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ABSTRACT— An important line of research related to the
resolution of word problems is the study of the cognitive
processes involved when subjects translate problems into
the language of algebra. One of the most common errors
in problem-solving is the reversal error (RE), which occurs
when students reverse the relationship between two vari-
ables when translating equations from comparison word
problems. The aim of this neuroeducational study is to inves-
tigate the brain anatomy differences between two groups,
one group that commits RE and a second group that does
not. Magnetic resonance images of 37 normal and healthy
participants between the ages of 18—25 years were acquired.
Differences in gray matter were assessed using voxel-based
morphometry analysis. Our results show that the RE group
has a larger volume in the putamen, suggesting that these
subjects have to make a greater effort to solve problems.

A better understanding of the way the brain learns
mathematics has led to a significant number of articles.
Most of these studies focus on number sense, arith-
metic learning, and difficulties in mathematical learning
(Ansari, 2008; Butterworth, 2010; Butterworth, Varma, &
Laurillard, 2011; Cantlon, Brannon, Carter, & Pelphrey, 2006;
Feigenson, Dehaene, & Spelke, 2004; Zamarian, Ischebeck,
M & Delazer, 2009). In the specific case of problem-solving,
 although several behavioral studies have been carried
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out (Boonen, de Koning, Jolles, & van der Schoot, 2016;
Clement, 1982; Lee, Ng, & Ng, 2009; Lee, Ng, Ng, &
Lim, 2004; Marshall, 1995; Nathan, Kintsch, & Young, 1992;
Puig, 1996; Puig & Cerdan, 1988; Riley, Greeno, & y Heller,
J. L., 1983; Sweller, 1988), as far as we know, few studies have
used neuroimaging techniques to find out more about the
underlying neural processes or structural changes involved
in mathematical problem-solving. These studies (Anderson,
Fincham, Qin, & Stocco, 2008; Anderson, Betts, Ferris,
& Fincham, 2012; Qin et al., 2004; Lee et al., 2007) could
shed light on the transition from arithmetic to the symbolic
language of algebra, where students have to develop abstract
reasoning skills that allow them to generalize, model, and
analyze mathematical equations and theorems.
Problem-solving is considered one of the most impor-
tant components of the study of mathematical knowledge
(Castro & Ruiz, 2015; Schoenfeld, 1992; Schoenfeld, 2013).
According to Halmos (1980), there are several essential ele-
ments of mathematics, including theorems, demonstrations,
formulas, theory, and so forth, but he suggests that the most
important things in mathematics are problems and their
solutions. In addition, Kleiner (1986) emphasizes that effort
in solving certain problems leads to a good development
of concepts and mathematical theories. The importance
of problem-solving is widely accepted by researchers. As
Castro (2008) states, problem-solving is not just a scientific
activity; it is also a type of educational task that must be
given a prominent position in the teaching and learning
processes of children, adolescents, and students in general.
As part of the mathematical curriculum content in
primary and secondary education, it is common to set out
problems consisting of verbal statements that describe possi-
ble situations in the world (word problems). From a cognitive
point of view, solving word problems involves an analytical
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process that reduces the statement to mathematical infor-
mation that identifies and connects quantities. During this
analytical process, the resolver tries to match conceptual
schemes that are evoked by the situation described in the
problem (Marshall, 1995; Riley et al., 1983; Sweller, 1988).
We draw on the idea that a mathematical problem can
be considered a combination of subproblems, and we
integrate it into the model of understanding and solving
word arithmetic problems formulated by Kintsch and
Greeno (1985) and generalized in Nathan et al. (1992) for
algebra-word-problem comprehension. For each subprob-
lem, the student must carry out a partial analysis where the
activation of a conceptual scheme at the cognitive level will
be attempted, in order to establish a relationship between
quantities and later translate it from words to equations.
Obviously, the difficulty of identifying some of the concep-
tual schemes can be an obstacle to defining the relationship
between the quantities and, therefore, completing the reso-
lution process. However, it is possible that, after the correct
identification of the conceptual scheme, an incorrect for-
mulation of the relationship may occur. An example of this
situation would be the reversal error (RE), although not all
the studies carried out agree that the creation of a problem
model is necessary when committing RE.

Some of the investigations on problem-solving, such
as those by Clement (1982), Clement, Lochhead, and
Monk (1981), and Clement, Lochhead, and Soloway (1980),
found that on some comparison problems, both additive
and multiplicative, most of the students made mistakes
when translating some sentences from natural language to
algebraic language. The structure of the sentences these
researchers used to find the error was similar to the fol-
lowing example: “Write an equation using the variables
S and P to represent the following statement: There are
six times as many students as professors at this university.
Use S for the number of students and P for the number of
professors” (Clement, 1982, p. 17). In these statements, it
was observed that most of the wrong answers were in the
form of P=6---S, which they called RE because students
reversed the order of the letters, compared to the correct
answer S = 6- - -P. The initial research by Clement (1982) was
followed by numerous behavioral studies on RE (Cohen &
Kanim, 2005; Cooper, 1986; Fisher, 1988; Gonzélez-Calero,
Arnau, & Laserna-Belenguer, 2015; Gonzalez-Calero,
Berciano, & Arnau, 2019; Kim et al., 2014; Lopez-Real, 1995;
Wollman, 1983). However, these studies did not consider
the importance of human brain development in learning,
which is the aim of this study.

Knowledge about the way the brain learns could have
a major impact on education. Understanding the brain
mechanisms underlying learning and memory, as well as
the effects of genetics, environment, emotion, and age on
learning, could transform educational strategies and make

it possible to devise programs that optimize learning for
people of all ages and with diverse needs (Blakemore &
Frith, 2005). Therefore, educational neuroscience could
help to better understand the relationship between bio-
logical brain development and the development of the
human capacity for mathematical cognition, mediated by
educational experience (Royer, 2003).

The application of non-invasive neuroimaging methods,
such as Magnetic Resonance Imaging (MRI), among others,
has the potential to provide knowledge about cognitive pro-
cesses related to learning at a more detailed level than behav-
ioral studies alone (Ansari, De Smedt, & Grabner, 2012).
Thus, it would be interesting to see the relationship between
the brain and learning in the academic field. This relation-
ship can be seen in studies that have used MRI, which can
study even the most complex mental processes, such as
problem-solving (Hanakawa, Honda, Okada, Fukuyama, &
Shibasaki, 2003). Radford and Andre (2009) reported that
little research has focused on the brain and advanced mathe-
matical thinking, in particular the brain-algebra relationship
during development. Among these studies, the longitudinal
study by Qin et al. (2004) used functional MRI to see the dif-
ferences in algebraic learning between adults and teenagers.
The results showed that, after practice with solving word
problems, both adolescents and adults presented reduced
activation in the prefrontal cortex, which is involved in math-
ematical cognition and other higher-order processes that
develop throughout childhood and adolescence. Moreover, a
reduction in the activation of the left parietal cortex, which
holds an image of the equation, and an increase in the left
putamen were observed only in adolescents. These results
suggest that the brain response in adolescents is more plastic
in this neural stage of development and, therefore, under-
goes more changes due to practice and learning effects. In
conclusion, this increased brain response in adolescents due
to practice seems to indicate that this period would be the
most appropriate one for learning algebra (Qin et al., 2004).
These observations would be consistent with neural changes
due to development explored in several brain imaging stud-
ies (Blakemore, 2012; Giedd et al., 1999; Sowell et al., 1999,
2003; Sowell & Jernigan, 1998; Wierenga et al., 2014).

These MRI studies of children during their development
have shown that, during the period of adolescence, the
white matter (WM) volume continues to increase (there are
even some local areas that change rapidly), and so the gray
matter (GM) in some areas begins to lose volume (Sowell
et al.,, 2003; Sowell, Thompson, Holmes, Batth, et al., 1999).
In addition, Blakemore’s (2012) extensive review of MRI
studies performed during development provides more infor-
mation about brain maturation. Blakemore (2012) states
that brain development does not end at an early age, but
rather it extends to adolescence, reaching its maximum vol-
ume around the age of 25 (Caviness Jr., Kennedy, Bates, &
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Makris, 1996; Sowell & Jernigan, 1998). Changes take place
in both the GM and the WM, and the WM has the greatest
development during this stage (Ortiz, 2009). In addition, the
study by Wierenga et al. (2014) reveals that the GM volume
in the striatum (dorsal: the putamen, caudate; and ventral:
nucleus accumbens) decreases linearly with age from seven
to 23 years old (see Figure 2 from Wierenga et al., 2014). The
development of the striatum structures indicates that there
are dynamic changes during development that are related to
changes in cognitive development, experience, and behavior.

This literature on the areas of algebra learning and brain
maturation highlights the importance of introducing algebra
at the age when the brain is ready. The brain is prepared when
the structures related to learning are in the process of mat-
uration and there is greater brain plasticity, which supports
learning, as Qin et al. (2004) indicated. In this period, stu-
dents are prepared to absorb and assimilate the new math-
ematical knowledge. In this regard, it seems necessary to
obtain more knowledge about the anatomical and functional
neural bases of academic competences through neuroedu-
cation studies, in order to better structure learning environ-
ments that favor the acquisition of these competences, given
that they are crucial in modern society (Ansari et al., 2012).

The goal of this study is to investigate the anatomi-
cal brain differences among subjects while performing a
problem-solving task with associated RE, thus exploring
the effects of learning problem-solving skills and brain
maturation. To achieve this objective, we will observe the
differences in GM volume between participants who commit
RE and those who do not (non-RE), using the Voxel-Based
Morphometry (VBM) method.

MATERIALS AND METHODS

The data (structural MRI) (Ventura-Campos, Ferrando,
Miré-Padilla, & Avila, 2022) are available for reproducibility
purposes.

Participants
In this study, participants were 37 students at the University
Jaume I with ages ranging from 18 to 26years. Informed
consent was obtained from each participant before the study.
For structural analysis, we used 33 participants divided into
two groups: the non-RE group (18 subjects, 9 female; mean
age: 22.5, SD: 2.53), who responded correctly 100%, and the
RE group (15 subjects, 11 female, mean age: 21.466, SD: 2.1),
who failed on more than 50% of the answers on the task. The
other four participants were excluded because they did not
perform the task correctly.

The study exclusion criteria were the presence of neuro-
logical and medical illness, trauma with loss of consciousness

lasting more than 1 hr, and the typical resonance exclusion
criteria such as iron prosthesis and dental implants.

Informed Consent

All participants received remuneration for completing
the study. The Ethical Committee of Universitat Jaume
I approved the research project. All participants gave
informed written consent prior to participation.

Experimental Paradigm

First, the structural image of each subject was obtained with
the MRI. Second, outside of the MRI, to obtain the classi-
fication of subjects who committed RE versus non-RE, we
used an application similar to Gonzélez-Calero et al. (2015),
where the participants had to build a mathematical equation
for each of the statements presented to them.

The task contained a total of 16 statements (2 X2 X 2 X 2)
in Spanish, focusing on the following: (a) whether the
comparisons are multiplicative or additive; (b) whether
the comparisons are increasing (times more than, more
than) or decreasing (times less than, less than); (c)
contextual or non-contextual clues; and (d) discrete or
continuous amounts. Thus, subjects could use only mul-
tiplication/division or addition/subtraction to express the
equation. To construct the equation, we made it easier by
giving them the variables and the amounts they had to
use (see Figure 1). By clicking on each of the variables and
operation signs, they built the equation and later validated
it. It should be noted that the response time was unlimited.

Neuroimaging Data Acquisition

Structural MRI data were acquired using a 1.5T Siemens
Symphony scanner and a 3T Philips scanner. The parameters
of the MPRAGE sequence were as follows: (a) The Siemens
Symphony scanner used a high-resolution T1-weighted, rep-
etition time=2,200 ms, echo time=3ms, flip angle =90°,
matrix size =256 X 256 X 160, voxel size=1Xx1x 1 mm; and
(b) The Philips scanner used a high-resolution T1-weighted,
repetition time = 8.4 ms, echo time = 3.8 ms, matrix size =
320 320 x 250, voxel size=0.75%x0.5x0.8mm. All the
scanner acquisitions were performed in parallel to the
anterior commissure-posterior commissure plane (AC-PC),
and they covered the entire brain. Participants were placed
in a supine position in the MRI scanner. Their heads were
immobilized with cushions to reduce motion degradation,
and they were asked to minimize their head movement.

Behavioral Analysis
The responses collected from the app were classified as
correct, reversal error, and other errors. That is, using the
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New Go

Participant 1 2/17

Problem Write an equation using the “NUMBER OF PASSENGERS”, “NUMBER OF
STEWARDESSES" to represent the following statement: “There are nine more passengers
than stewardesses on a plane”.

Quantiti NUMBER OF PASSENGERS = =

uantities  |NUMBER OF STEWARDESSES =

9 * /

Equation | @

Fig. 1. Application implemented for data collection in studies on the RE (Gonzalez-Calero et al., 2015). By clicking on each of the
variables (“Cantidades”) and with operation signs (+, —, *, / and =; right to “Cantidades”), participants had to write the equation that

corresponded to the statement (“Problema”: Statement: Write an equation using the “number of passengers,

” «

number of stewardesses”

to represent the following statement: “There are nine more passengers than stewardesses on a plane”). The rectangle called “Ecuacién”
contains the variables they clicked. After that, they validated their equation. An equation without RE would be “number of passengers =9
* number of stewardesses” or “number of stewardesses =number of passengers/9”; and an equation with RE would be “number
of passengers * 9=number of stewardesses” or “number of passengers=number of stewardesses/9.” Any other equation would be
considered another type of error, and the participant would be excluded from the sample.

example in Figure 1, an equation that could be reduced
to S=P * 9 or P=S/9 would be classified as a reversal
error. Any other equation would be considered another
error. and the participant who made more than 25% of
other errors would be excluded from the sample. In the
case of additive comparisons, an analogous criterion was
used.

In terms of RTs, participants’ performance was processed
with the IBM SPSS Statistics software (Version 22, Armonk,
NY). A two-sample t-test was conducted to show the differ-
ences in RTs between groups in building the equation using
the app.

Neuroimaging Analysis: Voxel-Based Morphometry
(VBM) Analysis

The VBM analysis was performed using the Computational
Anatomy Toolbox 12 (CAT12.5, http://dbm.neuro.uni-jena
.de/cat/), a toolbox from the software: Statistical Paramet-
ric Mapping (SPM12 [v7219], Wellcome Trust Centre for
Neuroimaging, Londres, UK, http://www.fil.ion.ucl.ac.uk/
spm/software/spm12). We used the standard procedure sug-
gested by CAT12, which included: (a) normalization and seg-
mentation of the images into GM, WM, and cerebrospinal
fluid; (b) alignment of the GM and WM between the images;

(c) using the DARTEL-template in the VBM analysis to
obtain the GM and WM tissues, which were normalized
to MNI standard space; (d) modulation by the “affine +
nonlinear” components derived from spatial normaliza-
tion; (e) estimation of the total intracranial volume (TIV)
for each subject; (f) quality check of the images; no out-
liers were identified; and (g) Finally, the images were spa-
tially smoothed using a Gaussian filter (8 mm Full-Width
Half-Maximum, FWHM).

Statistical Analysis

The smoothed GM images were entered into a statisti-
cal analysis using the General Linear Model in SPM12.
A two-sample t-test was performed to obtain the differ-
ences in GM volume between groups using two covari-
ates of non-interest: (a) the TIV to correct different brain
sizes; and (b) because the data were obtained from two
machines, we created a covariate to remove the effect of
obtaining the MRI from different machines. Finally, we
defined the contrast to obtain the results of the analysis.
The statistical criterion was set at p < .05, using Family-wise
error (FWE) cluster-corrected for multiple comparisons
(voxel-level uncorrected threshold of p < .005 with a critical
cluster size).


http://dbm.neuro.uni-jena.de/cat/
http://dbm.neuro.uni-jena.de/cat/
http://www.fil.ion.ucl.ac.uk/spm/software/spm12
http://www.fil.ion.ucl.ac.uk/spm/software/spm12

Noelia Ventura-Campos et al.

Table 1
Task Results for the RE Group

Participant 1 2 3 4 5 6 7
RE 12 11 11 15 14 6 14
Correct 4 2 2 1 2 9 2
Machine 1 1 1 1 1 1 1

8 9 10 11 12 13 14 15
12 13 16 7 10 14 8 16
2 3 0 9 6 2 8 0
1 -1 -1 -1 -1 -1 -1 -1

Note: The “Participant” row contains the ID of each subject. The “RE” row contains the number of incorrect answers on the task. The “Correct” row is the opposite
of the “RE” row. The “Machine” row is a covariate to remove the effect of getting the images from different machines, where 1 is the Philips machine and —1 is the
Siemens machine. Participants 2, 3, 6, and 8 have fewer than the 16 results of the other participants because they made errors in the equations belonging to another

type of error, but not more than 25%.

Table 2
Task Results for the Non-RE Group

Participant 16 17 18 19 20 21 22 23 24

RE 0 0 0 0 0 0 0 0

Correct 16 16 16 16 16 16 16 16 16

Machine 1 1 1 1 1 1 1 1

25 26 27 28 29 30 31 32 33

0 0 0 0 0 0 0 0 0
16 16 16 16 16 16 16 16 16
-1 -1 -1 -1 -1 -1 -1 -1 -1

Note: The “Participant” row contains the ID of each subject. The “RE” row contains the number of incorrect answers on the task. The “Correct” row is the opposite
of the “RE” row. The “Machine” row is a covariate to remove the effect of getting the images from different machines, where 1 is the Philips machine and —1 is the

Siemens machine.

RESULTS

Behavioral Results

The response time mean was 29.80s (RE group =30.39s;
non-RE group =29.32s). The results of the t-test showed no
significant differences in time between groups. Tables 1 and
2 provide the performance on the task by the RE group and
the non-RE group, respectively.

MRI Results

To study the difference in GM volume between groups, a
two-sample t-test was performed. When studying the RE
versus non-RE contrast, we observed an increase in GM
volume in the bilateral putamen in the participants with RE.
The MNI coordinates for the left putamen were x=-23,
y=—12, z=0, with a Z-value =3.96 (k =938), and the MNI
coordinates for the right putamen were x =26, y=-8,z=3,
with a Z-value =3.41 (k=813) (see Figure 2). The opposite
contrast did not yield any significant differences.

DISCUSSION

The present educational neuroscience study focuses on the
brain anatomy differences in young people who have per-
formed an algebra problem-solving task that can produce the
so-called RE (Clement, 1982).

The algebra problem-solving process often involves
multiple cognitive components to reach a solution. Much
of the relevant mathematical and pedagogical literature
on problem-solving was influenced by Polya’s (1945) four
phases. The first phase in solving a problem is to read and

understand the problem and identify the data involved. The
second phase is to devise a plan, that is, to find the connec-
tion between the data and the unknown. This phase requires
the skill of choosing an appropriate problem-solving heuris-
tic. The third phase is to carry out the plan, which involves
solving the problem by executing the heuristic. And the final
phase, looking back, basically involves checking whether all
the information was used and whether the answer makes
sense.

If you look at Polya’s first phase, reading comprehen-
sion is important in order to know what the problem is
asking. Therefore, it is to be expected that the better the
reading comprehension, the greater the problem-solving
accuracy. The working memory has been shown to pre-
dict individual differences in reading comprehension
(Daneman & Merikle, 1996). Furthermore, several studies
have shown correlations between working memory and
problem-solving, depending on reading comprehension
(Fuchs et al., 2006; Swanson, Cooney, & Brock, 1993). How-
ever, in the study by Lee et al. (2004), the working memory
contributed independently to problem-solving when reading
comprehension was controlled. Therefore, this study sug-
gests that the working memory cannot be attributed solely
to its relationship with reading comprehension. This finding
agrees with previous studies that relate working memory
to mathematical problem-solving (Lee et al., 2004; Passol-
unghi & Pazzaglia, 2004; Swanson, 2006) and predict the
performance on a problem-solving task in fifth grade (Lee
etal., 2009). The findings by Lee et al. (2009) showed that the
working memory plays an important role in text decoding
and in constructing a schematic representation of the prob-
lem. Moreover, this study suggests that working memory
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Fig. 2. Neuroimaging results of the two-sample t-test performed between groups. The figure represents the contrast: RE group versus
non-RE group in our study (FWE cluster-corrected p < .05 for multiple comparisons at the whole-brain level, voxel p < .005, and a cluster
size of k = 813 voxels). Results show a higher volume in the bilateral putamen in subjects who commit RE

was strongly associated with the selection of the mathe-
matical operations the participants needed to compute the
solution. Furthermore, some studies have claimed that a
low working memory capacity would lead to a low ability to
solve mathematical problems (Diaz, 2010; Ruiz, Escotto, &
Sanchez, 2012). Thus, the evidence seems to suggest that the
working memory is involved in the problem-solving process
and, therefore, in all of Polya’s phases.

In addition to working memory, other executive func-
tioning domains may also contribute to performance on
algebraic problems. Switching is an executive functioning
domain that is often examined in the mathematics litera-
ture (Clements, Sarama, & Germeroth, 2016). To complete
Polya’s second phase, the information extracted from a sen-
tence in the algebraic problem has to be integrated with
pre-existing knowledge to form a conceptual problem model
(Kintsch, 1998). Hence, switching may be important in the
representation of the problem and, therefore, in the ability
to move between alternative sets of mental operations to
choose an appropriate heuristic to solve the problem. This
executive function is also a feature that will play an important
role in Polya’s third phase, where the subjects switch from a
problem-solving heuristic to letter-symbolic algebra. Finally,
to solve the algebraic problem, it is necessary to have good
mathematical skills and knowledge of the mathematical con-
cepts of the problem.

In order to study the brain anatomy of the subjects who
performed the algebra problem-solving task with RE, we
compared the GM brain volume of the RE group and the
volume of the non-RE group using the VBM method. An
increase in the GM volume in the bilateral putamen was
found in the RE group, compared to the non-RE group.

This follows along the lines of the study by Qin et al. (2004),
where both adolescents and adults performed a word
problem-solving task; the results showed that, after per-
forming a practice session, only the adolescents showed
increased activation in the left putamen (x=-26, y=-9,
z=5). The authors suggested that the adolescents may have
required more effort in performing complex calculations,
thus making use of brain regions that are not necessary
for adult activity. Furthermore, they also suggest that this
might be related to the striatal region changes observed in
adolescents during maturation (Sowell, Thompson, Holmes,
Jernigan, & Toga, 1999).

Moreover, in different fMRI studies (Amalric &
Dehaene, 2016; Hsu & Goh, 2016), a bilateral activation
of the putamen was found after performing mathemati-
cal tasks, which leads us to think that the putamen is an
important structure in performing mathematical tasks. The
study by Arsalidou and Taylor (2011) showed the signifi-
cant contributions of the left putamen on number tasks.
They suggested that the putamen’s involvement in number
tasks was related to integrating information by pacing the
coordination of top-down and bottom-up items. They also
proposed that the putamen may play a role in assigning
priority values or sequencing information that needs to be
processed during number tasks.

Furthermore, regarding the putamen’s association with
executive functions, which can help to perform algebraic
problems, Constantinidis and Klingberg (2016) carried out
a review investigating activation during working memory
tasks. The authors indicated that, although the putamen
(included in the dorsal striatum) has no main function in
working memory, activity has been found in this structure,
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indicating its participation during this cognitive process,
with the striatum being one of the brain structures related to
working memory. Moreover, the putamen is associated with
anticipations of high versus low working memory updating
(Yu, FitzGerald, & Friston, 2013). Therefore, the evidence
seems to indicate that the putamen also plays a relevant role
in working memory.

In addition, investigations on the role of the putamen in
executive functions suggest that the striatum also appears to
be able to perform switching. Sowell, Thompson, Holmes,
Jernigan, and Toga (1999) indicated that the putamen has
been involved in the cognitive function of task switching,
as in learning of stimulus—response associations (Packard &
Knowlton, 2002), which is linked to frontal system function
(Rolls, 1994) and improves throughout adolescence (Levin
et al., 1991). This suggests that normal brain development
has temporal and functional relationships between simulta-
neous post-adolescent reductions in GM density in frontal
and striatal regions (Sowell, Thompson, Holmes, Jernigan,
& Toga, 1999). Thus, Sowell, Thompson, Holmes, Jerni-
gan, and Toga (1999) highlighted the potential importance
of frontal/striatal maturation in adult cognition in achiev-
ing a temporal and spatial progression of post-adolescent
maturation into the frontal lobes. In addition, neuroimag-
ing evidence suggests that the fronto-striatal network is
activated when subjects have to choose from many possi-
ble responses (Desmond, Gabrieli, & Glover, 1998), and so
the striatum may play a role in selecting between alterna-
tive responses. Thus, this ability to readily switch between
stimulus—response would seem to be a necessary compo-
nent of many complex executive tasks, such as planning,
problem-solving, and strategizing. Although these executive
functions rely on the prefrontal cortex, the task-switching
functions of the striatum may make a critical contribution to
executive abilities via the fronto-striatal network (Packard &
Knowlton, 2002).

Finally, we understand that the effects of low math skills
and problem-solving difficulties in post-adolescent subjects
may be due to the type of learning obtained at school dur-
ing brain development. Therefore, to find out more about
the brain development of the putamen during learning,
this structure must be examined in detail in preadolescent
children. The structural study by Sandman et al. (2014)
with 50 preadolescent children using three different meth-
ods of analysis, including the VBM method, was conducted
to determine and locate areas where the GM volume was
associated with poor cognitive performance. The partici-
pants were assessed with the WISC-IV test and declara-
tive memory, motor, and executive functioning tasks. Their
results showed that the larger the GM volume in the bilateral
putamen, the worse the cognitive performance, especially
on working memory tasks. Sandman et al. (2014) concluded
that larger GM volume in the putamen was associated with

impaired cognitive function in typically developing young
children.

This inverse relationship between GM volume and learn-
ing might be explained from a developmental perspective.
According to Kanai and Rees (2011), the reduction in GM
volume is thought to reflect pruning, as a process of remov-
ing inefficient synapses and neurons underlying brain mat-
uration. Thus, a smaller GM volume may be a consequence
of synaptic pruning, which leads to more efficient process-
ing. This idea is supported by Hartzell et al. (2016). They
studied a group of professional Vedic Sanskrit Pandits in
India who trained from childhood for about 10years in an
ancient, formalized tradition of oral Sanskrit text memo-
rization and recitation, mastering the exact pronunciation
and invariant content of multiple 40.000—100.000 word oral
texts. The mean age of the participants was 22 years, and the
control group consisted of members of India’s National Brain
Research Center community or students from a nearby tech-
nical college. The authors found that Pandits showed smaller
GM volume than controls in subcortical regions, including
the putamen. Although these results were unexpected, they
proposed the explanation that they indicate faster matura-
tion of these subcortical regions in Pandits, based on the
study by Wierenga et al. (2014). However, we can now add
the assumption that greater learning leads to a smaller GM
volume in the putamen.

Limitations of the Current Study
This study has a few limitations. We did not collect behav-
ioral tests related to executive functions involved in the
problem-solving process to control the differences between
groups. Future studies should replicate these results in bigger
samples and use behavioral tests related to working memory,
IQ, reading comprehension, problem-solving, and decision
making.

In any case, we think it is relevant that this is the first study
to investigate brain differences in the commission of reversal
errors during algebraic word problem-solving.

CONCLUSIONS

Based on our results showing a higher GM volume in the
bilateral putamen in the RE group, we conclude that the
RE group requires a large executive function capacity to
solve an algebra problem, with the putamen playing a role
in this process during adolescence. We tentatively propose
that subjects who commit RE have a greater demand for the
putamen in algebra problem-solving during their learning
and development. They need to make a greater effort on
problem-solving, resulting in the putamen not maturing
properly and, thus, not decreasing its GM volume as it
should. Overall, our results demonstrate a strong effect of
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brain maturation on algebra learning and problem-solving
during development.

To our knowledge, this is the first brain anatomy
report showing the structure that supports the learning
of problem-solving and algebraic competence in the phe-
nomenon of reversal error. Moreover, we have studied the
use of SPHARM representation (local shape analysis) of
the bilateral putamen for classification methods (Ferrando,
Ventura-Campos, & Epifanio, 2020). This study showed that
the shape of the putamen is a good biomarker to identify
competent resolvers.

This result provides us with a first view of the anatomical
differences between people who make reversal errors and
those who do not. This gives us the opportunity to propose
interventions to help solve this type of problem correctly and
observe whether these structural differences in the putamen
are modified by training.

In future work, we will continue with this educational neu-
roscience study by collecting data from participants through
functional MRI while they perform a word problem-solving
task with associated RE inside the machine. Our aim is to
investigate the underlying neural basis of RE.
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