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Abstract
Solving logical–mathematical word problems is a complex task that requires numerous cognitive operations, including comprehen-
sion, reasoning, and calculation. These abilities have been associated with activation of the parietal, temporal, and prefrontal cortices.
It has been suggested that the reasoning involved in solving logical–mathematical problems requires the coordinated functionality of
all these cortical areas. In this study was evaluated the activation and electroencephalographic (EEG) correlation of the prefrontal,
temporal, and parietal regions in young men while solving logical–mathematical word problems with two degrees of difficulty:
simple and complex. During the solving of complex problems, higher absolute power and EEG correlation of the alpha and fast bands
between the left frontal and parietal cortices were observed. A temporal deactivation and functional decoupling of the right parietal-
temporal cortices also were obtained. Solving complex problems probably require activation of a left prefrontal-parietal circuit to
maintain andmanipulate multiple pieces of information. The temporal deactivation and decreased parietal-temporal correlation could
be associated to text processing and suppression of the content-dependent reasoning to focus cognitive resources on the mathematical
reasoning. Together, these findings support a pivotal role for the left prefrontal and parietal cortices in mathematical reasoning and of
the temporal regions in text processing required to understand and solve written mathematical problems.
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Solving logical–mathematical word problems is a complex
task that requires numerous cognitive operations, including
comprehension, reasoning, calculation, knowledge of previ-
ously learned mathematical rules, as well as manipulating the
new information given by the components of the problem
itself. Leron (2004) has proposed that, regardless of the degree
of difficulty, solving logical–mathematical problems requires

three levels of mathematical thinking. The first level corre-
sponds to rudimentary arithmetic or basic mathematical skills,
such as subitizing or addition and subtraction. The second,
known as informal mathematics, refers to the use of diagrams,
figures, and everyday analogies; while the third, called formal
mathematics, is characterized by the use of logical relations or
syllogisms—like Bif P, then Q^—which have been associated
with the act of reasoning (Goel & Dolan, 2003), one of the
pivotal processes required to solve problems of this kind
(Leron, 2003; Mahmood, Othman, & Yusof, 2012). All three
levels of mathematical thinking require the participation of
cognitive processes that have been studied and consolidated
in the triple code model proposed by Dehaene and Cohen
(1995). This code consists of three categories of mental rep-
resentations of numbers—namely, the verbal word frame, the
visual Arabic number form, and the analog magnitude
representation.

Neuroimaging techniques have revealed the neural bases of
the aforementioned categories. The first activation pathway de-
pends on the modality of the stimuli, so that if the problem is
presented verbally, activation corresponds to the auditory verbal
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network (Eger, Sterzer, Russ, Giraud, & Kleinschmidt, 2003),
while if the elements of the problem are received through the
visual pathway, recognition of the numbers is associated with
the visual network, including the inferior and mid occipital
cortex. For subitizing and counting (Piazza, Mechelli,
Butterworth, & Price, 2002) with semantic or asemantic asso-
ciations (Fias, 2001), an area often activated in both cases is the
parietal region, which is associated with the magnitude of the
quantities involved (Dehaene, Molko, Cohen, &Wilson, 2004;
Eger et al., 2003; Le Clec’H et al., 2000).

One of the main cognitive processes required to solve
mathematical problems is working memory (Ashcraft &
Krause, 2007; DeStefano & LeFevre, 2004), which involves
the prefrontal cortex, especially the dorsolateral region (Zago
et al., 2001). In fact, it has been reported that subjects with
damage to the frontal region show deficits in the manipulation
of multiple pieces of information, though their basic arithmet-
ical processes remain intact (Besnard et al., 2014). Similarly,
greater activation of the dorsolateral prefrontal cortex has been
observed in subjects as they attempt to solve problems that
required two operations to obtain the answer, compared with
those that required only one (Prabhakaran, Rypma, &
Gabrieli, 2001).

The parietal region, especially the intraparietal sulcus, par-
ticipates in solving mathematical problems (Knops &
Willmes, 2014). Activation of these areas seems to depend
on the characteristics of the problem, since greater activation
of the intraparietal sulcus has been reported during solving of
two-digit problems (e.g., 15x32) compared with one-digit
problems (e.g., 7 × 3; Zago et al., 2001). Some studies have
associated simple calculation processes with parietal or
parieto-occipital regions (Burbaud et al., 1995; Dehaene,
Spelke, Pinel, Stanescu, & Tsivkin, 1999; Levin et al.,
1996), as well as algebra processing (Waisman, Leikin,
Shaul, & Leikin, 2014), whereas more complex mathematical
tasks that require multiple calculations with intermediate steps
seem to require frontal regions as well (Burbaud et al., 1995;
Grafman, Passafiume, Faglioni, & Boiler, 1982; Jackson &
Warrington, 1986). This may be due to an increase in the
demands on working memory that are necessary to maintain
and manipulate the intermediate products during the problem-
solving process.

Another cortical area that participates in information re-
trieval when people attempt to solve word problems is the
temporal cortex (Prabhakaran et al., 2001; Zago et al.,
2001). In addition, a pivotal role of this cortical area has been
demonstrated in text processing (Fasotti, Eling, & Bremer,
1992; Fasotti, Eling, & Houtem, 1994), since previous studies
that analyzed the comprehension and reasoning of textual ma-
terial have shown prominent activations in temporal and fron-
tal regions (Haier & Camilla, 1995; Just, Carpenter, Keller,
Eddy, & Thulborn, 1996; Nichelli et al., 1995; Partiot,
Grafman, Sadato, Flitman, & Wild, 1996).

Recording electroencephalographic activity (EEG) is a
noninvasive procedure with high temporal resolution that al-
lows researchers to obtain information on brain functioning
during different behavioral and cognitive states. The data ob-
tained from EEG recordings are grouped in bands by frequen-
cy. The most commonly used bands are delta (δ, 1.5–3.5 Hz),
theta (θ, 3.5–7.5 Hz), alpha1 (α1, 7.5–10.5 Hz), alpha2 (α2,
10.5–13.5 Hz), beta1 (β1, 13.5–19.5 Hz), beta2 (β2, 19.5–30
Hz), and gamma (γ, 31–50 Hz). The low frequencies in fron-
tal regions (e.g., theta and delta) have been related to facilitat-
ing working memory tasks (Carrillo-de la Peña & García-
Larrea, 2007) and identifying the elements of cognitive tasks
(Cunillera et al., 2012). In posterior regions, in contrast, low
frequencies have been associated with the performance of
visual spatial tasks during continuous periods (Jap, Lal, &
Fischer, 2010). Changes in the alpha range have been related
to attentional processes and the inhibition of irrelevant infor-
mation (Cooper, Croft, Dominey, Burgess, & Gruzelier, 2003;
Foxe & Snyder, 2011; Payne, Guillory, & Sekuler, 2013;
Sauseng, Klimesch, Schabus, & Doppelmayr, 2005), while
the fast bands (beta1, beta2, gamma) appear to be associated
with interneuronal communication of inhibitory networks
(Whittington, Traub, Kopell, Ermentrout, & Buhl, 2000) and
information transfer between regions (Engel & Fries, 2010).

The interaction that occurs among different brain areas to
perform cognitive processes is determined by their anatomical
and functional connections (Mesulam, 1994). The former con-
sists of bundles of axons that form fasciculi and connect dif-
ferent brain regions, such as the frontal and parietal areas,
through the superior longitudinal fasciculus, and the temporal
pole with frontal regions through the uncinated fasciculus
(Gerig, Gouttard, & Corouge, 2004; Mori et al., 2002).
Functional connections—or synchronization—among brain
areas has been studied by electroencephalographic correlation
(rEEG), which can provide an index of short-range and long-
range functional relations between brain areas (Guevara and
Corsi-Cabrera 1996; Harris & Gordon, 2015; Shaw, 1984;
Shaw, O’Connor, & Ongley, 1977; Thatcher, Biver, & North,
2007; Varela, Lachaux, Rodriguez, & Martinerie, 2001).

Electroencephalographic studies conducted while subjects
are solving mathematical problems have revealed participa-
tion by the left central, temporal, parietal, and right frontal
regions (Wang, Chen, Zhao, & Zou, 2010) and the posterior
parietal area (Rousell, Catherwood, Edgar, & Design, 2012).
Also, there are reports that activation of, and synchronization
between, frontal and parieto-occipital areas in the theta and
alpha bands increase during working memory tasks and in
relation to the degree of difficulty of the problem
(Dimitriadis, Sun, Thakor, & Bezerianos, 2016; Sauseng
et al., 2004; Zarjam, Epps, Lovell, & Fang Chen, 2012).
Subhani, Malik, Kamil, and Saad (2016) observed a charac-
teristic EEG coherence profile during the solving of mathe-
matical problems that included a stress condition. Meanwhile,
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using depth electrodes in human intracranial recordings,
Halgren, Boujon, Clarke, Wang, and Chauvel (2002) ob-
served phase synchrony in the alpha band in occipital, parietal,
frontal, and Rolandic regions during periods of mental
calculation and working memory maintenance. Additionally,
the magnetoencephalographic recordings of human cortical
ongoing activity made by Palva, Palva, and Kaila (2005)
showed that mental calculation is associated with enhanced
frontoparietal alpha band phase synchrony.

Although activation of several cortical areas has been as-
sociated with the demands of the mathematical tasks present-
ed, we do not know how the degree of EEG synchronization
between the prefrontal and posterior cortices changes during
the reasoning or syllogism applied to solve logical–
mathematical word problems. Thus, the aim of this study
was to characterize the activation (absolute power) and degree
of cortical EEG correlation in young men while they solved
simple and complex logical–mathematical word problems.
Considering the pivotal role that the prefrontal and parietal
regions play in manipulating multiple pieces of information,
mental calculation, and working memory, we hypothesized
that higher activation and enhanced synchronization of the
alpha and fast bands between these cortical areas would be
found while subjects attempted to solve complex mathemati-
cal problems. Similarly, in light of the participation of tempo-
ral regions in information retrieval and text processing, we
expected to detect changes in the alpha and fast bands as
participants sought to solve such complex problems. Finally,
better performance was predicted on simple problems, be-
cause it is assumed that complex problems require higher
cognitive demands.

Material and method

Participants

Eighteen young men with a mean age of 21.6 (±2.2) years
participated in the study. All were healthy and right-handed
with no prior history of neurological or psychiatric disorders,
learning disabilities, drug abuse, or chronic illness.
Participants were asked to refrain from drinking caffeine or
alcohol during the 12 hours prior to the recording sessions,
and to arrive with clean, dry hair. All participants had an
intellectual coefficient (IQ) equal to or greater than 80, as
measured by the Shipley-2 intelligence scale (Shipley,
Gruber, Martin, & Klein, 2009), and showed normal-to-
above-normal parameters of attention and memory, as mea-
sured by the Digit Detection and Visual Detection subtests,
and successive series of the NEUROPSI test (Ostrosky et al.,
2012). Informed consent was obtained from all participants,
according to the guidelines of the Institutional Ethics
Committee. Finally, all procedures involved in the experiment

were approved by this Committee and performed in accor-
dance with the ethical standards laid down in the 1964
Helsinki Declaration and its later amendments, or comparable
ethical standards.

Mathematical problems

A total of 40 logical–mathematical word problems were
displayed consecutively on a 32-in. computer screen placed
at a distance of 1 meter from participants. The problems in
sentence form, as well as the answer (in numeric values), were
simultaneously presented on the screen. Taking into account
that the answer was always present below the written problem,
once the participants solved the problem, they could decide if
that answer was correct or incorrect by pressing one of two
answer keys on a computer keyboard: BB^ if they were cor-
rect, BM^ if not. The time for each problem (simple or com-
plex) finished when the participant press the answer key. Two
types of logical–mathematical problems were used: 20 classi-
fied as Bsimple^ and 20 as Bcomplex.^ Text processing was
required in both cases. The simple problems consisted of eight
words, while the complex problems averaged 25 words. The
former consisted of one-digit quantities and required only one
operation to obtain the answer. The problem formula was x = a
+ b. The complex problems, in contrast, consisted of two-digit
quantities and required three or more operations. The problem
formula was x = a + (a − b) + [{a + (a − b)} + c] (see Table 1).
Clearly, the text-processing demands of the problems that re-
quired three or more operations were greater than those of the
one-operation problems. To eliminate the possibility that par-
ticipants might find it easier to solve simple problems after
analyzing more challenging ones, all test sessions began with
the simple problems, followed by the complex ones. The

Table 1 Examples of the logical–mathematical word problems used in
the study

Category Example

Simple There are 3 birds in a tree; 7 more arrive.
How many birds are there now?

Jonas has 5 apples and Mary has 4.
How many apples do they have in total?

Hanna has 9 dollars but spent 4.
How many dollars does she have left?

Complex John scored 45 points for his team; 10 more than Joseph.
Marie scored 13more points than John and Joseph together.
How many points did they score in total?

Group A has 24 students; 13 less than group B. Group C has
12 more students than groups A and B combined. What is
the total number of students?

A store sold 21 sodas in the morning, and 13 more than in the
afternoon. At night it sold 10 more than in the morning and
afternoon together. How many sodas were sold in total?
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following parameters were measured while participants tried
to solve both types of mathematical word problems: number
of correct answers and response times.

The response time was considered because the written prob-
lem appears on the screen until the participant presses the cor-
responding answer key. This included the time each participant
took to read, reason, and verify the response, to finally press the
answer key corresponding to Bcorrect^ or Bincorrect.^

EEG recording and procedure

Electrode placement followed the international 10–20 system
(Jasper, 1958). Due to the specific interests of this study, the
recording sites were F3 and F4, considered prefrontal areas;
T3 and T4, considered temporal areas; and P3 and P4, consid-
ered parietal areas (Herwig, Satrapi, & Schönfeldt-Lecuona,
2003; Homan, 1978; Okamoto et al., 2004). EEGs were re-
corded continuously with eyes open in two conditions: while
solving (1) simple and (2) complex problems. In each condi-
tion, participants were awake in a sitting position with their
heads supported by the head rest of a comfortable chair. All
derivations were referred to linked ears with the ground elec-
trode placed on the forehead. EEGs were recorded using a
NEXUS 32 device at 24 bits resolution and filters set at 1–
50 Hz. Impedance for the EEG electrodes was maintained
below 10 kOhms. BioTrace+® software was used to sample
(512 Hz) and store the EEG data for off-line processing.

Epoch rejection was performed by both visual and
computer-assisted assessment. Signals were examined off-
line to identify saturated epochs or those that showed noise
due to muscle activity, eye movement, or heartbeat. Those
epochs were removed by means of a computer program
(CHECASEN; Guevara et al. 2010). An off-line digital filter
was applied for the frequencies below 1 Hz and above 50 Hz
using another computer program (FILDIG; Guevara et al.
2005). All artifact-free EEG segments were analyzed using
the EEG bands program (Guevara et al. 2014), which used
fast Fourier transform to calculate absolute power (AP) and
electroencephalographic correlations (rEEG) by applying the
Pearson’s correlation coefficient between intrahemispheric
(F3–T3, F3–P3, T3–P3, F4–T4, F4–P4, T4–P4) and inter-
hemispheric electrodes (F3–F4, T3–T4, P3–P4) for six fre-
quency bands: delta (δ, 1.5–3.5 Hz), theta (θ, 3.5–7.5 Hz),
alpha1 (α1, 7.5–10.5 Hz), alpha2 (α2, 10.5–13.5 Hz), beta1
(β1, 13.5–19.5 Hz), beta2 (β2, 19.5–30 Hz), and gamma (γ,
31–50 Hz).

Statistical analyses

Behavioral analysis The number of correct answers and the
sum of all response times from each participant were ob-
tained. These parameters were then compared between the
two types of problem using a Student’s t test for

correlated groups, considering a significance level equal
to, or below, a p value of .05 for all comparisons.

EEG analysis For each type of mathematical problem, sixty 2-s
EEG segments were selected and analyzed for each
participant—that is, sixty 2-s EEG segments representatives
of the simple problems and sixty 2-s EEG segments represen-
tatives of the complex problems. Specifically, the start of the
EEG recording coincided with the start of the sequence of the
20 simple problems, and after that, with the start of the se-
quence of the 20 complex problems. Only for the EEG anal-
ysis, these segments were aligned at the beginning of the read-
ing of each mathematical problem. Thus, the EEGs were re-
corded continuously while participants read the problem and
perform the mental calculations required to solve it. This
alignment at the begin of reading was used for all 20 simple
and 20 complex problems to ensure that we would obtain
EEG segments representative of the reading, comprehension,
reasoning, and solving phases of the logical–mathematical
problems. Selection of EEG segments was performed manu-
ally during the posterior analysis of the signals, striving to
include EEG segments that were representative of all prob-
lems and of all phases.

Before conducting the statistical analyses, and to approxi-
mate a normal distribution, the AP values were transformed
into logarithms and the correlation data into Fisher Z values.
EEG AP values (in log) and Z correlation scores for each EEG
band were compared between conditions using the Student’s t
test for correlated groups. The effect sizes (g) of the statistical
tests were calculated following Cohen (1988), and the level of
significance was set at p < .05 for all comparisons.

Results

Behavioral results

During performance of the simple logical–mathematical word
problems, participants achieved a higher number of correct an-
swers and had a lowermean response time thanwhile solving the
complex logical–mathematical word problems (see Table 2).

Absolute power

While participants were solving the complex problems, a
higher AP of the theta (t = −4.685, p = .00021, effect size
[d] = 1.085) and alpha1 (t = −2.346, p = .03135, d =
0.549) bands at F3, as well as of the alpha1 (t = −2.721,
p = .01454, d = 0.6411) and alpha2 (t = −2.137, p =
.04739, d = 0.506) bands at the P3 derivation were ob-
served, compared with performance on the simple prob-
lems. Lower APs were obtained for the fast frequencies,
beta1 (t = 2.694, p = .01537, d = 0.637) and gamma band
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(t = 2.273, p = .03627, d = 0.535) only in the right tem-
poral area (T4) while participants solved the complex
problems compared with the simple ones (see Fig. 1).

Interhemispheric EEG correlation

During performance of the complex problems, a higher
interfrontal (F3–F4) correlation in the alpha1 (t = −4.001, p
= .00093, d = 0.960), alpha2 (t = −2.53, p = .02159, d =
0.589), and gamma bands (t = −2.195, p = .04235, d =
0.510) was obtained compared with the simple problem con-
dition. A similar increase of the correlation was obtained

between the T3–T4 derivations in the alpha1 band (t =
−2.928, p = .00939, d = 0.691), whereas between the P3–P4
derivations, a higher correlation of the alpha1 (t = −3.071, p =
.00692, d = 0.718) and gamma (t = −2.137, p = .04743, d =
0.492) bands was observed while participants solved the com-
plex problems compared with the simple ones (see Fig. 2).

Intrahemispheric EEG correlation

With respect to the left intrahemispheric correlation, a
higher value was observed between the F3–P3 derivations
in the fast frequencies, beta1 (t = −2.373, p = .02973, d =
0.557), beta2 (t = −2.342, p = .03159, d = 0.557), and
gamma (t = −2.435, p = .02620, d = 0.569)], compared
with simple problems (see Fig. 3). In contrast to our ob-
servations of the left hemisphere, in the right hemisphere
a lower correlation in the delta (t = 2.395, p = .02839, d =
0.561), theta (t = 2.377, p = .02945, d = 0.571), alpha1 (t
= 2.213, p = .04087, d = 0.525), and beta1 (t = 2.442, p =
.02581, d = 0.576) bands was obtained between the T4–
P4 derivations during performance of the complex prob-
lems compared with the simple ones (see Fig. 3).

Fig. 1 Mean and mean differences (MD) ± 1 SE of the absolute power (in
natural logarithms; Ln) for each frequency band recorded in the left (F3,
T3, and P3) and right (F4, T4, and P4) cortices of the young men while

solving simple and complex logical-mathematical word problems. *p <
.05, as compared with simple problems. Note. SE = standard error

Table 2 Mean ± standard deviation (SD) of the number of correct
answers and response times (in seconds) obtained during performance
of the simple and complex logical-mathematical word problem

Simple problems Complex problems t p

Mean SD Mean SD

Correct answers 19.17* 0.86 11.72 3.27 9.35 <.01

Response times 192.08* 51.40 1,013.62 324.50 −10.61 <.01

*p < .05, as compared with complex mathematical problems

1040 Cogn Affect Behav Neurosci (2019) 19:1036–1046



Discussion

The present study compared the cortical activation and de-
gree of electroencephalographic synchronization between
different cortical areas while participants were solving sim-
ple versus complex logical–mathematical word problems.
The EEG pattern associated with the solving of the simple
problems was different from the one observed during the
solving of complex problems, which featured a higher AP
of the theta and alpha bands in the left frontal and parietal
cortices. These results agree with other reports (Dimitriadis
et al., 2016; Prabhakaran et al., 2001; Zago et al., 2001) that
have shown a higher activation of frontal and parietal areas
associated with the increased difficulty of problems. Indeed,
our behavioral data showed that participants had fewer cor-
rect answers and longer response times when solving the
complex problems. These findings reflect the greater com-
plexity of those problems.

Prevalence of the alpha and theta bands has been linked to
the maintenance and manipulation of information (Kawasaki,
Kitajo, & Yamaguchi, 2010). In effect, studies have shown
that theta is related to the coding phase of short-term memory
tasks (Klimesch, Doppelmayr, Russegger, & Pachinger,
1996), with both information maintenance (Sarnthein,
Petsche, Rappelsberger, Shaw, & von Stein, 1998) and retriev-
al (Klimesch et al., 2001), and with differences in memory
load (Sauseng et al., 2005). Changes in the alpha range, in
contrast, have been associated with attentional processes, in-
hibition of irrelevant information (Cooper et al., 2003; Foxe &
Snyder, 2011; Payne et al., 2013; Sauseng et al., 2005) and
mental calculation (Halgren et al., 2002; Palva et al., 2005).
Thus, considering that the prefrontal and parietal cortices are
involved in mathematical reasoning and calculation processes
(Prabhakaran et al., 2001), it is not surprising that these two
cortical areas show greater activation of the theta and alpha
bands during the solving of complex problems.

Contrary to the activation of the left frontal and parietal
regions during the solving of complex problems, a lower ac-
tivation (indicated by the lower AP of the fast frequencies)
was obtained in the right temporal areas. Decreases in tempo-
ral regions have been evidenced in other studies; for example,
using positron emission tomography, Dehaene et al. (1999)
reported a decreased blood flow in the temporal regions dur-
ing multiplication retrieval compared with a rest condition.
Similarly, Zago et al. (2001) reported that during processes
of mental calculation that required several intermediate steps
to reach a solution (compute condition), temporal deactivation
was larger than during the solving of mathematical problems
that required only a memory retrieval strategy. Thus, it is
probable that—as Zago et al. (2001) suggest—the mental cal-
culations required to solve the complex mathematical prob-
lems presented in our study induced a temporal inhibition that
was related to cognitive demand and the degree of difficulty of
the calculation task. Previous studies that analyzed the com-
prehension and reasoning of textual material have shown
prominent activations in temporal and frontal regions
(Fasotti et al., 1992; Fasotti et al., 1994; Grafman et al.,
1982; Haier & Camilla, 1995; Jackson & Warrington, 1986;
Just et al., 1996; Nichelli et al., 1995; Partiot et al., 1996). The
fact that the text-processing demands of the problems present-
ed in our study requiring three or more operations were greater
than those of the one-operation problems suggests that de-
creased activation of the temporal areas could be associated
with both the higher cognitive demands required to under-
stand the sentences and the greater complexity of the mental
calculations required to solve the complex problems even
more convincing.

Taken together, these data show that the solving of com-
plex logical–mathematical word problems requires simulta-
neous activation of the prefrontal and parietal cortices, accom-
panied by lower activation of temporal areas. This EEG

Fig. 2 Mean and mean differences (MD) ± 1 SE of the interhemispheric
correlation (in z values) among the prefrontal (F3–F4), temporal (T3–T4),
and parietal (P3–P4) cortices for the different frequency bands recorded in
youngmenwhile solving simple and complex logical-mathematical word
problems. *p < .05, as compared with simple problems. Note. SE =
standard error
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pattern could represent a characteristic cortical functioning
that involves, on the one hand, activation of a left
prefrontoparietal network associated with mathematical rea-
soning and calculation and, on the other, deactivation of the
right temporal region associated with the greater complexity
of the text processing and mental calculation.

An additional question of interest is the meaning of the left
and right activations observed in this study. Insights
concerning the asymmetric roles of the frontal, parietal, and
temporal lobes in mathematical reasoning can be drawn from
other research, which has reported a pronounced lateralization
during mathematical tasks. In fact, several studies on number
processing and calculation have concluded that numerical def-
icits are observed more frequently after left lesions than after
right ones (Cipolotti, Butterworth, & Denes, 1991; Lemer,
Dehaene, Spelke, & Cohen, 2003). Similarly, there are reports
that arithmetical tasks usually lead to a strong left dominance
(Delazer et al., 2003; Zago et al., 2001), though increased
activity in the right areas has also been reported (Stanescu-
Cosson et al., 2000). Thus, the higher AP found in our study in
the left prefrontal and parietal areas concurs with the research
mentioned above and supports the notion that reasoning and

mental calculation involve greater participation by cortical
areas located in the left hemisphere.

In our study, the solving of the complex problems was
also associated with higher interprefrontal (F3–F4) and
interparietal (P3–P4) correlations, specifically in the alpha
and gamma bands, and with a higher intertemporal correla-
tion (T3–T4) in alpha1. The alpha band has been associated
with attentional processes, while gamma has been related to
high executive demands (Başar, Başar-Eroglu, Karakaş, &
Schürmann, 2001), retention processes (Sarnthein et al.,
1998), and information transfer between regions (Engel &
Fries, 2010). Also, a higher phase synchrony in the alpha
band has been reported in occipital, parietal, and frontal
regions during periods of mental calculation and working
memory (Halgren et al., 2002). Our data agree with those
results because, in effect, a higher functional synchroniza-
tion between hemispheres was observed, specifically in the
alpha and gamma range, as our participants solved the com-
plex problems. Hence, we can suggest that a higher degree
of alpha and gamma synchronization between hemispheres
could be a requisite for maintaining longer sustained atten-
tion, manipulating the larger amount of information

Fig. 3 Mean and mean differences (MD) ± 1 SE of the intrahemispheric
correlation (in z values) between the left (F3–T3, F3–P3, and P3–T3) and
right (F4–T4, F4–P4, and P4–T4) derivations for the different frequency

bands recorded in young men while solving simple and complex logical-
mathematical word problems. *p < .05, as compared with simple prob-
lems. Note. SE = standard error

1042 Cogn Affect Behav Neurosci (2019) 19:1036–1046



(Anokhin, Lutzenberger, & Birbaumer, 1999; Jap et al.,
2010) and performing the reasoning andmental calculations
necessary to solve complex problems.

In addition to the higher correlation between cortical re-
gions of both hemispheres, participants also showed a higher
correlation of the fast frequencies (beta1, beta2, gamma) be-
tween prefrontoparietal regions of the left hemisphere while
solving the complex problems. The fast bands (beta1, beta2,
gamma) have been related to interneuronal communication of
inhibitory networks (Whittington et al., 2000) and high exec-
utive demands (Ahmed & Cash, 2013; Başar et al., 2001;
Fries, Reynolds, Rorie, Desimone, & Reynolds, 2001; Haig,
Gordon, Wright, Meares, & Bahramali, 2000; Paul et al.,
2005). Indeed, gamma phase synchrony has been proposed
as an index of integrative network processing (Phillips &
Singer, 1997). Thus, the higher synchronization of the fast
bands between left prefrontoparietal regions could be related
to a greater active maintenance and transfer of information
between the two cortices, which could be required to perform
the higher number of mental calculations involved in solving
complex problems.

Unlike the higher correlation observed in the left hemi-
sphere, in the right hemisphere a lower intrahemispheric cor-
relation, mainly of the slow bands (delta, theta, alpha) and
beta1 was seen between right parietal and temporal regions
while participants solved the complex problems compared
with the simple ones.

The temporal region, as mentioned above, is strongly in-
volved in language processing, and a clear left hemispheric
asymmetry has been reported in relation to both sentence lis-
tening and reading (Geschwind & Levitsky, 1986; Toga &
Thompson, 2003). The left parietal cortex also plays a key
role in mental arithmetic and reasoning (Jackson &
Warrington, 1986); thus, the lower synchronization of the dif-
ferent EEG bands between right temporal and parietal areas
confirms the dominance of the left hemisphere in the reason-
ing and mental calculation processes that predominated as
participants solved the complex logical–mathematical word
problems. Support for such hemispheric asymmetry comes
from other studies (Deglin & Kinsbourne, 1996; Nathan,
Kintsch, & Young, 1992; Wharton & Grafman, 1998), which
have proposed that the right hemisphere participates in
content-dependent reasoning (using real-world knowledge
that is often spatial in nature), whereas the left hemisphere
participates in the mathematical formalization of the problem
(which is often abstract, symbolic, and nonspatial; Greeno,
1989; Kintsch & Greeno, 1985). Word problems require mak-
ing inferences concerning content-dependent reasoning in re-
lation to the mathematical formalization of the problem in
order to perform successful mathematical reasoning. The re-
sults of our study show that a lower correlation between right
parietal and temporal areas occurs during the solving of com-
plex mathematical problems, which could reflect the lesser

content-dependent reasoning that participants use to make
greater cognitive resources available to focus directly on the
mathematical reasoning of the problem.

An important point that must be considered here is that the
EEG segments analyzed included segments that were repre-
sentative of the word-reading, text comprehension, reasoning,
and mental calculation phases of both types of problems.
Although it is impossible to identify specific EEG changes
for each phase, these data support the idea that the functioning
of the prefrontal, parietal and temporal cortices in each hemi-
sphere varies according to the difficulty of the task and the
degree of cognitive demands (specific mental processes) re-
quired to solve each type of mathematical word problem.

In summary, the data from the present study show that
solving complex problems require a characteristic pattern of
activation and functional synchronization between cortices:
(1) an increased left activation (frontal and parietal) associated
to a deactivation of the right temporal cortex, (2) an increased
rINTER between the three cortices, (3) an, increased rINTRA
between left prefrontalparietal cortices, and (4) a functional
decoupling of the right parietal-temporal cortices.

The increased intertemporal correlation in the alpha1
band and the decreased right parietal-temporal correlation
in almost all the EEG bands could be explained consider-
ing the pivotal role that the temporal cortex plays in the
text processing. In fact, as was mentioned, it is probably
that an increased correlation between cortices of both
hemispheres allows for more sustained attention, manipu-
lating the larger amount of information (Anokhin et al.,
1999; Jap et al., 2010) and performing the text reasoning
and mental calculations necessary to solve complex prob-
lems. On the other hand, taking into account that word
problems require making inferences concerning content-
dependent reasoning, it is likely that the lower right
parietal-temporal correlation was associated with the text
processing so that lower content-dependent reasoning was
used for the participants to focus directly on the mathe-
matical reasoning of the problem.

In conclusion, the data from the present study show that
complex problems require activation of a left prefrontal-
parietal circuit, probably to maintain and manipulate multiple
pieces of information, together with a functional decoupling
of the right parietal-temporal cortices to suppress content-
dependent reasoning and focus more cognitive resources on
the mathematical reasoning required to solve the problem.

Finally, our study has some limitations, including the de-
gree of difficulty and considerable variation in the length of
the texts that described the simple and complex logical–
mathematical problems. This was revealed by the significant
differences in both the number of correct answers and re-
sponse times between the simple and complex problems (see
Table 2). One approach to correct this could be to analyze only
an equivalent unit of time from the different trials (e.g., the
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first few seconds of each problem). However, the risk of ana-
lyzing the initial seconds in these different problem types is
that it might isolate only the neural substrates involved in text-
processing instead of the substrates involved in mathematical
reasoning. A second issue is that, due to technical limitations,
we were unable to record and analyze the specific EEG activ-
ity of the different phases involved in solving the mathemat-
ical word problems presented (i.e., word reading, text com-
prehension, reasoning, andmental calculation). Third, our par-
ticipants were undergraduate students, so it remains to be de-
termined to what degree our findings can be extrapolated to
other populations. These issues may be resolved in future
EEG studies.
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