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Abstract

Development of the prefrontal cortex and its connectivity with different cortical areas has strong
implications for the improvement of working memory. The aim of this research was to character-
ize the interhemispheric (INTER) prefrontal and hemispheric (INTRA) frontopolar-dorsolateral
prefrontal and dorsolateral prefrontal-parietal correlation (r) in children, adolescents and adults
during performance of a visuospatial working memory task (VSWM). INTERr and INTRAr of 36
different aged male participants (11 - 13, 18 - 20 and 26 - 30 years old) were calculated during
performance of the Corsi Block-Tapping task, which assessed VSWM. On this task, children showed
lower correct responses than adolescents and adults. Adults also showed lower total execution
times than children and adolescents, with a more efficient performance. On the EEGs, the older
groups showed both higher interfrontal correlations and left and right prefronto-parietal correla-
tions than children. According to our results, the progressive efficiency in VSWM is related to dif-
ferences in EEG patterns among children, adolescents and adults.
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1. Introduction

Complex cognitive activities such as reasoning, language comprehension, planning, and spatial process are sus-
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tained by more basic functions, including working memory (WM) [1]. This is defined as interactive processes
that involve temporal storage and manipulation of information which allow information to be held temporarily
in an accessible state [2]. This kind of memory has been shown to improve with age [3], such that adolescents
and adults can store more items than children [4] and process information more quickly, thus avoiding decay [5].

The Corsi Block-Tapping Test (CBTT) [6] has been widely used to assess visuospatial (VS) WM [7] in both
healthy [8] and brain-damaged patients [9]. The task begins when the experimenter taps a sequence of touches
on cubes placed on a board, which the participant then attempts to imitate either in the same order or backwards.
The latter mode assesses WM because of the reordering to generate a new order of items [10].

According to Baddeley’s model, the prefrontal cortex (PFC) provides the attention resources required to ma-
nipulate consciously short-term visuospatial or phonological information [11] in the right [9] and left hemis-
pheres [12], respectively. For this reason, functional coupling between PFC and posterior cortical areas repre-
sents one of the most important neural bases of WM [13], the development of which may partially explain the
improvement of WM capacity and some other high-order functions observed in adults [14].

Several studies of brain-damaged patients [9], including neuroimaging [15] [16] and electrophysiological ap-
proaches [17], have shown that the prefrontal cortex is functionally-coupled to parietal areas, and that the pattern
activity of those areas shows clear development over time during performance of the VSWM task [18].

EEG is a useful tool to register electrical waves derived from the activity of pyramidal cells in the cortex [19].
One way to estimate the functional coupling between two different cortical areas is through electroencephalo-
graphic correlations (rEEG) [20], a mathematical index that makes it possible to determine the degree of simi-
larity between two EEG signals during rest or cognitive task performance. This technique has been used to de-
termine how such variables as sexual stimuli, alcohol, menstrual cycle, or age, affect functional coupling in the
brain during performance of tasks that assess executive functions [21]-[23]. In relation to VSWM, EEG cohe-
rence, a feature of the EEG highly similar to the EEG correlation [24], has been used to assess the functional
connectivity between prefrontal and parietal areas on WM tasks, where it has identified an increase in theta and
alpha band correlations [17] [25] [26].

Considering these earlier findings, we designed a study with the objective of characterize interhemispheric
(INTER) prefrontal and intrahemispheric (INTRA) frontopolar-dorsolateral prefrontal and dorsolateral prefron-
tal-parietal in children, adolescents and young adults during performance of the CBTT. We hypothesized that
the INTER correlation would diminish during the task as age advanced, since hemispheric specialization and the
prefronto-parietal correlation would increase during performance of the task, also in accordance with age.

2. Method
2.1. Participants

In this study participated 46 middle class Latino males, from which 10 were excluded because not reached a suf-
ficient number of artifact-free EEG segments. The rest of the participants formed 3 groups: 12 children aged 11
to 13 years old (G1), 12 adolescents aged 18 to 20 years old (G2), and 12 young adults aged 26 to 30 years old
(G3). Ages were selected in relation to the late maturation of the frontal lobes [27] and the executive functions
[28]. Participants were enrolled in different elementary schools, campuses of the University of Guadalajara and
postgraduate programs of metropolitan area of Guadalajara. Before make an appointment for the evaluation and
EEG recordings, every potential participant was contacted via phone call to prove he met the inclusion criteria
for this investigation.

Participants had the following characteristics: right-handed, no prior or current psychiatric or neurological
disorders, no cognitive disabilities, 1Q above 80 measured by WISC-1V [29] for Glor by WAIS-111 [30] for G2
and G3, and normal scores on tasks that assess attention and memory using the NEUROPSI battery [31]. Sub-
jects were invited to a single evaluation at the Institute of Neurosciences. None had performed the CBTT before
this study. All procedures involved were approved by the Ethics Committee of the Institute of Neuroscience in
accordance with the ethical standards laid down in the 1964 Helsinki Declaration, and all participants gave their
informed consent prior to their inclusion. This study was conducted from August to December 2012.

2.2. Corsi Block-Tapping Task

A computerized version of the CBTT (CubmemPC.exe) was used [8], in which 10 blue cubes are shown on a
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computer screen against a rectangular gray background. The task begins when the participant touches the com-
puter screen (touch screen) to initiate automatically a sequence of cubes. To emulate the sequence of cubes that
the examiner taps, the program changes the color of the cubes that are tapped from blue to yellow (1-second du-
ration), one-by-one and sequentially to form a series of bins, whose length increases progressively up to a series
of 7 cubes (4 trials for each length). Immediately after the last cube of the sequence had been light, participant
had to reproduce the sequence presented before in the backward order by touching the cubes on the screen. The
total number of trials was 24, and the following parameters were measured: onset latency (OL), total execution
time (TET), correct trials (CT), and the longest sequence or span.

2.3. EEG Procedure

EEG signals were recorded in a shielded, dimly-lit room, with subjects seated in a comfortable position ap-
proximately 50 cm away from the screen, in two conditions: with eyes open at rest (3 minutes), and during per-
formance of the Corsi task (7 minutes maximum), with a 3-min interval between recordings. EEG recordings
were taken at six derivations of the International 10/20 System [32]: F1, F2 [bilateral frontopolar, BA 10], F3,
F4 [dorsolateral prefrontal cortex, DLPFC, BA 46] [33], and P3, P4 [parietal areas, BA 7] [34]. All derivations
were referred to linked ears with the ground electrode placed on the forehead. EEGs were amplified using a
Grass model P7 polygraph with EEG filters set at 1 and 50Hz. Impedance for the EEG electrodes was kept be-
low 10 kV. CAPTUSEN software [35] was used to perform sampling (1024 points at a sample rate of 512 Hz)
and store the EEG data for off-line processing. In addition, electroculogram were recorded to detect eye-move-
ment artifacts using a bipolar montage with electrodes placed at the outer canthi of both eyes. Epoch rejection
was based on both visual and computer selection. Thus, the EEG epochs that were visually identified as conta-
minated by noise were removed manually using a computer program (CHECASEN) [36].

The recordings were then reduced to 40 epochs (approx. 2 s each), which were representative of the entire
time of EEG recording. EEGs were analyzed by the EEGMAGIC computer program [37], which initially calcu-
lated the Fast Fourier Transform (FFT) to six frequency bands: delta (1.5 - 3.5 Hz), theta (3.5 - 7.5 Hz), alpha-1
(7.5 - 10.5 Hz), alpha-2 (10.5 - 13.5 Hz), beta-1 (13.5 - 19.5 Hz), beta-2 (19.5 - 30 Hz) and gamma (31 - 50 Hz).
The correlation spectrum is then calculated from the autospectra and the cross-spectrum of the signals’ propor-
tioning values between —1 and +1. Correlation spectra at O delay for each subject and condition were obtained
for each frequency band using amplitude values by means of Pearson product-moment coefficients to obtain in-
terhemispheric correlations (INTERr) between homologous left and right derivations (F1-F2; F3-F4) and intra-
hemispheric correlations (INTRAr) between derivations in the same hemisphere (F1-F3, F3-P3 and F2-F4,
F4-P4 in the left and right hemispheres, respectively). Correlation values were transformed to Fisher’s z-scores
to approximate them to a normal distribution before conducting the statistical procedure. Z-score calculations
were based on individual scores.

2.4. Statistical Analyses

To compare performance on the Corsi task and the EEG correlations among age groups we used one-factor
ANOVA:s for each behavioral parameter (reaction time, span, total execution time, correct trials), as well as the
EEGs for each pair of derivations (F1-F2, F3-F4, F1-F3, F2-F4, F3-P3, F4-P4) in each band. A Tukey test was
then performed at a significance level of 0.05. Only the EEGs recorded during the Corsi Task were analyzed.

In addition, to determine how EEG activity is related to performance of the Corsi task, a Pearson correlation
was performed between the different parameters of EEG activity during the task and the behavioral scores from
the task, as in previous studies [23] [38].

3. Results

3.1. Behavioral Performance

There were no significant differences between groups in onset latency. On both span (F; 33 = 13.07, p < 0.0001,
n = 0.442) and correct trials (Fy33 = 13.92, p < 0.0000, 7 = 0.458), G2 and G3 retained more items than G1
(Figure 1). With respect to total execution time, only G3 had a shorter runtime (in seconds) than G1 (F,33 =5.13, p
<0.01, 7= 0.237); G3 was faster than G2 but this difference was not statistically significant (p < 0.09) (Figure 1).
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Figure 1. Mean (+ 2 S.D.) of performance scores in CBTT. Significant differences among groups area indicated with *p <
0.0001 or +<0.01. (a) Span, G2 and G3, regarding G1; (b) Correct trials (CT), G2 and G3, regarding G1; (c) Total execution
time (TET) from G2 and G3, regarding G1.

3.2.rEEG Data

1) Inter-hemispheric correlation

For the bilateral INTERr DLPFC (F3-F4) during task execution, a higher correlation occurred in alpha-2 (F; 33
=5.83, p <£0.006, 7 =0.261), beta-1 (F,33 = 5.36, p < 0.009, 1 = 0.245) and beta-2 (F,33=7.23, p <0.002, 17 =
0.305) in G2 and G3 compared to G1 (Figure 2).

2) Intra-hemispheric correlation

For the right INTRAr frontopolar-DLPFC (F2-F4), the study found a higher correlation in alpha-2 (Fy33 =
3.60, p £0.037, = 0.179) in G2 compared to G1 (Figure 3(a)), while for the right INTRAr DLPFC-parietal
(F4-P4) during task execution it found a higher correlation in G2 in beta-2 (F,33 = 4.57, p < 0.017, n = 0.217)
compared to G1 (Figure 3(b)). Finally, for the left INTRAr DLPFC-parietal (F3-P3) during task execution it
found a higher correlation in G3 in beta-1 (Fp33 =4.71, p < 0.015, n = 0.222) compared to G1 and in beta-2 in
G2 (Fy33=3.97,p <0.027, n=0.194) compared to G1 (Figure 3(c)).

3.3. Correlation between Behavioral and rEEG Results

A positive correlation was found between the parameter total number of correct trials and: the F2-F4 alpha-2 (r
= 0.465, p = 0.004) (Figure 4(a)), the F4-P4 beta-2 (r = 0.334, p = 0.047) (Figure 4(b)), and the F3-F4 beta-2
band (r = 0.400, p < 0.016) (Figure 4(c)) when the three groups were mixed.

4. Discussion

This study found differences among three age groups for both the behavioral and EEG-recording parameters. In
terms of behavior, G2 and G3 had more correct responses than G1, but G3 showed a faster execution time. In
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Figure 2. Mean (2 S.D.) of the DLPFC INTERr (F3-F4) in all
bands in G1, G2 and G3. The significant differences between older
groups (G2, G3) and G1 are shown with *p <0.05.
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Figure 3. Mean (2 S.D.) of the INTRAr correlation in derivations and bands where there were significant differences
among groups, *p < 0.05. (a) right frontopolar-DLPFC, significant differences in G2 in comparison with G1; (b) right
DLPFC-parietal, significant differences in G2 in comparison with G1; (c) left DLPFC-parietal, significant differences in G2
and G3 in comparison with G1.

the EEG results, the main differences were found in the intra-hemispheric prefronto-parietal correlation. In con-
trast to our hypothesis, functional coupling did not increase in accordance with age; a finding is discussed in the
following section.

1) Behavioral performance

As mentioned above, older groups were able to maintain more items in working memory than children, thus
confirming the results reported in other studies [7] [39] [40]. This indicates that the capacity to manipulate and

retain items improves with age.
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Figure 4. Scatterplots between Correct trials in the Corsi Block Taping Test (x axis) and EEG correlation (y axis) in: (a)
F3-F4, beta-2 band; (b) F2-F4, alpha-2 band; (c) F4-P4, beta-2 band.

Although G2 and G3 had better performance than G1, when total execution times were compared, only the par-
ticipants in G3 presented a faster time than G1. The combination of higher performance with lower time could
suggest that the VWM of G3 is more efficient than that of G2 and G1. In this sense, efficiency is defined as the
ability to perform, or produce, something without wasting materials, time or energy [41], an idea that will be
discussed in greater detail below in the analysis of the EEG correlations.

With respect to total execution time, studies have described an increase in processing information speed with
age [42], and argued that this rate is a factor that maintains the efficacy of execution on working memory tasks
and prevents decay of internal representations of the environment [43]. The processing speed shown at the end
of the second decade of life may be based on the complete cell myelination that is observed from 20 to 29 years
of age [28], and which increases the speed of conduction of nerve impulses that may be related to better perfor-
mance on cognitive tasks [44]. However, additional studies are needed to detect whether such changes are dri-
ven by reduced control inhibition or by greater processing speed.

2) rEEG

We found a higher DLPFC-INTERr in G2 and G3 compared to G1, a fact that could explain the higher
VSWM capacity. In this sense, many previous works have demonstrated that both high memory load [45] [46]
and the complexity of the cognitive task [47] demand the bilateral participation of both hemispheres, specifically
in the DLPFC. This is particularly true when the demand for information maintenance exceeds the capacity of
the slave systems, as could happen in older groups [48]. In contrast, children could activate other cortical areas
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to load memory, probably occipital ones, as previous works have reported [18]. This could indicate that neural
processing in children is different from that of young adults and adolescents, and is clearly less efficient, ac-
cording to our behavioral results.

In addition, the bands that showed a higher DLPFC-INTERr in G2 and G3 were alpha-2, beta-1 and beta-2.
The higher alpha correlation could be a consequence of surpassing the capacity limits on a short-term memory
task, as in the longer sequences in our study [49]. The presence of the beta-1 band, meanwhile, could reflect the
mental process required to hold the object representation for the short memory [50] needed in this case to
achieve better execution. In our study, the evocation of items in backward order involved manipulating informa-
tion so that as sequence length increased, the task became more cognitively demanding [51]. A limitation of the
present study was we did not compare EEG recordings in different span, so, we were not able to determine the
changes in the functional interhemispheric coupling during different memory load.

With respect to the right frontopolar-DLPFC and DLPFC-parietal correlation, G2 had a higher INTRAr than
G1 in the alpha-2 and beta-2 bands. This result is congruent with previous neuroimaging studies which have
found that right prefrontal and parietal activation show a linear increase from childhood to adolescence during a
VSWM task [27] [52], although this finding based on samples of age groups from childhood to the early twen-
ties (22 years old).

In contrast, our study included older participants. However, similar to our results, other neuroimaging studies
have found higher activity in the DLPFC and parietal areas in adolescents compared to children and young
adults on VSWM tasks [53] and various executive function tasks [54]. Considering this, it is possible that the
difference in functional coupling between G2 and G1 could indicate that adolescents have a more general and
non-specific neural activity [55] that requires the integration of more association areas, such as the parietal re-
gions. It is probable that adolescents have not completed synaptic pruning in the DLPFC and parietal regions [56]
[57]; thus the transition from adolescence to adulthood involves even greater neural specialization for informa-
tion processing in the VSWM. As Scherf et al. [53] observed changes in VSWM execution from childhood to
adolescence were marked by quantitative changes, while those from adolescence to adult-like performance were
marked by qualitative ones.

When analyzing the differences in bands between G2 and G1, many studies have suggested that alpha is
strongly related to semantic coding [49], whereas beta has been associated with task performance, since it re-
mains high over a time delay and decays with the subject’s performance, which is functionally related to both
maintenance of mental representations during short-term memory tasks and motor preparation [50].

Our study found that the left DLPFC-parietal correlation was higher in G3 than G1 in the beta bands. Other
studies also found a functional involvement of the left hemisphere [56] on VSWM tasks. Indeed, left hemis-
pheric involvement has been identified in long-sequence verbal tasks [18] and may underlie processes of sub-
vocal rehearsal in the working memory [58]. It may be that visuospatial processing is facilitated by sub-vocal
skills that are strengthened as an adult-level strategy developed to improve VSWM functions. This possibility
was also explored in the results of a study that found higher left fronto-parietal beta-1 coherence in sentences
that involved greater verbal working memory demands, since more difficulty in understanding was seen in age
groups quite similar to the ones tested in our work [59]. Besides, the lower left DLPFC-parietal correlation in
beta-2 in G1 could be related to deficits in communication among different cortical association areas [60], and
therefore, with poorer performance on VSWM tasks.

The significant correlation between total number of correct trials and EEG correlation confirmed the partici-
pation of frontopolar-DLPFC and DLPFC-parietal circuits in spatial working memory tasks [9] [15] [17]. The
bands alpha-2 and beta-2, that showed a significant correlation with behavioral parameters, are implicated in
classic working memory tasks [61]. Our results suggest that these bands could be considered as effective pre-
dictors of a working memory capacity.

Finally, we consider that in future studies it will be important to compare EEG correlations on tasks with se-
quences of differing lengths in order to analyze progressive hemispheric functional coupling. In addition, to de-
termine the way in which the left hemisphere participates in VSWM tasks, it would be useful to include a verbal
interference to explore whether sub-vocal rehearsal participates in such tasks.

5. Conclusion

In this study, we observed that young and late adolescents had a higher performance than children on the CBTT,
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but that young adults performed the task more efficiently. These behavioral results are related to a characteristic
rEEG pattern marked by a higher DLPFC correlation in both adults and adolescents, and a higher functional
coupling between the right prefrontal and parietal areas only in adolescents. Also, adults show a left-lateralized
functional coupling between the DLPFC and parietal areas, which probably reflects the use of sub-vocal rehear-
sal. Finally, the relation of the alpha and beta bands to the efficacy of task performance suggests a continuity of
this EEG activity only in VSWM capacity development, though additional studies are needed to confirm this
assumption.
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