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Abstract

Background: Arithmetic processing in adults is known to rely on a frontal-parietal network. However, neurocognitive
research focusing on the neural and behavioral correlates of arithmetic development has been scarce, even though
the acquisition of arithmetic skills is accompanied by changes within the fronto-parietal network of the developing
brain. Furthermore, experimental procedures are typically adjusted to constraints of functional magnetic resonance
imaging, which may not reflect natural settings in which children and adolescents actually perform arithmetic.
Therefore, we investigated the longitudinal neurocognitive development of processes involved in performing the four
basic arithmetic operations in 19 adolescents. By using functional near-infrared spectroscopy, we were able to use an
ecologically valid task, i.e,, a written production paradigm.

Results: A common pattern of activation in the bilateral fronto-parietal network for arithmetic processing was found
for all basic arithmetic operations. Moreover, evidence was obtained for decreasing activation during subtraction over
the course of 1 year in middle and inferior frontal gyri, and increased activation during addition and multiplication in
angular and middle temporal gyri. In the self-paced block design, parietal activation in multiplication and left angu-
lar and temporal activation in addition were observed to be higher for simple than for complex blocks, reflecting an
inverse effect of arithmetic complexity.

Conclusions: In general, the findings suggest that the brain network for arithmetic processing is already established

Longitudinal development, Natural setting

in 12-14 year-old adolescents, but still undergoes developmental changes.
Keywords: Functional near-infrared spectroscopy (fNIRS), Adolescents, Mental arithmetic, Arithmetic complexity,

Background

Arithmetic processing consistently activates a fronto-
parietal network in the adult brain, which includes pari-
etal regions such as the superior parietal lobule (SPL) and
inferior parietal lobule (IPL), and frontal regions such
as the inferior frontal gyrus (IFG), middle frontal gyrus
(MFQ) and left superior frontal gyrus (for a meta-analysis
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see [1]; see also [2—4]). In children, arithmetic processing
also generally recruits a similar fronto-parietal network
([5=7]; for a review see [8]); however, some differences
have been reported between children and adults. Spe-
cifically, arithmetic processing seems to be less function-
ally specialized in children, which leads to less parietal
activation especially in the intraparietal sulcus (IPS) for
children compared to adolescents and for adolescents
compared to adults [7, 9]. But since neurocognitive devel-
opment does not necessarily progress linearly, it is not
possible to generalize the neural and behavioral corre-
lates of arithmetic processing from either adults or chil-
dren to adolescents, an underrepresented age cohort in
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neurocognitive research (for a review see [8]; for a meta-
analysis see [10]). Therefore, the focus of the current
study is to systematically investigate the neurocognitive
correlates of arithmetic processing in adolescents by con-
sidering developmental activation changes as well as dif-
ferent complexity levels in all basic arithmetic operations.

Neurocognitive development of arithmetic processing

in children and adolescents

During childhood, the neurocognitive underpinnings
of arithmetic change with age and development: with
increasing age, children show decreasing activation in
bilateral SFG, MFG and the left IFG, indicating reduced
reliance on working memory and attentional resources,
and simultaneously increasing activation in the left
supramarginal gyrus and IPS, which is a core area in
number processing ([11]; see also [7, 9, 12, 13]; for meta-
analyses see [14, 15]). This so-called fronto-parietal shift
in brain activation can be considered to represent the
increasing functional specialization of the parietal cor-
tex for arithmetic processing accompanied by decreasing
reliance on domain-general cognitive processes [16].

While there is broad evidence for the fronto-parietal
shift during development, the specific activation changes
seem to depend on age, arithmetic content and design.
For instance, contradictory findings exist from cross-sec-
tional to longitudinal studies on arithmetic development
in 7-9 year-old children within 1 school year: Rosenberg-
Lee et al. [17] found increased fronto-parietal activation
in a cross-sectional study, while Qin et al. [18] found a
general reduction of activation in the fronto-parietal net-
work and increasing hippocampal activation in a longitu-
dinal study.

In summary, there is evidence for the fronto-parietal
activation shift during development in general. However,
contradictory neural findings were reported for develop-
ment during elementary school when arithmetic skills
are taught, and furthermore children’s arithmetic devel-
opment is quite heterogeneous [15, 19], which limits
the conclusions of cross-sectional designs. Finally, very
little is known about arithmetic development in adoles-
cents during secondary school when they already possess
arithmetic knowledge. Therefore, we chose to investigate
the neurocognitive underpinnings of arithmetic develop-
ment during 1 year of secondary school in a longitudinal
design.

Neurocognitive processing of arithmetic complexity

in children

Besides interindividual differences in arithmetic skills
during development, neurocognitive processing is also
affected by arithmetic complexity which differs between
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problems (for an overview see [20, 21]). In mental arith-
metic, complexity is increased when additional arith-
metic procedures have to be applied (e.g., carry and
borrow procedures) or when the numerical magnitude
of the operands is relatively large (e.g., two-digit versus
single-digit operands). Problems that require carrying in
addition (unit sum is larger than 9) or borrowing in sub-
traction (subtrahend unit is larger than minuend unit) are
more difficult for children than problems without these
procedures (e.g., [22]). The carry and borrow effects are
primarily associated with activation in frontal areas such
as the left IFG, bilateral MFG and SFG, as well as with
activation in parietal areas such as the left IPS in adults
[23-27]. However, the neural correlates of the carry and
borrow effects have so far not been investigated in chil-
dren or adolescents.

Arithmetic complexity indexes not only the need for
additional arithmetic procedures like carrying or borrow-
ing, which recruit mainly domain-general processes in
children [28], but also domain-specific attributes such as
numerical magnitude. Indeed, arithmetic problems with
relatively large operands are more difficult to solve than
problems with relatively small operands as reflected by
the problem size effect in children (e.g., [29]). On a neural
level, the problem size effect in single-digit arithmetic in
children was found to be associated with increased acti-
vation in the IPS, SPL, left MFG, and IFG in addition [17,
30, 31] and subtraction [30, 32], and in the left IPS and
left DLPFC in multiplication [32]. Moreover, two-digit
(as compared to single-digit) problems led to higher acti-
vation in IPS and angular gyrus (AG) in addition [5] and
in the right MFG in multiplication [33]. Furthermore,
with increasing problem size less activation in AG and
superior temporal gyri was observed [5, 30].

To summarize, the literature suggests that carrying/
borrowing and problem size both increase arithmetic
complexity by enhancing domain-general and domain-
specific processing demands, respectively. Although both
types of arithmetic complexity are associated with dis-
tributed fronto-parietal activation, we expect the carry
and borrow effects to be represented mostly in frontal
and partially in parietal brain regions in children, while
the opposite pattern is expected for the problem size
effect. In this study, we will investigate both types of
arithmetic complexity in different arithmetic operations,
since brain activation patterns have been shown to be
operation-specific, particularly in children and adoles-
cents ([30, 32, 34]; but see [6]) and the effects of arith-
metic complexity seem to depend on the operation (e.g.,
for multiplication see [35, 36]). The neural substrates of
division have not been investigated in children and ado-
lescents so far (except for a structural diffusion tensor
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imaging (DTI) study [37]). Therefore, arithmetic com-
plexity will be addressed using all four basic arithmetic
operations in the current study; i.e., the carry and borrow
effects in addition and subtraction, and the problem size
effect in multiplication and division.

An ecologically valid assessment of arithmetic processing
in children

The typical arithmetic tasks used in neuroimaging stud-
ies differ from the tasks usually employed in schools,
where children and adolescents typically have to pro-
duce written solutions for arithmetic problems, often in
a time-restricted manner. Typical neuroimaging stud-
ies investigating the correlates of arithmetic in adults use
verification or forced choice paradigms instead of written
production paradigms (as an exception see e.g., [38] for
an oral production paradigm) and fixed designs instead of
self-paced designs (as an exception see e.g., [39] for a self-
paced design). Importantly, these differences need to be
considered, because they seem to evoke different cognitive
processes as well.

First, verification and forced choice paradigms, which
are particularly apt for movement-sensitive fMRI meas-
urements, allow for shortcut strategies depending on
the distractor, and include additional decision and rec-
ognition processes (cf. [25, 40—42]) not involved in the
spontaneous calculation of arithmetic problems. Thus,
these paradigms have little in common with the written
production process usually employed in school. Second,
in fixed designs, the average neural activation across tri-
als is compared between conditions. If the reaction time
differs between conditions, this can lead to systematic
activation differences depending on task duration, while
self-paced responses allow for a different number of tri-
als within each block. Self-paced designs were further
shown to be comparable to fixed designs in sensitivity
and even superior in reproducibility and reliability [43].

In order to assess the neural activation patterns underly-
ing calculation in a more natural setting, a written produc-
tion paradigm within a self-paced block design was used
in this study (cf. [33]). A written production paradigm as
used in schools can be realized by using functional near-
infrared spectroscopy (fNIRS) to assess task-related neural
activation, since this method is relatively movement-insen-
sitive, allows for natural body postures, and can be easily
administered in students [44—46].

Objectives

The aim of this study is to understand arithmetic devel-
opment and complexity in adolescents, by investigating
arithmetic processing for all four basic operations with
varying complexity in a natural setting, in a longitudinal
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design so that individual differences can be controlled.
Specifically, we will address the following issues:

1. Do brain activity patterns change within frontal and
parietal regions for all arithmetic operations over the
course of 1 year? In line with the frontal-to-parietal
shift hypothesis, a simultaneous decrease in fron-
tal activation and increase in parietal activation is
expected.

2. Do the neural correlates of the basic arithmetic opera-
tions in adolescents vary with arithmetic complexity?
It is expected that the carry effect in addition and the
borrow effect in subtraction mainly lead to larger fron-
tal activation, while problem size effects in multiplica-
tion and division mainly lead to larger parietal activa-
tion associated with number magnitude processing.

These questions will be addressed by investigating all
four basic arithmetic operations at differing complexity
levels in 12—14 year-old adolescents in grades 6 and 7 in
an fNIRS study. While basic arithmetic skills are mostly
acquired in elementary school, it is unclear whether they
still undergo further automatization in older children and
adolescents. In order to assess arithmetic processing in a
natural setting, a written production paradigm with self-
paced responses will be used, and a standardized arith-
metic test will serve for the evaluation of generalizability
to arithmetic skills.

Methods

Participants

Twenty-six adolescents (20 male) were recruited through
local schools and a university mailing list. Nineteen adoles-
cents completed both measurements at the end of grades
6 and 7 (16 male; age in grade 6: M+SD=12.19+0.33,
range=11.75-12.75  vyears; age in grade 7:
M=£SD=13.3440.35, range =12.75-13.92 years). The time
interval between the two measurements was 1 year (interval
in months: M£SD=13.73£1.05, range=12-15 months).
All adolescents attended a German secondary school,
showed no history of neurological or mental disorders,
and all except for three left-handed participants were right-
handed. Non-verbal intelligence was assessed by the matrix
reasoning subtest of HAWIK-IV and verbal intelligence by
the similarities subtest of HAWIK-IV (Hamburg—Wechsler-
Intelligenztest fiir Kinder-IV; [47]). The adolescents showed
on average scores of 108.68£10.91 for non-verbal intel-
ligence and 110.00+9.57 for verbal intelligence (IQ£SD).
The standardized assessed arithmetic ability of the adoles-
cents was 57.21£8.70 (T score£SD), as assessed by the
arithmetic subtest of DEMAT 5+ (Deutscher Mathematik-
test fur fiinfte Klassen; [48]).
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Fig. 1 a Positions of the fNIRS channels mapped on the brain (by Minako Uga). As an example, the right brain hemisphere is shown along with the
red marked positions for the orientation of the probeset (the same applies to the left hemisphere). Channels included in the parietal, frontal, and
parieto-temporal ROls are marked by the orange boxes. b Example trial for the arithmetic task. The adolescents had to produce the correct solution
and write it on the screen. ¢ Exemplary course of the fNIRS signal. The block average curves of O,Hb (red), HHb (blue) and signal corrected by CBSI
(orange) are given for the left parietal ROI for simple subtraction in grade 7

Arithmetic tasks

All adolescents solved computerized addition, subtrac-
tion, multiplication, and division tasks which were pre-
sented in blocks with two complexity levels (simple,
complex). The addition and subtraction tasks consisted
of two two-digit operands with a two-digit solution. In
simple blocks, the addition problems did not require
the carry procedure and, accordingly, the subtraction
problems did not require the borrow procedure. In com-
plex blocks, the arithmetic problems requiring and not
requiring the carry and borrow procedure were mixed,
with no more than two no-carry or no-borrow problems
in a row. The mixing of problems with and without carry
or borrow procedure was meant to ensure that the ado-
lescents had to decide whether or not to apply the carry
or borrow procedure in each problem, and not just apply
it during the whole block. The subtraction problems
were constructed as the inverse of addition problems
(e.g., 26+52=78 — 78 —52=26). In the multiplication
task, simple blocks included problems with two single-
digit operands between 2 and 9 (solutions range between
12 and 72), while complex blocks included problems
with one single-digit operand between 2 and 9 and one
two-digit operand between 12 and 19 (solutions range
between 32 and 162). The division problems were con-
structed as the inverse of multiplication problems (e.g.,
8x4=32—>32:4=38).

The items were randomly chosen from a set of 50 items
per operation and complexity level. In each stimulus set,
the operands were matched in their numerical magnitude
and parity. The units and decades of the operands were
matched in their numerical magnitude and the posi-
tion of the larger operand was counterbalanced in each

condition. Pure decades (e.g., 20), tie numbers (e.g., 44)
and numbers sharing the same digit between operands
or the solution (e.g., 34+ 38) were excluded (for a similar
procedure see [25]).

The arithmetic tasks were presented in a block design
with a block length of 45 s, an inter-block-interval of 20's,
and four blocks per operation and complexity level, i.e.,
32 blocks in total. Simple and complex blocks of all oper-
ations were pseudorandomized for each participant and
presented in the same order at both measurement points.
The arithmetic problems along with an equal sign were
horizontally presented in white against black background
on the left side of the computer screen (cf. Fig. 1b) using
the software package Presentation (NeuroBehavioral
Systems, Inc., Berkeley, USA). In a production para-
digm, the adolescents were instructed to mentally solve
the arithmetic problems and to write the solution on
the touch screen using a contact pen (cf. [33]). The trace
of the contact pen on the touch screen during the writ-
ten responses was not visible to the adolescents and the
screen remained black in order to emphasize mental
arithmetic. Within a self-paced design, each trial fol-
lowed after a fixed inter-trial-interval of 500 ms, after
the button press or after the response time limit if no
response was made. Therefore, the number of items
within a block varied within and between participants.
The time limits were chosen based on the study of Huber
et al. [49], i.e., calculated by M+ 1 SD regarding the sum
of correctly and incorrectly solved trials within the time
window: 5 and 6 s for simple and complex addition (a
minimum of 9 simple and 8 complex trials per block), 6
and 9 s for simple and complex subtraction (a minimum
of 8 simple and 5 complex trials per block), 7 and 25 s
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for simple and complex multiplication (a minimum of
7 simple and 2 complex trials per block), and 7 and 45 s
for simple and complex division (a minimum of 7 simple
and 1 complex trial per block), respectively. The testing
phase was preceded by four practice trials for adolescents
to become familiar with the arithmetic tasks. In total, the
arithmetic tasks lasted 35 min and additionally included
a break after two out of four runs.

Procedure

The measurements were conducted with adolescents at
the end of grade 6 and 1 year later at the end of grade
7. In both experimental sessions, the adolescents solved
computerized tasks for all four basic arithmetic opera-
tions during fNIRS recording in a dimly lit room. The
adolescents were seated in front of the touch screen,
which was placed in an angle of 37 degrees, and the
fNIRS optodes were inserted into the cap on their head
after pushing aside the hair at each position (for a picture
of the general experimental setup, see Fig. 1c in the study
of [33], p. 727). Additionally, arithmetic ability and intel-
ligence were assessed in grade 6 before and after fNIRS
measurement, respectively. The adolescents underwent
further assessments in each session and performed two
additional tasks during the fNIRS recording in grade
6 that are not part of this study.

fNIRS data acquisition

fNIRS was measured using the ETG-4000 Optical Topog-
raphy System (Hitachi Medical Corporation, Tokyo,
Japan). Continuous laser diodes with wavelengths of
695+20 nm and 830+20 nm were used as light sources.
The sampling rate was 10 Hz. Two probesets with 22
channels and an inter-optode distance of 30 mm were
integrated in an elastic cap in order to cover the left and
right hemisphere. The probesets were placed into the cap
by localizing the upper channels in the back at P3/P4 and
orienting this channel row towards F3/F4 (according to
the 10/20 system [50]; cf. Fig. 1a). Note that because of the
constant optode distance, the brain areas underlying the
channels varied depending on cap size (54, 56, 58 cm).

Analysis of behavioral data

As a behavioral measure in a self-paced design, the num-
ber of presented trials (i.e., the sum of presented trials
during all experimental blocks of a certain condition) was
calculated. Furthermore, the written solutions of the sub-
jects were visualized with the help of a RON (ReadOut
Numbers) program (Ploner, 2014) and manually analyzed
for correctness. Response times (RT) were defined from
stimulus onset to the final button press when the subject
had finished producing the solution to the arithmetic
problem. For RT analysis, only RTs of correct trials were
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included and the median RT was calculated for each sub-
ject and condition. Accuracy (ACC) was calculated by
the proportion of correctly solved trials. The behavioral
data was statistically analyzed by a repeated-measures
ANOVA with the within-subject factors grade (6, 7) and
complexity (simple, complex) for each task.!

fNIRS data analysis

For each fNIRS channel, the optical data for the two
wavelengths were transformed into relative concentra-
tion changes of oxygenated (O,Hb) and deoxygenated
haemoglobin (HHb). The analysis of the fNIRS data was
conducted using custom MATLAB (The MathWorks,
Inc., USA) scripts. For data preprocessing, a bandpass
filter of 0.01-0.2 Hz was applied to the data [51]. In the
next step, noisy fNIRS channels were interpolated by
neighboring channels, and blocks containing uncorrect-
able artifacts were excluded from the analysis. Moreo-
ver, to deal with remaining motion artifacts, the signal
was corrected by correlation-based signal improvement
(CBSI) according to Cui et al. [52]. CBSI corrects the sig-
nal based on the assumption that simultaneous increases
in O,Hb and decreases in HHb are indicators of cortical
activation [53] and is among the best methods for reduc-
ing motion artifacts [54], particularly in children and
adolescents. Afterwards, the 45 s blocks were averaged
across the four repetitions for each condition and base-
line-corrected mean amplitudes of the hemodynamic
responses were calculated channel-wise for each partici-
pant (baseline: 10 s).

Based on virtual registration [55-57] and according
to the automated anatomic labeling (AAL) atlas [58],
regions of interest (ROIs) were defined for left and right
parietal areas (including SPL and IPL), frontal areas
(including MFG and IFG), and parieto-temporal areas
(including AG and middle temporal gyrus (MTG); cf.
Fig. 1a for the position of the ROIs and Fig. 1c for an
example signal within a ROI). Based on the individual
activation peak within each ROI (cf. [59]), the contrasts
for each grade and complexity level were calculated and
the significance of activation was tested for each task
using one-sample ¢-tests against zero (significance level
of .05, False Discovery Rate (FDR) corrected for mul-
tiple statistical comparisons, cf. [60]). The main analy-
sis focuses on the developmental fronto-parietal shift
hypothesis and therefore was performed on the frontal

! The behavioral analysis is mainly based on the number of presented tri-
als, since this reflects the most appropriate measure for self-paced written
responses. The results for RT and ACC analyses should be regarded with
caution, since the evaluation of the written responses was not objective due
to technical problems with the touch monitor during the production par-
adigm. Because of these technical problems, the RT and ACC data of one
subject is missing for grade 6.
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Table 1 Behavioral results for the arithmetic tasks
Task Npresented trials RT ACC
Fi18 p 7[;‘; Fia7 p 77: Fi17 p 77;
Addition
Grade 293 104 140 1.49 283 081 3.98 062 190
Complexity 166.33 <.001 .902 92.72 <.001 845 15.63 .001 479
Grade x complexity 0.08 783 004 1.19 291 065 7.75 013 313
Subtraction
Grade 1.61 220 082 143 263 073 7.32 015 301
Complexity 299.87 <.001 943 178.29 <.001 913 7.20 016 297
Grade x complexity 6.61 .019 269 0.39 539 023 0.03 877 001
Multiplication
Grade 0.00 984 .000 0.73 405 041 3.24 090 160
Complexity 191.66 <.001 914 101.87 <.001 857 55.25 <.001 765
Grade x complexity 127 275 .066 0.24 634 014 0.16 698 .009
Division
Grade 0.03 860 002 0.69 418 039 1.15 298 063
Complexity 150.03 <.001 893 24.79 <.001 593 67.90 <.001 .800
Grade x complexity 047 500 026 0.58 458 033 0.66 428 037

Significant effects are shown in italics.

and parietal ROIs within a 2 grade (6, 7) x 2 complexity
(simple, complex) x 2 ROI (frontal, parietal) x 2 hemi-
sphere (left, right) repeated measures ANOVA for each
task. Additionally, since some studies found temporal
and AG activation to be associated with arithmetic dur-
ing development (e.g., [32]), another analysis was per-
formed on the parieto-temporal ROIs within a 2 grade (6,
7) x 2 complexity (simple, complex) x 2 hemisphere (left,
right) repeated measures ANOVA for each task.

For significant effects of grade and arithmetic complex-
ity, separate ANCOVAs were conducted by including
the difference in the number of presented trials for the
respective effect as a covariate. This procedure was con-
ducted based on the self-paced design in accordance with
Soltanlou et al. [33], but the results should be taken with
caution, because the effect of the covariate was not inde-
pendent from the investigated effects (see [61]). Further-
more, brain-behavior-correlations between the number
of presented trials and cortical activation in each ROI
were calculated for the effect of grade (grade 7 vs. grade
6) and the effect of arithmetic complexity (complex vs.
simple) for each task. Results and discussion of the brain-
behavior-correlations are reported in Additional file 1.

Results

Behavioral data

In general, better behavioral performance means that
the adolescents solved more problems during the blocks
(larger number of presented trials), were faster in solving

the problems (lower RT), and made fewer errors (larger
ACC). Behavioral data was analyzed by a 2 grade (6,
7) x 2 complexity (simple, complex) ANOVA for each
task (for statistical details see Table 1, see also Fig. 2).

In addition, there was a significant main effect of com-
plexity for all measures, indicating a better performance
on simple problems. Furthermore, a significant interac-
tion of grade and complexity for ACC indicated that the
adolescents were making fewer errors on simple prob-
lems from grade 6 to grade 7 (post hoc test: p=.015). No
other effects were significant.

In subtraction, the main effect of grade was significant
for ACC, indicating that the adolescents made fewer
errors from grade 6 to grade 7. There was a significant
main effect of complexity for all measures, indicating a
better performance on simple problems. Furthermore,
a significant interaction of grade and complexity for the
number of presented trials indicated that the adolescents
were only solving more simple problems from grade 6 to
grade 7 (post hoc test: p=.036), which corresponds to
the addition result for ACC.

In multiplication, there was a significant main effect
of complexity for all measures, indicating a better per-
formance for simple problems. No other effects were
significant.

In division, there was a significant main effect of com-
plexity for all measures, indicating a better performance
for simple problems. No other effects were significant.
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Fig. 2 Number of presented trials in the a addition, b subtraction, € multiplication, and d division tasks. Significant arithmetic complexity and grade
effects are marked (*p <.05). Error bars indicate 1 SE of M

The standardized assessed arithmetic ability correlated
positively with behavioral performance for all arithme-
tic tasks (average number of presented trials) in grade 6
(r=.504, p=.028) and showed a similar trend for grade
7 (r=.443, p=.058), indicating that arithmetic perfor-
mance measured in the experimental task resembles the
arithmetic skill of the adolescents.

fNIRS data

Cortical activation within the ROIs defined above was
analyzed separately for complexity and grade level for
each task (cf. Additional file 1: Figs. S1-S4). In all arith-
metic tasks, significant activation was found in the bilat-
eral parietal and bilateral frontal areas for simple and
complex arithmetic in both grade levels (¢s(18)>2.50,
FDR-corrected ps <.05). Additionally, significant deac-
tivation was found in the left parieto-temporal area for
complex addition in grade 6 (#(18)=—2.32, FDR-cor-
rected p <.05; cf. Additional file 1: Fig. S1). There were no
other areas with significant activation or deactivation (all
FDR-corrected ps >.05).

Activation in MFG/IFG and SPL/IPL

First to examine our main question regarding the fronto-
parietal shift in brain activation and arithmetic complex-
ity effects in frontal (MFG/IFG) and parietal (SPL/IPL)
brain regions, a 2 grade (6, 7) x2 complexity (simple,
complex) x 2 ROI (frontal, parietal) x 2 hemisphere (left,
right) ANOVA was calculated for each task.

In addition, no significant effects were observed (all
ps>.1).

In subtraction, there was a significant main effect of
hemisphere (F(1, 18)=7.13, p=.016, n;=.284) indicat-
ing that activation was larger in the left hemisphere than
in the right hemisphere. Furthermore, the interaction of
grade and ROI was significant (F(1, 18) =4.44, p=.050,
n§=.198) and a one-sided post hoc test based on our

directed hypothesis revealed that only frontal activation
decreased from grade 6 to grade 7 (p=.046; cf. Fig. 3a).
No other effects were significant (all ps>.1).

In multiplication, there was a significant main effect of
hemisphere (F(1, 18)=7.23, p=.015, n§=.287) indicat-
ing that activation was larger on the left hemisphere than
on the right hemisphere. Furthermore, a significant main
effect of complexity (F(1, 18)=5.20, p=.035, n’%:.224)
and a significant interaction of complexity and ROI (F(1,
18)=5.74, p=.028, nﬁ: .242) were found, indicating that
only parietal activation was increased for simple com-
pared to complex problems (post hoc test: p=.012; cf.
Fig. 3b). No other effects were significant (all ps>.05).

In division, there was a significant main effect of hemi-
sphere (F(1, 18) =4.50, p=.048, n§=,200) and a signifi-
cant interaction of ROI and hemisphere (F(1, 18) =12.15,
p=.003, r;; =.403) indicating that only parietal activation
is larger on the left hemisphere than on the right hemi-
sphere (p=.005). No other effects were significant (all
ps>.05).

a Subtraction b Multiplication
2 010 0.10
o0 ES \f H
& 005 z 0.05
G
| 0.00 0.00
=2
=
E -0.05 -0.05
grade 6 grade 7 simple complex
—o— frontal parietal —o— frontal parietal

Fig. 3 Cortical activation in the frontal and parietal ROIs. a Signifi-
cant reduction in frontal activation from grade 6 to grade 7 in the
subtraction task (*p <.05). b Significantly increased parietal activation
for simple compared to complex blocks in the multiplication task

(*p <.05). Error bars indicate 1 SE of M
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Fig. 4 Cortical activation in the parieto-temporal ROls. a Significant change in parieto-temporal activation from grade 6 to grade 7 in the addition
task (*p <.05). b Significantly increased left parieto-temporal activation for simple compared to complex blocks in the addition task (*p <.05). €
Significant change in parieto-temporal activation from grade 6 to grade 7 in the multiplication task (*p <.05). Error bars indicate 1 SE of M

Activation in AG/MTG

Next to investigate developmental activation changes and
arithmetic complexity effects for parieto-temporal brain
regions (AG/MTG), an additional analysis was performed
for parieto-temporal activation within a 2 complexity
(simple, complex) x 2 grade (6, 7) x 2 hemisphere (left,
right) ANOVA for each task. In the addition task, there
was a significant main effect of grade (F(1, 18)=6.18,
p=.023, n;=.256) indicating that there was a change in
the parieto-temporal region from deactivation in grade
6 to activation in grade 7 (cf. Fig. 4a). Furthermore, the
addition task revealed a significant interaction effect of
complexity and hemisphere (F(1, 18)=5.25 p=.034,
nﬁ: .226) and a post hoc test revealed that only left pari-
eto-temporal activation was higher for simple compared
to complex problems (p=.037; cf. Fig. 4b). In the multi-
plication task, there was a significant main effect of grade
(F(1, 18)=5.31, p=.033, n?=.228) indicating that there
was a change in the parieto-temporal region from deacti-
vation in grade 6 to activation in grade 7 (cf. Fig. 4c). No
other effects were significant (all ps>.05).

To summarize, grade effects were found for a reduction
in frontal activation in subtraction and an increase in
parieto-temporal activation in addition and multiplica-
tion, inverse arithmetic complexity effects were found for
parietal activation in multiplication and left parieto-tem-
poral activation in addition, and lateralization effects”
were found for frontal activation in subtraction and mul-
tiplication and for parietal activation in subtraction, mul-
tiplication and division.

% Note that the lateralization effects got significant for all operations and the
corresponding effect sizes were stronger when the left-handed participants
were excluded from analyses (Addition: F(1, 15)=5.44, p=.034, 7]5:.266;
Subtraction: F(1, 15)=13.59, p=.002, 772: 475; Multiplication: F(1,
15)=18.06, p=.001, = 546; Division: F(1, 15) =10.87, p=.005, )= 420).
This issue of handedness and cortical lateralization needs further investiga-
tion in future research.

Additional analysis of fNIRS data

Covariance analyses were conducted in order to account
for the behavioral effects of grade and arithmetic com-
plexity. Despite considering the behavioral effect, the
effect of grade for parieto-temporal activation in the
multiplication task was still significant (F(1, 17)=5.90,
p=.027, nﬁ: .258) and in the addition task still marginal
significant (F(1, 17)=3.26, p=.089, n§=.161). On the
other hand, the effect of grade for frontal activation in
the subtraction task (F(1, 17) =2.27, p=.150, n;=.118),
the effect of arithmetic complexity for parietal activa-
tion in the multiplication task (F(1, 17)=1.07, p=.317,
n,=.059), and for left parieto-temporal activation in the
addition task (F(1, 17)=.46, p=.506, n§=.026) did not
reach significance when considering the behavioral effect.

Discussion

By investigating the neural underpinnings of calcula-
tion in adolescents, we observed activation within the
bilateral fronto-parietal network for all basic arithmetic
operations. Consistent with the general idea of a fronto-
parietal shift with age and experience, the results provide
further evidence for a reduction in activation of MFG/
IFG from grades 6 to 7 for subtraction and a change in
activation of AG/MTG for addition and multiplication.
The activation of the left AG/MTG during addition was
additionally modulated by arithmetic complexity. Poten-
tially owing to the self-paced design, activation of SPL/
IPL was found to be higher for simple than for complex
multiplication, reflecting an inverse effect of arithmetic
complexity.

In general, activation of the bilateral fronto-parietal
network was found for all basic arithmetic operations.
Overall, our findings are in line with previous studies
showing that parietal regions (i.e., the SPL, IPL, and par-
ticularly the IPS) are associated with arithmetic in adults
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[1, 62, 63]. Furthermore, it seems possible to generalize
findings from exact addition in children and adolescents
[5, 7, 45, 64] to arithmetic processing for all four basic
operations. The present findings further corroborate pre-
vious studies [6, 65] which have observed overlapping
frontal activation for all basic arithmetic operations in
the MFG, IFG, and SFG. Taken together, the results show
that adolescents rely on the bilateral fronto-parietal net-
work of arithmetic processing to use the basic arithmetic
operations in a natural setting. This activation pattern,
however, is influenced by arithmetic development and
complexity.

Developmental activation changes in arithmetic

During arithmetic development, brain activation for
arithmetic processing is thought to rely less on fron-
tal and more on parietal areas [11, 16]. From grade 6 to
grade 7, the adolescents showed improved subtraction
performance which was accompanied by reduced fron-
tal activation in MFG/IFG. This result confirms decreas-
ing frontal activation during development, as suggested
by previous cross-sectional [11], longitudinal [18] and
training data [12]. In line with these findings, children
rely more on domain-general supportive frontal areas
such as the IFG for working memory and cognitive con-
trol compared to adults [66]. Decreasing frontal activa-
tion was not observed for arithmetic operations other
than subtraction, possibly because there was no general
behavioral improvement in these operations from grade
6 to grade 7. In sum, the current data provide partial sup-
port for the developmental fronto-parietal shift during
secondary school, since a reduction in frontal activation
from grade 6 to grade 7 was found for subtraction, but
not for other operations.

Contrary to predictions based on findings comparing
children and adolescents to adults [9, 7, 11], no activation
increase was observed within the SPL/IPL in any opera-
tion over the course of 1 year. Since explicit instruction
and training for the basic arithmetic operations con-
cludes earlier in elementary school education (in grade
4), adolescents are presumably proficient in arithmetic,
and do not particularly practice or improve on these
skills between grades 6 and 7. In light of the conflicting
findings on changes in parietal activation during elemen-
tary school [17, 18, 32], the maturation of domain-spe-
cific processes might be related mostly to initial progress
in learning arithmetic and less to general experience
with numbers. Thus, the parietal activation increase dur-
ing arithmetic development might occur earlier than in
secondary school when arithmetic knowledge is already
established.

In addition to the results for frontal and parietal brain
regions, a change from AG/MTG deactivation in grade 6
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to increased activation in grade 7 was observed for addi-
tion and multiplication. This resembles the finding from
Rosenberg-Lee et al. [17] that right AG deactivation in
grade 2 changed to above baseline activation in grade 3
for single-digit addition (see also [32]). Considering the
role of the AG in the default mode network [67], deac-
tivation in the AG most likely reflects increased task
demands for arithmetic processing [68—70]. The same
task may therefore become less demanding during devel-
opment—similar to the way that task demands (and
deactivation in the left AG) decline with increasing math
competence in adults ([70-72]; for a review see [73]).
Although behavioral improvement was only found for
simple addition but not multiplication, the grade-related
activation change in the AG/MTG might be related to
the maturation of arithmetic fact retrieval processes [4].
Altogether, the current data show that arithmetic devel-
opment during secondary school is to a certain extent
accompanied by a reduction in frontal domain-general
processing, but does not rely on increased parietal mag-
nitude processing.

Regarding the findings for developmental changes in
arithmetic, a note of caution is due since the probe place-
ment varies with changes in head size during develop-
ment. This is because the distance between the optodes
is fixed and the probeset was oriented at parietal sites so
that the position of frontal optodes in particular changes
with head size. Head size increases by about 0.5 cm dur-
ing 1 year in this age range (see [74]; see also Table 1 in
[75] based on the data of [76]), corresponding to a devia-
tion of 1 mm for the most frontal optodes. This devia-
tion might have affected the frontal results for arithmetic
development to some extent, but might be negligible,
because fNIRS has a spatial resolution of 3 cm and brain
weight does not substantially change between the age of
10 and 14 (see [77]). Thus, longitudinal research reflects a
challenge for neuroimaging research.

Influence of complexity on arithmetic processing

in adolescents

The neural correlates of arithmetic processing in ado-
lescents vary with complexity. For instance, activation
in the left AG/MTG was higher for simple compared to
complex addition blocks, likely because the adolescents
solved more simple than complex addition problems in
a given length of time. This result corroborates previous
findings on the problem size effect showing larger activa-
tion of the AG and superior temporal gyri for small prob-
lems [5, 30], which likely reflects the retrieval of exact
arithmetic facts during single-digit addition problems (cf.
[30, 78]). Interestingly, the left AG and MTG are known
to belong to the network underlying verbally mediated
arithmetic fact retrieval [4, 79]. In the current study,
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two-digit addition problems without carry procedure
were used in the simple condition, so that the activation
increase of the left AG/MTG for simple problems reflects
separate arithmetic fact retrieval for the sum of the units
and the sum of the decades (cf. [80]). Furthermore, the
different activation levels of the left AG/MTG associated
with arithmetic complexity indicate the increased task
demand for complex compared to simple addition prob-
lems [67], because regions in the default mode network
are generally less active when the task gets more complex
[81].

Behaviorally, the carry/borrow effect in addition/sub-
traction and the problem size effect (comparing two-
digit to single-digit problems) in multiplication/division
increased task difficulty. However, surprisingly, increased
arithmetic complexity was not found to be associated
with increased frontal or parietal activation as previously
observed (cf. [17, 30, 33, 72]). On the one hand, the self-
paced block design might obscure these effects because
activation may have increased not only due to difficulty
in complex blocks but also due to the larger number of
solved problems in simple blocks. It should be noted,
however, that fixed-paced block designs or event-related
designs are also problematic as arithmetic complexity is
confounded with different durations for solving simple
and complex problems, which can lead to more extensive
activation for complex problems (cf. [82]) and to addi-
tional task-irrelevant activation (cf. [83]). On the other
hand, the difference between simple and complex blocks
in the present study might be too minor to be detected
on the neural level, due to design specifications includ-
ing a balanced problem size, the mix of carry/borrow and
no-carry/borrow problems in complex blocks in addi-
tion and subtraction, as well as overlapping ranges of
the problem size in multiplication and division (different
from [33, 72]). Altogether, the specific design as well as
properties of the stimulus material seem to have a crucial
impact on the dependence of fronto-parietal activation
on arithmetic complexity.

Number magnitude processing in a self-paced block
design

Regarding arithmetic complexity, simple multiplica-
tion problems elicited larger parietal activation than
complex multiplication problems. This inverse effect, in
which decreased activation is associated with increased
arithmetic complexity, might again be explained by the
self-paced block design used here, since it was no longer
significant when the number of presented problems was
considered as a covariate. More problems were solved
during simple than complex blocks, because the solu-
tions for single-digit problems can be faster and relatively
automatically retrieved from memory, while two-digit
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problems mostly need to be solved by slower procedural
strategies. Notably, the activation increase in SPL/IPL
including the IPS, associated with automatized num-
ber magnitude processing [4, 84], was larger for simple
blocks, i.e., when more problems were solved and thus
elicited increased number magnitude processing. On the
contrary, the question arises whether the higher parietal
activation usually observed for more complex problems
(e.g., [71]) is really due to the calculation procedures
underlying their solution or rather due to the longer pro-
cessing duration (cf. [83]). In sum, the function of the
parietal cortex might additionally depend on the number
of magnitudes to be processed, i.e., the number of arith-
metic problems, besides the processing of number mag-
nitude, i.e., problem size.

Conclusions and perspectives

In conclusion, the neural activation pattern within the
fronto-parietal network of arithmetic processing was
found to be similar across arithmetic operations, but
still undergoes development in 12—4 year-old adoles-
cents. Consistent with previous studies, a reduction in
frontal activation was observed during development
and arithmetic complexity was associated with reduced
AG/MTG activation. In contrast to previous stud-
ies, however, arithmetic complexity elicited less pari-
etal activation. We have argued that the current study
differed from previous designs by using a self-paced
written production paradigm, in which the complex-
ity factor might be confounded with number of trials.
Nevertheless, we wish to point out that the inverse
arithmetic complexity effect observed in the current
study is not just an artifact of the experimental design,
but rather reflects the brain activation of adolescents in
a natural setting.

More generally, we believe that this study shows that
fNIRS seems suitable as an ecologically valid comple-
mentary method, especially for research in educational
neuroscience [12], because arithmetic processes can be
examined in a scholastic setting, where adolescents can
solve arithmetic problems in the familiar style of written
production (cf. [45, 46]; for a review see [85]).

Additional file
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effect of arithmetic complexity in the addition task.



https://doi.org/10.1186/s12993-018-0137-8

Artemenko et al. Behav Brain Funct (2018) 14:5

Authors’ contributions

All authors contributed to the study conception and design. Material prepara-
tion, data collection and analysis were performed by CA, MS and TD. The first
draft of the manuscript was written by CA and all authors commented on
previous versions of the manuscript. All authors read and approved the final
manuscript.

Author details

! LEAD Graduate School & Research Network, University of Tuebingen,
Tuebingen, Germany. > Department of Psychology, University of Tuebingen,
Tuebingen, Germany. > Graduate Training Centre of Neuroscience/IMPRS

for Cognitive and Systems Neuroscience, Tuebingen, Germany. * Leibniz-
Institut fur Wissensmedien, Tuebingen, Germany. > Department of Psychiatry
and Psychotherapy, University of Tuebingen, Tuebingen, Germany.

Acknowledgements

We would like to thank Minako Uga and Ippeita Dan for their help in prepar-
ing the spatial registration and anatomical labeling of fNIRS channels. We
also want to thank Samantha Speidel, Anne Bisemeyer and Joshua Schmid
for assistance in the measurements, and Barbara Peysakhovich and Julianne
Skinner for language proofreading of the paper.

Competing interests
The authors declare that they have no competing interests.

Availability of data and materials

The data that support the findings of this study are available on request from
the corresponding author CA. The data are not publicly available due to com-
promising research participant consent.

Consent for publication
Not applicable.

Ethics approval and consent to participate

The study was approved by the local ethics committee of the Medical Faculty
of the University of Tuebingen and all procedures were in accordance with the
latest version of the Declaration of Helsinki. All adolescents and their parents
gave written informed consent and received monetary compensation for
participation.

Funding

This research was funded by the LEAD Graduate School & Research Network
[GSC1028], which is funded within the framework of the Excellence Initiative
of the German federal and state governments supporting CA and TD. This
research was further funded by a grant from the Science Campus Tuebingen,
project 84 to HCN supporting MS. ACE was partly supported by the IZKF
Tubingen (Junior Research Group, Grant 2115-0-0).

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 21 July 2017 Accepted: 1 March 2018
Published online: 10 March 2018

REFERENCES

1. Arsalidou M, Taylor MJ. Is 2 +2=4? Meta-analyses of brain areas needed
for numbers and calculations. Neurolmage. 2011;54(3):2382-93. https.//
doi.org/10.1016/j.neuroimage.2010.10.009.

2. Dehaene S, Cohen L. Cerebral pathways for calculation: double dissocia-
tion between rote verbal and quantitative knowledge of arithmetic. Cor-
tex. 1997;33(2):219-50. https://doi.org/10.1016/50010-9452(08)70002-9.

3. Klein E, Moeller K, Glauche V, Weiller C, Willmes K. Processing pathways in
mental arithmetic-evidence from probabilistic fiber tracking. PLoS ONE.
2013;8(1):e55455. https://doi.org/10.1371/journal.pone.0055455.

4. Klein E, Suchan J, Moeller K, Karnath HO, Knops A, Wood G, Willmes
K. Considering structural connectivity in the triple code model of

22.

23.

Page 11 of 13

numerical cognition: differential connectivity for magnitude processing
and arithmetic facts. Brain Struct Funct. 2016;221(2):979-95. https://doi.
0rg/10.1007/500429-014-0951-1.

Davis N, Cannistraci CJ, Rogers BP, Gatenby JC, Fuchs LS, Anderson

AW, Gore JC. The neural correlates of calculation ability in children:

an fMRI study. Magn Reson Imaging. 2009;27(9):1187-97. https://doi.
org/10.1016/j.mri.2009.05.010.

Kawashima R, Taira M, Okita K, Inoue K, Tajima N, Yoshida H, Fukuda H.
A functional MRI study of simple arithmetic—a comparison between
children and adults. Cognit Brain Res. 2004;18(3):227-33. https://doi.
0rg/10.1016/j.cogbrainres.2003.10.009.

Kucian K, von Aster M, Loenneker T, Dietrich T, Martin E. Develop-

ment of neural networks for exact and approximate calculation:

a FMRI study. Dev Neuropsychol. 2008;33(4):447-73. https://doi.
0rg/10.1080/87565640802101474.

Peters L, De Smedt B. Arithmetic in the developing brain: A review

of brain imaging studies. Dev Cognit Neurosci. 2017. https://doi.
0rg/10.1016/j.dcn.2017.05.002.

Chang T-T, Metcalfe AWS, Padmanabhan A, Chen T, Menon V. Heteroge-
neous and nonlinear development of human posterior parietal cortex
function. Neurolmage. 2016;126:184-95. https://doi.org/10.1016/j.
neuroimage.2015.11.053.

. Arsalidou M, Pawliw-Levac M, Sadeghi M, Pascual-Leone J. Brain areas

needed for numbers and calculations in children: meta-analyses of
fMRI studies. Dev Cognit Neurosci. 2017. https://doi.org/10.1016/j.
dcn.2017.08.002.

. Rivera SM, Reiss AL, Eckert MA, Menon V. Developmental changes in

mental arithmetic: evidence for increased functional specialization in the
left inferior parietal cortex. Cereb Cortex. 2005;15(11):1779-90. https://
doi.org/10.1093/cercor/bhi055.

. Soltanlou M, Artemenko C, Ehlis A-C, Huber S, Fallgatter AJ, Dresler T,

Nuerk H-C. Reduction but no shift in brain activation after arithmetic
learning in children: a simultaneous fNIRS-EEG study. Sci Rep. 2018.
https://doi.org/10.1038/541598-018-20007-x.

. Soltanlou M, Sitnikova M, Nuerk H-C, Dresler T. Applications of functional

near-infrared spectroscopy (fNIRS) in studying cognitive development:
the case of mathematics and language. Front Psychol. 2018,9:277. https://
doi.org/10.3389/fpsyg.2018.00277.

Houdé O, Rossi S, Lubin A, Joliot M. Mapping numerical processing,
reading, and executive functions in the developing brain: an fMRI meta-
analysis of 52 studies including 842 children. Dev Sci. 2010;13(6):876-85.
https://doi.org/10.1111/j.1467-7687.2009.00938 x.

Kaufmann L, Wood G, Rubinsten O, Henik A. Meta-analyses of develop-
mental fMRI studies investigating typical and atypical trajectories of num-
ber processing and calculation. Dev Neuropsychol. 2011,36(6):763-87.
https://doi.org/10.1080/87565641.2010.549884.

Menon V. Developmental cognitive neuroscience of arithmetic: implica-
tions for learning and education. ZDM. 2010;42(6):515-25. https://doi.
0rg/10.1007/511858-010-0242-0.

Rosenberg-Lee M, Barth M, Menon V. What difference does a year of
schooling make? Maturation of brain response and connectivity between
2nd and 3rd grades during arithmetic problem solving. Neurolmage.
2011;57(3):796-808. https://doi.org/10.1016/j.neuroimage.2011.05.013.
Qin S, Cho S, Chen T, Rosenberg-Lee M, Geary DC, Menon V. Hippocam-
pal-neocortical functional reorganization underlies children’s cognitive
development. Nat Neurosci. 2014;17(9):1263-9. https://doi.org/10.1038/
nn.3788.

Siegler RS. Emerging minds: the process of change in children’s thinking.
Oxford: Oxford University Press; 1996.

Nuerk H-C, Moeller K, Klein E, Willmes K, Fischer MH. Extending

the mental number line. J Psychol. 2011;219(1):3-22. https://doi.
0rg/10.1027/2151-2604/a000041.

. Nuerk H-C, Moeller K, Willmes K. Multi-digit number processing. In:

Cohen Kadosh R, Dowker A, editors. Oxford handbook of mathematical
cognition. Oxford: Oxford University Press; 2015. p. 106-39.

Lemaire P, Callies S. Children’s strategies in complex arithmetic. J Exp Child
Psychol. 2009;103(1):49-65. https://doi.org/10.1016/j.jecp.2008.09.007.
Artemenko C, Soltanlou M, Dresler T, Ehlis A-C, Nuerk H-C. The neural cor-
relates of arithmetic difficulty depend on mathematical ability: evidence
from combined fNIRS and ERP. Brain Struct Funct. 2018. https://doi.
0rg/10.1007/500429-018-1618-0.


https://doi.org/10.1016/j.neuroimage.2010.10.009
https://doi.org/10.1016/j.neuroimage.2010.10.009
https://doi.org/10.1016/S0010-9452(08)70002-9
https://doi.org/10.1371/journal.pone.0055455
https://doi.org/10.1007/s00429-014-0951-1
https://doi.org/10.1007/s00429-014-0951-1
https://doi.org/10.1016/j.mri.2009.05.010
https://doi.org/10.1016/j.mri.2009.05.010
https://doi.org/10.1016/j.cogbrainres.2003.10.009
https://doi.org/10.1016/j.cogbrainres.2003.10.009
https://doi.org/10.1080/87565640802101474
https://doi.org/10.1080/87565640802101474
https://doi.org/10.1016/j.dcn.2017.05.002
https://doi.org/10.1016/j.dcn.2017.05.002
https://doi.org/10.1016/j.neuroimage.2015.11.053
https://doi.org/10.1016/j.neuroimage.2015.11.053
https://doi.org/10.1016/j.dcn.2017.08.002
https://doi.org/10.1016/j.dcn.2017.08.002
https://doi.org/10.1093/cercor/bhi055
https://doi.org/10.1093/cercor/bhi055
https://doi.org/10.1038/s41598-018-20007-x
https://doi.org/10.3389/fpsyg.2018.00277
https://doi.org/10.3389/fpsyg.2018.00277
https://doi.org/10.1111/j.1467-7687.2009.00938.x
https://doi.org/10.1080/87565641.2010.549884
https://doi.org/10.1007/s11858-010-0242-0
https://doi.org/10.1007/s11858-010-0242-0
https://doi.org/10.1016/j.neuroimage.2011.05.013
https://doi.org/10.1038/nn.3788
https://doi.org/10.1038/nn.3788
https://doi.org/10.1027/2151-2604/a000041
https://doi.org/10.1027/2151-2604/a000041
https://doi.org/10.1016/j.jecp.2008.09.007
https://doi.org/10.1007/s00429-018-1618-0
https://doi.org/10.1007/s00429-018-1618-0

Artemenko et al. Behav Brain Funct (2018) 14:5

24,

25.

26.

27.

28.

29.

30.

31

32.

33

34

35.

36.

37.

38.

39.

40.

41.

42.

Klein E, Moeller K, Dressel K, Domahs F, Wood G, Willmes K, Nuerk H-C.
To carry or not to carry-is this the question? Disentangling the carry
effect in multi-digit addition. Acta Physiol. 2010;135(1):67-76. https://doi.
0rg/10.1016/j.actpsy.2010.06.002.

Klein E, Nuerk H-C, Wood G, Knops A, Willmes K. The exact vs. approxi-
mate distinction in numerical cognition may not be exact, but only
approximate: how different processes work together in multi-digit
addition. Brain Cogn. 2009;69(2):369-81. https://doi.org/10.1016/j.
bandc.2008.08.031.

Kong J, Wang C, Kwong K, Vangel M, Chua E, Gollub R. The neu-

ral substrate of arithmetic operations and procedure complexity.

Cognit Brain Res. 2005;22(3):397-405. https://doi.org/10.1016/j.
cogbrainres.2004.09.011.

Verner M, Herrmann MJ, Troche SJ, Roebers CM, Rammsayer TH. Cortical
oxygen consumption in mental arithmetic as a function of task difficulty:
a near-infrared spectroscopy approach. Front Hum Neurosci. 2013;7:1-9.
https://doi.org/10.3389/fnhum.2013.00217.

Artemenko C, Pixner S, Moeller K, Nuerk H-C. Longitudinal development
of subtraction performance in elementary school. Br J Dev Psychol. 2017.
https://doi.org/10.1111/bjdp.12215.

De Brauwer J, Verguts T, Fias W. The representation of multiplica-

tion facts: developmental changes in the problem size, five, and tie
effects. J Exp Child Psychol. 2006;94(1):43-56. https://doi.org/10.1016/j.
jecp.2005.11.004.

De Smedt B, Holloway ID, Ansari D. Effects of problem size and arithmetic
operation on brain activation during calculation in children with varying

levels of arithmetical fluency. Neurolmage. 2011;57(3):771-81. https://doi.

0rg/10.1016/j.neuroimage.2010.12.037.

Matejko AA, Ansari D. How do individual differences in children’s domain
specific and domain general abilities relate to brain activity within the
intraparietal sulcus during arithmetic? An fMRI study. Hum Brain Mapp.
2017;3956:3941-56. https://doi.org/10.1002/hbm.23640.

Prado J, Mutreja R, Booth JR. Developmental dissociation in the neural
responses to simple multiplication and subtraction problems. Dev Sci.
2014;17(4):537-52. https://doi.org/10.1111/desc.12140.

Soltanlou M, Artemenko C, Dresler T, Haeussinger FB, Fallgatter AJ, Ehlis
A-C, Nuerk H-C. Increased arithmetic complexity is associated with
domain-general but not domain-specific magnitude processing in
children: a simultaneous fNIRS-EEG study. Cognit Affect Behav Neurosci.
2017. https://doi.org/10.3758/513415-017-0508-x.

Chang T-T, Rosenberg-Lee M, Metcalfe AWS, Chen T, Menon V. Devel-
opment of common neural representations for distinct numerical
problems. Neuropsychologia. 2015;75:481-95. https://doi.org/10.1016/].
neuropsychologia.2015.07.005.

Domahs F, Delazer M, Nuerk H-C. What makes multiplication facts
difficult: problem size or neighborhood consistency? Exp Psychol.
2006;53(4):275-82. https://doi.org/10.1027/1618-3169.53.4.275.
Domahs F, Domahs U, Schlesewsky M, Ratinckx E, Verguts T, Willmes K,
Nuerk H-C. Neighborhood consistency in mental arithmetic: behav-
joral and ERP evidence. Behav Brain Funct BBF. 2007;3:66. https://doi.
0rg/10.1186/1744-9081-3-66.

Van Beek L, Ghesquiére P, Lagae L, De Smedt B. Left fronto-parietal
white matter correlates with individual differences in children’s ability to
solve additions and multiplications: a tractography study. Neurolmage.
2014,90:117-27. https://doi.org/10.1016/j.neuroimage.2013.12.030.
Andres M, Pelgrims B, Michaux N, Olivier E, Pesenti M. Role of distinct
parietal areas in arithmetic: an fMRI-guided TMS study. Neurolmage.
2011;54(4):3048-56. https://doi.org/10.1016/j.neuroimage.2010.11.009.
Gruber O, Indefrey P, Steinmetz H, Kleinschmidt A. Dissociating neural
correlates of cognitive components in mental calculation. Cereb Cortex.
2001;11(4):350-9. https://doi.org/10.1093/cercor/11.4.350.

Hinault T, Lemaire P What does EEG tell us about arithmetic strategies? A
review. Int J Psychophysiol. 2016;106:115-26. https://doi.org/10.1016/j.
ijpsycho.2016.05.006.

Moeller K, Klein E, Nuerk H-C. (No) small adults: children’s processing of
carry addition problems. Dev Neuropsychol. 2011;36(6):702-20. https://
doi.org/10.1080/87565641.2010.549880.

Moeller K, Klein E, Nuerk H-C. Three processes underlying the carry effect
in addition—evidence from eye tracking. Br J Psychol. 2011;102(3):623—
45. https://doi.org/10.1111/j.2044-8295.2011.02034 .

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Page 12 of 13

Krinzinger H, Koten JW, Hennemann J, Schueppen A, Sahr K, Arndt D,
Willmes K. Sensitivity, reproducibility, and reliability of self-paced versus
fixed stimulus presentation in an fMRI study on exact, non-symbolic
arithmetic in typically developing children aged between 6 and 12 years.
Dev Neuropsychol. 2011;36(6):721-40. https://doi.org/10.1080/87565641.
2010.549882.

Bahnmueller J, Dresler T, Ehlis A-C, Cress U, Nuerk H-C. NIRS in
motion-unraveling the neurocognitive underpinnings of embodied
numerical cognition. Front Psychol. 2014;5:1-4. https://doi.org/10.3389/
fpsyg.2014.00743.

Dresler T, Obersteiner A, Schecklmann M, Vogel ACM, Ehlis A-C, Richter
MM, Fallgatter AJ. Arithmetic tasks in different formats and their influence
on behavior and brain oxygenation as assessed with near-infrared spec-
troscopy (NIRS): a study involving primary and secondary school children.
J Neural Transm. 2009;116(12):1689-700. https://doi.org/10.1007/
500702-009-0307-9.

Obersteiner A, Dresler T, Reiss K, Vogel ACM, Pekrun R, Fallgatter AJ.
Bringing brain imaging to the school to assess arithmetic problem
solving: chances and limitations in combining educational and neuro-
scientific research. ZDM. 2010;42(6):541-54. https://doi.org/10.1007/
$11858-010-0256-7.

Petermann F, Petermann U, Wechsler D. Hamburg-Wechsler-Intelligenz-
test fur Kinder-IV: HAWIK-IV. USA: Huber; 2007.

Gotz L, Lingel K, Schneider W. DEMATS5 +: Deutscher Mathematiktest fur
funfte Klassen. Europe: Hogrefe; 2013.

Huber S, Moeller K, Nuerk H-C. Differentielle Entwicklung arithmetischer
Fahigkeiten nach der Grundschule: Manche Schere 6ffnet und schlief3t
sich wieder. Lernen Und Lernstérungen. 2012;1(2):119-34. https://doi.
0rg/10.1024/2235-0977/a000014.

Jasper HH. The ten twenty electrode system of the international federa-
tion. Electroencephalogr Clin Neurophysiol. 1958;10:371-5.

Scholkmann F, Kleiser S, Metz AJ, Zimmermann R, Mata Pavia J, Wolf U,
Wolf M. A review on continuous wave functional near-infrared spec-
troscopy and imaging instrumentation and methodology. Neurolmage.
2014,85:6-27. https://doi.org/10.1016/j.neuroimage.2013.05.004.

Cui X, Bray S, Reiss AL. Functional near infrared spectroscopy (NIRS) signal
improvement based on negative correlation between oxygenated and
deoxygenated hemoglobin dynamics. Neurolmage. 2010;49(4):3039-46.
https://doi.org/10.1016/j.neuroimage.2009.11.050.

Obrig H, Villringer A. Beyond the visible—imaging the human brain

with light. J Cereb Blood Flow Metab. 2003;23:1-18. https://doi.
org/10.1097/01.WCB.0000043472.45775.29.

Brigadoi S, Ceccherini L, Cutini S, Scarpa F, Scatturin P, Selb J, Cooper RJ.
Motion artifacts in functional near-infrared spectroscopy: a comparison
of motion correction techniques applied to real cognitive data. Neurolm-
age. 2014;85:181-91. https://doi.org/10.1016/j.neuroimage.2013.04.082.
Rorden C, Brett M. Stereotaxic display of brain lesions. Behav Neurol.
2000;12(4):191-200. https://doi.org/10.1155/2000/421719.

Singh AK, Okamoto M, Dan H, Jurcak V, Dan I. Spatial registration of multi-
channel multi-subject fNIRS data to MNI space without MRI. Neurolmage.
2005;27(4):842-51. https://doi.org/10.1016/j.neuroimage.2005.05.019.
Tsuzuki D, Jurcak V, Singh AK, Okamoto M, Watanabe E, Dan I. Virtual
spatial registration of stand-alone fNIRS data to MNI space. Neurolmage.
2007;34(4):1506-18. https://doi.org/10.1016/j.neuroimage.2006.10.043.
Tzourio-Mazoyer N, Landeau B, Papathanassiou D, Crivello F, Etard O,
Delcroix N, Joliot M. Automated anatomical labeling of activations in SPM
using a macroscopic anatomical parcellation of the MNI MRI single-
subject brain. Neurolmage. 2002;15:273-89. https://doi.org/10.1006/
nimg.2001.0978.

Arthurs OJ, Boniface SJ. What aspect of the fMRI BOLD signal best

reflects the underlying electrophysiology in human somatosensory
cortex? Clin Neurophysiol. 2003;114(7):1203-9. https://doi.org/10.1016/
51388-2457(03)00080-4.

Benjamini Y, Hochberg Y. Controlling the false discovery rate : a

practical and powerful approach to multiple testing. J R Stat Soc B.
1995;57(1):289-300.

. Miller GA, Chapman JP. Misunderstanding analysis of covari-

ance. J Abnorm Psychol. 2001;110(1):40-8. https://doi.
org/10.1037//0021-843X.110.1.40.


https://doi.org/10.1016/j.actpsy.2010.06.002
https://doi.org/10.1016/j.actpsy.2010.06.002
https://doi.org/10.1016/j.bandc.2008.08.031
https://doi.org/10.1016/j.bandc.2008.08.031
https://doi.org/10.1016/j.cogbrainres.2004.09.011
https://doi.org/10.1016/j.cogbrainres.2004.09.011
https://doi.org/10.3389/fnhum.2013.00217
https://doi.org/10.1111/bjdp.12215
https://doi.org/10.1016/j.jecp.2005.11.004
https://doi.org/10.1016/j.jecp.2005.11.004
https://doi.org/10.1016/j.neuroimage.2010.12.037
https://doi.org/10.1016/j.neuroimage.2010.12.037
https://doi.org/10.1002/hbm.23640
https://doi.org/10.1111/desc.12140
https://doi.org/10.3758/s13415-017-0508-x
https://doi.org/10.1016/j.neuropsychologia.2015.07.005
https://doi.org/10.1016/j.neuropsychologia.2015.07.005
https://doi.org/10.1027/1618-3169.53.4.275
https://doi.org/10.1186/1744-9081-3-66
https://doi.org/10.1186/1744-9081-3-66
https://doi.org/10.1016/j.neuroimage.2013.12.030
https://doi.org/10.1016/j.neuroimage.2010.11.009
https://doi.org/10.1093/cercor/11.4.350
https://doi.org/10.1016/j.ijpsycho.2016.05.006
https://doi.org/10.1016/j.ijpsycho.2016.05.006
https://doi.org/10.1080/87565641.2010.549880
https://doi.org/10.1080/87565641.2010.549880
https://doi.org/10.1111/j.2044-8295.2011.02034.x
https://doi.org/10.1080/87565641.2010.549882
https://doi.org/10.1080/87565641.2010.549882
https://doi.org/10.3389/fpsyg.2014.00743
https://doi.org/10.3389/fpsyg.2014.00743
https://doi.org/10.1007/s00702-009-0307-9
https://doi.org/10.1007/s00702-009-0307-9
https://doi.org/10.1007/s11858-010-0256-7
https://doi.org/10.1007/s11858-010-0256-7
https://doi.org/10.1024/2235-0977/a000014
https://doi.org/10.1024/2235-0977/a000014
https://doi.org/10.1016/j.neuroimage.2013.05.004
https://doi.org/10.1016/j.neuroimage.2009.11.050
https://doi.org/10.1097/01.WCB.0000043472.45775.29
https://doi.org/10.1097/01.WCB.0000043472.45775.29
https://doi.org/10.1016/j.neuroimage.2013.04.082
https://doi.org/10.1155/2000/421719
https://doi.org/10.1016/j.neuroimage.2005.05.019
https://doi.org/10.1016/j.neuroimage.2006.10.043
https://doi.org/10.1006/nimg.2001.0978
https://doi.org/10.1006/nimg.2001.0978
https://doi.org/10.1016/S1388-2457(03)00080-4
https://doi.org/10.1016/S1388-2457(03)00080-4
https://doi.org/10.1037//0021-843X.110.1.40
https://doi.org/10.1037//0021-843X.110.1.40

Artemenko et al. Behav Brain Funct (2018) 14:5

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Baldo JV, Dronkers NF. Neural correlates of arithmetic and language com-
prehension: a common substrate? Neuropsychologia. 2007;45(2):229-35.
https://doi.org/10.1016/j.neuropsychologia.2006.07.014.

Dehaene S, Molko N, Cohen L, Wilson AJ. Arithmetic and the brain.

Curr Opin Neurobiol. 2004;14(2):218-24. https://doi.org/10.1016/j.
conb.2004.03.008.

Meintjes EM, Jacobson SW, Molteno CD, Gatenby JC, Warton C, Cannis-
traci CJ, Jacobson JL. An fMRI study of magnitude comparison and exact
addition in children. Magn Reson Imaging. 2010;28(3):351-62. https://doi.
org/10.1016/j.mri.2009.11.010.

FehrT, Code C, Herrmann M. Common brain regions underlying
different arithmetic operations as revealed by conjunct fMRI-BOLD
activation. Brain Res. 2007;1172:93-102. https://doi.org/10.1016/j.
brainres.2007.07.043.

Cantlon JF, Libertus ME, Pinel P, Dehaene S, Brannon EM, Pelphrey KA.
The neural development of an abstract concept of number. J Cognit
Neurosci. 2009;21(11):2217-29. https://doi.org/10.1162/jocn.2008.21159.
Uddin LQ, Supekar K, Amin H, Rykhlevskaia E, Nguyen DA, Greicius MD,
Menon V. Dissociable connectivity within human angular gyrus and
intraparietal sulcus: evidence from functional and structural connectiv-
ity. Cereb Cortex. 2010;20(11):2636-46. https://doi.org/10.1093/cercor/
bhq011.

Grabner RH, Ansari D, Koschutnig K, Reishofer G, Ebner F. The function of
the left angular gyrus in mental arithmetic: evidence from the associa-
tive confusion effect. Hum Brain Mapp. 2013;34(5):1013-24. https://doi.
0rg/10.1002/hbm.21489.

Rosenberg-Lee M, Chang TT, Young CB, Wu S, Menon V. Functional
dissociations between four basic arithmetic operations in the

human posterior parietal cortex: a cytoarchitectonic mapping study.
Neuropsychologia. 2011;49(9):2592-608. https://doi.org/10.1016/j.
neuropsychologia.2011.04.035.

Wu SS, Chang TT, Majid A, Caspers S, Eickhoff SB, Menon V. Functional
heterogeneity of inferior parietal cortex during mathematical cogni-

tion assessed with cytoarchitectonic probability maps. Cereb Cortex.
2009;19(12):2930-45. https://doi.org/10.1093/cercor/bhp063.

Grabner RH, Ansari D, Reishofer G, Stern E, Ebner F, Neuper C. Individual
differences in mathematical competence predict parietal brain activation
during mental calculation. Neurolmage. 2007;38(2):346-56. https://doi.
0rg/10.1016/j.neuroimage.2007.07.041.

Soltanlou M, Jung S, Roesch S, Ninaus M, Brandelik K, Heller J, Moeller K.
Behavioral and neurocognitive evaluation of a web-platform for game-
based learning of orthography and numeracy. In: Buder J, Hesse FW,
editors. Informational environments: effects of use, effective designs. New
York: Springer; 2017. https://doi.org/10.1007/978-3-319-64274-1.

73.

74.

75.

76.

77.

78.

79.

80.

82.

83.

84.

85.

Page 13 of 13

Zamarian L, Ischebeck A, Delazer M. Neuroscience of learning arith-
metic—evidence from brain imaging studies. Neurosci Biobehav Rev.
2009;33(6):909-25. https://doi.org/10.1016/j.neubiorev.2009.03.005.
Roche AF, Mukherjee D, Guo SM, Moore WM. Head circumference refer-
ence data: birth to 18 years. Pediatrics. 1987,79(5):706-12.

Weaver DD, Christian JC. Familial variation of head size and adjustment
for parental head circumference. J Pediatr. 1980,96(6):990-4. https://doi.
0rg/10.1016/50022-3476(80)80623-8.

Nellhaus G. Head circumference from birth to eighteen years: prac-

tical composite international and interracial graphs. Pediatrics.
1968;41(1):106-14.

Dekaban AS, Sadowsky D. Changes in brain weight during the span of
human life: relation of brain weight to body height and body weight.
Ann Neurol. 1978;4:345.

Stanescu-Cosson R, Pinel P, van De Moortele PF, Le Bihan D, Cohen L,
Dehaene S. Understanding dissociations in dyscalculia: a brain imaging
study of the impact of number size on the cerebral networks for exact
and approximate calculation. Brain A J Neurol. 2000;123:2240-55. https://
doi.org/10.1093/brain/123.11.2240.

Polspoel B, Peters L, Vandermosten M, De Smedt B. Strategy over opera-
tion: neural activation in subtraction and multiplication during fact
retrieval and procedural strategy use in children. Hum Brain Mapp. 2017.
https://doi.org/10.1002/hbm.23691.

Klein E, Moeller K, Nuerk H-C, Willmes K. On the neuro-cognitive founda-
tions of basic auditory number processing: an fMRI study. Behav Brain
Funct. 2010,6:42. https://doi.org/10.1186/1744-9081-6-42.

. Pletzer B, Kronbichler M, Nuerk H-C, Kerschbaum HH. Mathematics

anxiety reduces default mode network deactivation in response to
numerical tasks. Front Hum Neurosci. 2015;9:202. https://doi.org/10.3389/
fnhum.2015.00202.

Delazer M, Domahs F, Bartha L, Brenneis C, Lochy A, Trieb T, Benke

T. Learning complex arithmetic—an fMRI study. Cognit Brain Res.
2003;18:76-88. https://doi.org/10.1016/j.cogbrainres.2003.09.005.

Basho S, Palmer ED, Rubio MA, Wulfeck B, Muller RA. Effects of genera-
tion mode in fMRI adaptations of semantic fluency: paced production
and overt speech. Neuropsychologia. 2007;45(8):1697-706. https://doi.
0rg/10.1016/j.neuropsychologia.2007.01.007.

Klein E, Willmes K, Dressel K, Domahs F, Wood G, Nuerk H-C, Moeller

K. Categorical and continuous-disentangling the neural correlates of
the carry effect in multi-digit addition. Behav Brain Funct. 2010;6(1):70.
https://doi.org/10.1186/1744-9081-6-70.

Grabner RH, Ansari D. Promises and potential pitfalls of a “‘cognitive neu-
roscience of mathematics learning”. ZDM. 2010;42(6):655—-60. https://doi.
org/10.1007/511858-010-0283-4.

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal

* We provide round the clock customer support

e Convenient online submission

e Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit ( BiolMed Central



https://doi.org/10.1016/j.neuropsychologia.2006.07.014
https://doi.org/10.1016/j.conb.2004.03.008
https://doi.org/10.1016/j.conb.2004.03.008
https://doi.org/10.1016/j.mri.2009.11.010
https://doi.org/10.1016/j.mri.2009.11.010
https://doi.org/10.1016/j.brainres.2007.07.043
https://doi.org/10.1016/j.brainres.2007.07.043
https://doi.org/10.1162/jocn.2008.21159
https://doi.org/10.1093/cercor/bhq011
https://doi.org/10.1093/cercor/bhq011
https://doi.org/10.1002/hbm.21489
https://doi.org/10.1002/hbm.21489
https://doi.org/10.1016/j.neuropsychologia.2011.04.035
https://doi.org/10.1016/j.neuropsychologia.2011.04.035
https://doi.org/10.1093/cercor/bhp063
https://doi.org/10.1016/j.neuroimage.2007.07.041
https://doi.org/10.1016/j.neuroimage.2007.07.041
https://doi.org/10.1007/978-3-319-64274-1
https://doi.org/10.1016/j.neubiorev.2009.03.005
https://doi.org/10.1016/S0022-3476(80)80623-8
https://doi.org/10.1016/S0022-3476(80)80623-8
https://doi.org/10.1093/brain/123.11.2240
https://doi.org/10.1093/brain/123.11.2240
https://doi.org/10.1002/hbm.23691
https://doi.org/10.1186/1744-9081-6-42
https://doi.org/10.3389/fnhum.2015.00202
https://doi.org/10.3389/fnhum.2015.00202
https://doi.org/10.1016/j.cogbrainres.2003.09.005
https://doi.org/10.1016/j.neuropsychologia.2007.01.007
https://doi.org/10.1016/j.neuropsychologia.2007.01.007
https://doi.org/10.1186/1744-9081-6-70
https://doi.org/10.1007/s11858-010-0283-4
https://doi.org/10.1007/s11858-010-0283-4

	The neural correlates of mental arithmetic in adolescents: a longitudinal fNIRS study
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Neurocognitive development of arithmetic processing in children and adolescents
	Neurocognitive processing of arithmetic complexity in children
	An ecologically valid assessment of arithmetic processing in children
	Objectives

	Methods
	Participants
	Arithmetic tasks
	Procedure
	fNIRS data acquisition
	Analysis of behavioral data
	fNIRS data analysis

	Results
	Behavioral data
	fNIRS data
	Activation in MFGIFG and SPLIPL
	Activation in AGMTG
	Additional analysis of fNIRS data


	Discussion
	Developmental activation changes in arithmetic
	Influence of complexity on arithmetic processing in adolescents
	Number magnitude processing in a self-paced block design

	Conclusions and perspectives
	Authors’ contributions
	References




