higher activation in the right than in the
left parietal cortex, particularly in younger children. While
the right intraparietal sulcus is engaged in non-symbolic
number magnitude processing, particularly at early ages
(Edwards et al. 2016; Hyde et al. 2010), the left intrapari-
etal sulcus is deeply involved in symbolic number magni-
tude processing of the numbers at school ages (Vogel et al.
2015) in association with language-related areas on the left
hemisphere. Supporting our current finding, the right pari-
etal cortex is expected to be involved in the calculation to
a greater degree in younger children than the left parietal
cortex, according to a recent theoretical model of functional
lateralization in the parietal cortex in arithmetic (Artemenko
et al. 2020).

Two weeks of training improved the cognitive processes
related to mental calculation, as frontal activation generally
increased after training, particularly in the left hemisphere.
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This improvement was not training-specific and observed in
both trained and untrained complex problem solving. Frontal
activation within the fronto-parietal network is associated
with domain-general cognitive processes during complex
arithmetic (Klein et al. 2016). These frontal circuits are
mainly involved in procedural strategies, which are the strat-
egies usually applied by TD children for complex arithmetic
(Arsalidou et al. 2018; Peters and De Smedt 2018). This
frontal activation increase was higher for younger children,
who exhibited poorer performance than older children before
training. Therefore, it is likely that younger children gained
more from training.

Two weeks of training improved the language-related
and goal-directed processes related to mental calculation,
as reflected by an activation increase in the temporo-pari-
etal region, i.e., angular gyrus and middle temporal gyrus.
Similar to the frontal activation increase, this improvement
was not training-specific and observed for both trained
and untrained complex problem solving. The left and right
angular gyri are, respectively, engaged in language-related
processes (Kesler et al. 2011) and goal-directed salience
representations during mental arithmetic (Arsalidou and
Taylor 2011). The increased involvement of these processes
seems rational because, among the basic arithmetic opera-
tions, multiplication is the one that strongly relies on ver-
bal repetitions and even complex multiplication usually is
decomposed into simple facts that might be retrieved from
memory. It seems that children with MD develop retrieval
and automated procedural strategies, which lead to increased
bilateral angular gyrus activation (Ashkenazi et al. 2013;
Polspoel et al. 2017; Rykhlevskaia et al. 2009). It is worth
noting that one of the most common procedures in complex
calculation is to split the calculation into small steps which
can be solved by retrieval or fast procedural processes (Sol-
tanlou et al. 2018a, b). Therefore, retrieval processes are part
of procedural strategies used during complex multiplication
and increased bilateral angular gyrus activation within the
temporo-parietal region is interpreted as a sign of training
effectiveness. This interpretation is supported by higher
retrieval strategies after 2 weeks of training as compared
to before training (see Supplementary Material, Table S6).

Difficulty-related modulation of neural activity

Two weeks of training led to the difficulty-related modu-
lation of neural activity in children with MD (Ashkenazi
et al. 2012): discriminable brain activation for simple ver-
sus complex multiplication problem solving was observed
after training but not before training. This reflects the more
extended brain activation pattern during complex than
simple arithmetic, which is typically observed for TD chil-
dren (e.g., Soltanlou et al. 2017a). Note that although this
difficulty-related modulation effect is widespread, it is not
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simply a systemic effect because it comes from an interac-
tion effect, where increased activation is only observed for
complex multiplication and not simple multiplication, and
the simple and complex problems were randomly presented
during the current event-related design.

The development towards typical arithmetic processing
by children with MD is supported by other training studies
(Iuculano et al. 2015; Michels et al. 2018). Tuculano et al.
(2015) found that brain activation in children with MD
is significantly discriminable from TD peers only before,
not after, training. In the same vein, Michels et al. (2018)
reported discriminable functional connectivity between chil-
dren with MD and TD children before, but not after, 5 weeks
of number line training. The data from the current study
indicate that 2 weeks of multiplication training activate the
most relevant neural networks for arithmetic processing so
that brain activation patterns for children with MD are like
those of TD children from other studies.

Limitations and future perspectives

We acknowledge our rather small sample size and broad
age range in the current study and we are aware of the rep-
licability crisis in psychology and neuroscience. However,
we should mention that data collection in special popula-
tions is quite challenging and time-consuming. To overcome
this barrier, and some others such as different MD defini-
tion criteria, comorbidity and heterogeneity, experimental
design, and data-analytic methods (De Smedt et al. 2019;
Kaufmann et al. 2013), we recommend multi-lab and multi-
variate approaches with a large N for future research.

In the absence of a direct control group within the same
statistical models, the current study followed our previous
multiplication training study in TD children (Soltanlou et al.
2018b) and results were compared between these studies
with almost the same procedure. The specific findings for
trained but not untrained arithmetic after 2 weeks of training
in children with MD prove training specificity rather than a
regression-to-the-mean effect in our data, which might be a
concern in the absence of a direct control group.

Our training method reflected the common way of teach-
ing multiplication at school (repetition of multiplication
problems), which may not necessarily improve mathematical
understanding, but led to an improvement in both response
time and accuracy. While the response time might be related
to retrieval processes, the accuracy cannot be directly inter-
preted as an improved retrieval strategy. On the one hand,
improved retrieval strategies might increase children’s
self-confidence and lead to lower missing responses that
were considered as errors in this study. It is also possible
that the retrieval strategy is more accurate than a proce-
dural strategy, particularly in children, who have problems
with domain-specific or domain-general processes in the
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procedural strategy. On the other hand, even improvement
in response time is not solely related to fact retrieval strate-
gies, but automatic mapping processes (De Visscher et al.
2015) and compact procedural strategies (Soltanlou et al.
2018a, b), which are not necessarily part of fact retrieval
strategies. These arguments are supported by the training-
specific changes in the IPS and also activation increase in
the prefrontal cortex, which are, respectively, related to the
manipulation of symbolic numbers and supportive cogni-
tive processes during mental calculation rather than retrieval
processes. However, some of our findings such as training-
related activation increase in AG during simple multiplica-
tion problem solving might be also observed after training
of a non-numerical task. For instance, Grabner et al. (2009)
showed an unspecific activation increase in the left AG dur-
ing both multiplication and figural-spatial problems solving.
Since we did not include any other mathematical task to test
for the general mathematical understanding of children, we
can neither exclude better retrieval strategies nor more com-
pact procedural strategies as explanations of our findings. In
fact, the available literature suggests the interpretation that
training improvement may not be either better fact retrieval
or more compact procedural strategies, but could be well due
to both and depend on individual and problems to be solved.
As a methodological limitation, fNIRS with its restricted
depth resolution only allows for the measurement of about
1-1.5 cm of the cortex (corresponding to 3 cm from the
scalp) in adults (Haeussinger et al. 2011; Schroeter et al.
2006). Therefore, we were not able to record activation
changes in subcortical regions such as the hippocampus that
are involved in mental arithmetic (e.g., Klein et al. 2016).

Conclusion

This study followed our recent multiplication training in TD
children (Soltanlou et al. 2018b) and investigated arithme-
tic learning in children with MD. A two-week training by
an interactive learning platform improved behavioral arith-
metic performance in both TD children and children with
MD. Surprisingly, opposite brain activation changes were
observed in TD children (Soltanlou et al. 2018b) and in chil-
dren with MD (current study): While 2 weeks of multiplica-
tion training led to brain activation decrease in the fronto-
parietal network of mental calculation in TD children, the
same training led to brain activation increase in that network
in children with MD. However, these differences between
the current findings and the findings in TD children (Sol-
tanlou et al. 2018a, b) need to be interpreted cautiously as
there was no direct statistical comparison between the two
studies. We conclude that: First the neural mechanisms of
arithmetic learning differ between TD children and children
with MD, Second, while calculation improvement relates to

more automatized and less effortful processes in TD chil-
dren, this improvement relates to more and functionally
better usage of cognitive processes in children with MD.
Third, the application of neuroimaging in the educational
context provides valuable insights about the underlying
mechanisms of mathematics learning (Dresler et al. 2018).
Namely, behavioral improvements may not necessarily rely
on similar neurocognitive changes in children with and with-
out mathematics problems. Fourth, educational interventions
should develop based on the direct findings in individuals
with MD rather than generalizations of findings in typical
populations. In other words, interventions that are developed
based on observations in TD children may not be the best
ways to improve mathematical skills in children with MD
and more direct studies in children with MD may provide a
more beneficial guidance.
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