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Background. Visuospatial working memory changes across years of schooling. Keywords:
According to data from the cross-sectional and longitudinal studies available  visuospatial
in the literature, conclusions about the linear or nonlinear nature of changes in working
visuospatial working memory depend on the period of time analyzed and the = memory;
frequency of the measurements. However, which of the two nonlinear models of ~ school
functional dependence (e.g., quadratic or cubic) best describes the developmen- education;
tal trajectories of visuospatial memory across schooling is still an open question. grade; age;
Objective. The results of statistical analysis of the development of visuospatial cross-sectional
working memory in girls and boys across school years from Grade 1 to Grade 11 study;
are presented. Additionally, the relationship between age and years of schooling ~ polynomial
is investigated, as is the influence of these factors on the developmental trajectory ~  regression;
of visuospatial working memory. gender
Design. This cross-sectional study involved 1,246 pupils who were in Grades differences

1 to 11 at one public school; their ages ranged from 6.8 to 19.1 years (50.4%
were boys). The students’ visuospatial working memory was measured using the
computerized “Sequences” test, which is based on the “Corsi block-tapping task”
and has been adapted for Russian schoolchildren. Correlations, analysis of vari-
ance, and polynomial regression were carried out, and both linear and nonlinear
models of the functional dependence of working memory on years of schooling
were tested.

Results. The results of the multiple regression analysis suggest that the num-
ber of years of schooling is a more important factor than age with regard to
temporal changes in visuospatial working memory. When we introduced “years
of schooling” and “age” predictors into a single model, we found the years of
schooling to be the most significant predictor of visuospatial working memo-
ry (B = 1.07; p = 0.000).While age remained a statistically significant predictor
(B = -0.52; p = 0.008), it did not significantly improve the model characteristics
(corrected R* = 0.30; F(2) = 253.9; p < 0.01).
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The results of the polynomial regression showed that during schooling, the
developmental trajectories of visuospatial working memory are nonlinear for
both genders. In girls, both the quadratic and cubic models explained 36% of
the variance in visuospatial working memory, but the quadratic model had the
least number of parameters and the best fit to data. In boys, despite all theo-
retical models being suitable, the largest percentage of the variance in visuos-
patial working memory values was explained using the cubic model (R* = 0.31;
P =0.000). Thus, the characteristic of change in visuospatial working memory for
girls had a quadratic relationship that stabilized after Grade 8, while for boys, the
relationship was cubic, with the period of stabilization between Grades 5 and 6,
and then further growth.

Conclusion. We concluded that the number of years of study is an important
factor in the development of visuospatial working memory during the schooling
period, but that there are other factors involved as well.

Introduction

Working memory is the ability to temporarily store and process small pieces of
information necessary for current thinking activities. According to one of the most
developed concepts, working memory is a system consisting of a visuospatial ma-
trix, a phonological loop, a central control element, and an episodic buffer that
accumulates incoming information from different modalities (Baddeley & Hitch,
1994). In the context of educational problems, a special role in the working memo-
ry system is assigned to the visuospatial matrix, which is responsible for the storing
and processing of spatial and visual information obtained in the process of direct
perception or extracted from long-term memory (Tikhomirova & Malykh, 2017;
Tikhomirova, 2017; Pagulayan et al., 2006, etc.).

Visuospatial working memory is measured by two types of tests. The first type
measures static visuospatial working memory, which is related to the storage and
reproduction of the spatial position of simultaneously presented stimuli (Roberts,
2016; Englund et al., 2014). The second type measures dynamic visuospatial work-
ing memory and consists of memorizing and reproducing sequentially represented
stimuli (Pagulayan et al., 2006). This second type is often used to measure visuo-
spatial working memory during school age, in particular, by the now-classic “Corsi
block-tapping task” (Pagulayan et al., 2006). In this test, which has been adapted
for Russian-speaking schoolchildren as “Sequences,” rows of blocks that light up in
a certain order are presented on a computer screen, and then the test subject must
repeat the order in which they lit up for each row (the rows consist of four to nine
blocks) (Tikhomirova & Malykh, 2017; Tosto et al., 2013).

The phenomenon of working memory is often studied in cross-sectional studies
of schoolchildren when there is a single measurement taken for children in differ-
ent years of schooling, with different levels of education, etc. Longitudinal studies
of working memory are much less frequently carried out. The essence of these is
multiple measurements of a trait in the same respondents over a period of time,
such as during the period of primary education, compulsory general education, etc.
The choice of method is determined by the objectives of the study, the size of the
samples, and the time and administrative capacities of the researcher (see in more
detail Tikhomirova, Kuzmina, & Malykh, 2020). Thus, when using the data obtained
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at one point in time, the researcher is studying the specifics of change in a psycho-
logical trait over a certain period of time, such as, for example, the age features of
each year of primary school education. The data collected in longitudinal studies
make it possible to analyze the development of a trait over a certain period of time
and to construct the trajectory of development during the whole schooling period.

Age and Years of Schooling in Changes
in Visuospatial Working Memory

Both cross-sectional and longitudinal studies raise the problem of the relationship
between student age and years of schooling, and their influence on the change in
working memory. This problem is especially relevant for studies involving Rus-
sian schoolchildren and is associated with a wide range of age variability among
children in each year of schooling. In one longitudinal study, the age differences
between Russian students in first grade were as high as two years; and fourth-grade
students’ average ages varied from 9.72 to 11.85 years (Tikhomirova et al., 2019).
Additionally, there are significant overlaps in student age between different years of
schooling. For example, a cross-sectional study involving Russian students from six
general education schools showed that children aged 11 could be found studying in
both the third grade and the fifth grade (Tikhomirova & Malykh, 2017). This can
be due to a whole range of reasons, but it is primarily because parents can request
early (at approximately 6.5 years) or late (closer to 8 years) entry of their child into
the first grade.

The effects of student age and the number of years of study on cognitive skills
were examined by Cahan & Cohen (1989) using a sample of peer children who
entered school at different ages — usually a year early or a year late. They showed
that students who entered the fifth grade a year earlier than their peers, performed
better on intelligence tests by the end of the school year (Cahan & Cohen, 1989).
Moreover, this performance gap remained until the end of the eighth year of school-
ing, indicating the significance of the effect that years of study have on cognitive
skills development.

Another study compared the effects of age and learning activity in a sample of
older people (Longman, Saklofske, & Fung, 2007). Statistically significant corre-
lations between time spent on lifelong learning and average cognitive test scores
were reported in older age groups. For example, the average IQ value among
Americans with eight years of education is 86 or less, while that of their peers
with sixteen years of educational experience is 112 (Longman, Saklofske, & Fung,
2007). However, in studies of the influence of student age and years of school-
ing on temporal changes in psychological traits, both measures are still equally
considered and are sometimes used synonymously (Tikhomirova, Kuzmina, &
Malykh, 2020; Kuzmina et al.,, 2020; Schneeweis, Skirbekk, & Winter-Ebmer,
2014; Isbell et al., 2015).

Changes in Visuospatial Working Memory Across Lifespan

Working memory changes over time. This fact is observed in cross-sectional stud-
ies, which report an increase in average values (Tikhomirova et al., 2013; Roberts,
2016; Tikhomirova, 2017; Verbitskaya et al., 2015), and in longitudinal projects,
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which calculate trajectories of development over a certain time interval (Lépez-
Vicente et al., 2016; Isbell et al., 2015).

According to studies dating back 25 years, changes in working memory are
nonlinear: working memory improves intensively while one is in primary and sec-
ondary school, and it declines in old age (Siegel, 1994). In particular, a study of
working memory covering a broad age range from 5 to 80 years showed a signifi-
cant increase in working memory during childhood, with only 30-year-old respon-
dents reaching peak values (Alloway & Alloway, 2013). Thus, the change in this
cognitive parameter appeared to be related to the specificity of the stimulus mate-
rial in the working memory tests: verbal or visuospatial stimuli.

A study involving groups of respondents ages 6-10, 14-17, and 18-25 years
showed that the cubic relationship between age and working memory test scores,
with a stabilization period at 15-20 years, best describes changes in dynamic vi-
suospatial memory (Roberts, 2016). However, this study had limitations due to
the lack of data from respondents ages 11 to 13 years, and the small number of
participants in each age group (approximately 100), which may have led to some
distortion of the results. The hypothesis of the nonlinearity of the development
of visuospatial working memory was also supported in a large-scale study with
four repeated measurements over a one-year period in children ages 7-11 years
(Lopez-Vicente et al., 2016). The most intensive growth was recorded during the
period from 7 to 10 years, while after 11 years of age, working memory had sta-
bilized.

By contrast, a number of studies have reported linear changes in working
memory from early childhood to adolescence (Isbell et al., 2015; Goldstein et al.,
2014; Thaler et al., 2013). For example, a study of working memory based on the
model by A. Baddley and G. Hitch analyzed the dynamics of individual compo-
nents of working memory in children ages 4 to 15 years (Gathercole et al., 2004). It
was shown that the trajectory of changes in working memory rose linearly from 4
to 14 years of age, stabilized at the ages of 14 to 15 years, and then plateaued. More
recently, a study showed a similar trend in the nature of working memory change
in a sample of children starting at 6 years old (Goldstein et al., 2014).

These studies also reported an earlier age-specific stabilization of working
memory development at ages 11-12 years, but they still supported the conclusion
of a linear pattern of change (Thaler et al., 2013). These studies also discussed the
limitation of the upper-age range of samples, which is 14-15 years, leaving open
the question of the further developmental trajectory of working memory, and ac-
knowledging that stabilization in adolescence may be an indirect confirmation of
the nonlinearity of the age dynamics of working memory. The thesis about the con-
tinued growth of working memory after stabilization in adolescence was proven in
a study with three dimensions and children of 13, 16 and 20 years old (Isbell et al.,
2015).

In studies involving Russian schoolchildren, it has been shown that at differ-
ent stages of basic general education, there is an increase in average visuospatial
working memory as measured by the “Sequences” test (Tikhomirova et al., 2013;
Verbitskaya et al., 2015; Tikhomirova, 2017). It has been shown, in particular, that
in primary school, the number of years of study explains 9% of the variation in
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visuospatial working memory values (Tikhomirova et al., 2015). It is emphasized
that the increase in the average values of working memory test scores occurs at
the expense of maximums. The minimums of working memory test scores actually
remain unchanged during the period of primary school and during the basic level
of general education (Tikhomirova & Malykh, 2017).

Thus, according to data from the cross-sectional and longitudinal studies avail-
able in the literature, conclusions about the linear or nonlinear nature of changes
in visuospatial working memory depend on the period of time analyzed (up to 14,
25, or 80 years) and the frequency of measurements (only at 13, 16, and 20 years of
age in the period from 13 to 20 years or at 7, 8, 9, and 10 years of age in the period
from 7 to 10 years). Which of the two nonlinear models of functional dependence
(e.g., square or cubic) best describes the developmental trajectories of visuospatial
memory is still an open question.

In this context, the most informative period is the period of school education,
during which students actively master spatial activities, gain increased experi-
ence using computer technologies, and form geometric concepts. All of this pro-
motes the intensive development of spatial abilities, including visuospatial working
memory, making this cognitive trait plastic (Uttal et al., 2013; JauSovec & JauSovec,
2012). It is worth noting that boys’ greater interest in and experience with spatial
activities are often used as an explanatory category when analyzing gender differ-
ences in spatial abilities (Frenken et al., 2016).

Gender differences in visuospatial working memory
and their changes across lifespan

Gender differences in working memory are a common subject of cross-sectional
studies that examine the periods of most intense growth and stabilization of mean
working memory values in children, adolescents, youth, adults, and the elderly
(Frenken et al., 2016). Several studies have reported the existence of gender dif-
ferences in the development of visuospatial working memory in favor of both men
and women (Ledn, Cimadevilla, & Tascon, 2014; Bull, Davidson, & Nordmann,
2010; Wai, Lubinski, & Benbow, 2009; Voyer et al., 2007; Vuontela et al., 2003, etc.).
Other studies have demonstrated similarities in the age dynamics of working mem-
ory test scores that include visuospatial stimuli (e.g., Robert & Savoie, 2006).

It has been shown that in the period from 6 to 13 years of age, gender differ-
ences in performance on visuospatial working memory tests are most evident at 6
to 8 years of age, less evident at 9 to 10 years of age, and absent at 11 to 13 years of
age (Vuontela et al., 2003). Throughout the analyzed age period, girls performed
tasks better than boys with fewer errors. A slightly different result was obtained
in the meta-analysis of 36 studies that included the following age groups: under
13, 13 to 18, and over 18 years of age (Voyer et al., 2007). For example, signifi-
cant gender differences, favoring women, were found in age groups older than
13 years.

However, most studies have reported a male advantage in performance on vi-
suospatial working memory tests (e.g., Tikhomirova et al., 2015; Zilles et al., 2016;
Frenken et al., 2016; Bull, Davidson, & Nordmann, 2010; Wai, Lubinski, & Benbow,
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2009). For example, a statistically significant effect of the influence of gender, favor-
ing boys, was obtained in samples of Russian high school students (Tikhomirova et
al., 2013) and primary school students (Tikhomirova et al., 2015).

However, the advantage of each gender during the performance of visuospa-
tial working memory tests can be related to the dynamics of change at certain
ages. For example, in a longitudinal study of gender differences in working mem-
ory developmental trajectories, seven-year-old girls performed worse than their
male peers, but during the course of the year, girls experienced more intensive
growth, which resulted in higher visuospatial memory scores for girls at eight
years of age (Lopez-Vicente et al., 2016). The fact that there are gender differences
in working memory, as with most cognitive traits, is explained in the context of
biological (Zilles et al., 2016) and sociocultural (Frenken et al., 2016) paradigms.

Thus, the results of studies on gender differences in the developmental trajec-
tory of visuospatial working memory show different and sometimes diametrically
opposite results, which are due, among other things, to the shortness of the time
intervals during which the working memory is analyzed (in particular, younger
schoolchildren and adolescents ages 6-13 years, or only younger schoolchildren
ages 7-11 years). Analyzing this psychological trait over a longer period of time,
and covering different age periods, will make it possible to identify periods of
growth, assess their intensity, and determine the stages of stabilization of the trait
in both genders.

The Current Study

The current cross-sectional study aimed to analyze changes in visuospatial work-
ing memory in girls and boys throughout the whole schooling period, with meas-
urements during each year — from the first to the eleventh grade. Expanding the
period of schooling to include early school age, adolescence, and youth, increases
the likelihood of understanding the influence of gender on changes in visuospatial
working memory. In addition, this study investigated the problem of the relation-
ship between student age and year of schooling, and analyzed their effects on tem-
poral changes in working memory.

Methods

Participants

Our study involved 1,246 pupils in Grades 1-11 at one school; the pupils were ages
6.8 to 19.1 years (50.4% boys). There were 501 students in the primary school-age
sample (Grades 1-4, primary level of general education; average age = 9.23 years;
standard deviation = 1.12; 49.9% boys); 542 students in the secondary school-
age sample (Grades 5-9, basic level; average age = 14.06 years; standard devia-
tion = 1.56; 54.8% boys); and 203 students in the high school-age sample (Grades
10-11, full general education; mean age = 17.25 years; standard deviation = 0.68;
39.9% boys).

Table 1 provides a detailed description of the sample according to year of
schooling (first to eleventh grades).
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Procedure

To measure visuospatial working memory, we used the computerized “Sequences”
test based on the “Corsi block-tapping task” (Pagulayan et al., 2006) adapted from
studies involving Russian and British schoolchildren (Tikhomirova & Malykh,
2017; Tikhomirova, 2017; Tosto et al., 2013).

During the first stage of the tests, sets of blocks appear on the computer screen
and light up one after another in a certain order; blocks light up in yellow for one
second at intervals of one second. During the second stage, the “Start” command
appears on the screen, and the participant must use the computer mouse to click on
the blocks in the same order in which they lit up during the first stage.

The test begins with the test participant being presented with two sets (se-
quences) of 4 blocks. If the test participant fails to repeat both accurately, the test
is automatically terminated. If the test participant repeats at least one of the se-
quences correctly, a sequence of increased difficulty is presented, with the number
of blocks increased by one. The maximum number of blocks in a sequence is equal
to 9.The test program records the number of correctly repeated sequences.

Written informed consent of parents and school administration representatives
was obtained for the participation of the schoolchildren. The study was approved
by the Ethics Committee of the Psychological Institute of the Russian Academy of
Education (project identification code 2016/2-12). The data analysis was carried
out on the basis of anonymized personal data.

Data collection was carried out in the computer science class strictly according
to the developed protocols and under the supervision of the researcher. Each study
participant executed the "Sequences” test on a personal computer with a 17-inch
monitor, at a distance of 60 cm from the screen. More detailed information about
the sample and procedure are available at Tikhomirova, Malykh, & Malykh, 2020;
Verbitskaya et al., 2020.

Statistical Approach

At the first stage, the age variability of the participants in each year of schooling was
analyzed. The correlation analysis between student age and years of schooling was
carried out, and multiple regression analysis was conducted to determine the indi-
cator of working memory, where the student age and years of schooling variables
were used as predictors. Multiple regression allows the measurement of the contri-
bution of student age and number of years of study to be included in the dispersion
of the visuospatial working memory values.

At the second stage, descriptive visuospatial working memory statistics for girls
and boys were calculated for each year of schooling. To assess the statistical signifi-
cance of gender differences and measure the effect of gender on working memory
in each year of schooling, a one-way analysis of variance was performed.

At the third stage, correlation analysis was carried out for samples of both gen-
ders in order to assess the relationship between year of schooling and visuospatial
working memory.

During the fourth stage, polynomial regression was used to analyze age-related
changes in visuospatial working memory; this allowed the testing of both linear
and nonlinear (in particular, square and cubic) models of the functional depen-
dence of the analyzed feature. Polynomial regression was performed on a general
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sample, as well as on groups of girls and boys, to analyze gender differences in
working memory changes during schooling. The least squares method was used to
estimate the parameters of the regression equation.

Results and Discussion

Age and Year of Schooling, their Relationship,
and the Effects on Working Memory Development

Table 1 shows age, gender, and sample sizes for each year of schooling.

Table 1
Description of Sample
Level of school Year of N Average age N, (%)
education schooling (min - max) boys 170
1 146 7.86 (6.8-7.8) 51.4
2 117 8.85 (7.8-9.5) 49.6
Elementary 3 140 9.82 (8.8-10.9) 50.7
4 98 10.85 (10.0-11.6) 46.9
5 102 11.81 (10.8-13.0) 63.7
6 98 12.81 (11.7-14.1) 59.2
Secondary 7 69 13.78 (12.8-15.1) 53.6
8 101 14.81 (13.6-16.1) 59.4
9 172 15.77 (14.2-18.0) 44.8
10 100 16.72 (15.3-17.0) 35.0
High
11 103 17.77 (16.3-19.1) 44.7
Total 1-11 1246 12.64 (6.8-19.1) 50.4

As shown in Table 1, the average student age increases by one year every year—
from 7.86 years in the first grade, to 17.77 in the eleventh grade. Thus, the difference
in average age values from grade to grade is one year. Additionally, the wide range
of age variability within one year of schooling warrants attention. For example, the
difference in age between students in the sixth grade is almost three years, with a
minimum of 11.7 years and a maximum of 14.1 years. In the ninth grade, the dif-
ference can be even greater: the average age is 15.77 years, but both 14-year-olds
and 18-year-olds can be studying in the same grade. This wide variation is due to a
number of reasons but primarily to the child’s early or late entry into first grade at
the request of parents (from 6.5 or 8.0 years of age), the need to reeducate a child
with poor academic performance, or health problems, etc.

In addition, there are significant overlaps in ages between different years of
schooling. For example, according to Table 1, a child aged 13 can be enrolled in the
fifth, sixth, or seventh grade. Nevertheless, both student age and year of schooling
can be simultaneously considered as predictors when analyzing changes in visuo-
spatial working memory (Tikhomirova, Kuzmina, & Malykh, 2020; Kuzmina et al.,
2020; Isbell et al., 2015).
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The results of the correlation analysis between schoolchildren’s ages and years of
schooling showed a very high correlation (r = 0.993; p < 0.01). However, despite this
high correlation coeflicient, each of these factors may have a unique effect on cogni-
tive development (see, for example, Schneeweis, Skirbekk, & Winter-Ebmer, 2014).

The multiple regression analysis, where age and year variables were used as
predictors, allowed us to measure the contribution of each of these variables to
the variation of visuospatial working memory. Thus, with the help of the “years of
schooling” predictor, 30% of the dispersion of the working memory index was ex-
plained (model characteristics: corrected R* = 0.30; F = 498.2; p < 0.01), while with
the help of the “age” predictor, only 28% was explained (model characteristics: cor-
rected R? = 0.28; F = 467.5; p < 0.01). When the variables were introduced into one
regression model, years of schooling were determined to be the most significant
predictor of visuospatial memory (p = 1.07 at p = 0.000), while age, which remained
a statistically significant predictor (§ = -0.52 at p = 0.008), did not significantly im-
prove the model characteristics (corrected R* = 0.30; F(2) = 253.9; p < 0.01).

This result suggests that number of years of study is a more important factor
than age in changes in visuospatial memory, and this result is consistent with those
from studies on the impact of education on cognitive development (Schneeweis,
Skirbekk, & Winter-Ebmer, 2014; Nisbett et al., 2012; Longman, Saklofske, & Fung,
2007, etc.).

Further analysis will examine changes in visuospatial working memory in rela-
tion to years of schooling from the first grade to the eleventh grade.

Visuospatial Working Memory: Changes Across Schooling

Table 2 presents the average, minimum, and maximum scores of visuospatial work-
ing memory for girls and boys in each year of schooling.

Table 2

Descriptive statistics of visuospatial working memory

Level of Year
school edu-  of school- Girls Boys
cation ing
Elementary 1 1.09 (0-5) 1.09 (0-4)
2 1.85 (0-5) 1.77 (0-6)
3 2.10 (0-6) 3.04 (0-7)
4 2.75 (0-7) 3.87 (0-7)
Secondary 5 2.70 (0-6) 3.82 (0-8)
6 3.97 (0-8) 3.84 (0-7)
7 4.57 (0-9) 4.28 (0-9)
8 5.10 (2-9) 4.79 (0-10)
9 4.91 (0-9) 4.99 (0-11)
High 10 5.01 (0-8) 5.09 (0-9)
11 5.10 (0-9) 5.20 (0-10)

Total 1-11 3.39 (0-9) 3.59 (0-11)
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Table 2 presents the average values for the number of correct answers for the
“Sequences” test, as well as minimums and maximums (in brackets) of the working
memory index for girls and boys in each year of school education. The minimum
and maximum values for the sequences test are 0 and 12, respectively.

According to Table 2, the dynamics of visuospatial memory growth are differ-
ent for boys and girls during schooling, even as they have same starting values in
the first grade (1.09). Boys have more intensive growth from the second to fourth
years of schooling, while girls have more intensive growth from the fifth to eighth
years. However, by the end of basic general education (ninth grade) and full general
education (eleventh grade), the rates of growth for both genders are almost identi-
cal (for example, 4.91 for girls and 4.99 for boys in the ninth grade).

The analysis of variance reveals statistically significant gender differences in
working memory only in the third (effect size of 9% of variance), fourth (10%), and
fifth (5%) years of schooling (p < 0.01). The best performance on the “Sequences”
test was observed in boys in the third to fifth years of schooling (see average values
in Table 2). These results are fully consistent with the available literature on the
male advantage in spatial abilities, including visuospatial working memory (Tik-
homirova, 2017; Frenken et al., 2016; Bull, Davidson, & Nordmann, 2010; Wai,
Lubinski, & Benbow, 2009).

According to the result of the analysis of variance, interaction between sex and
year of schooling in the total sample was statistically significant (p < 0.05), indicat-
ing that there are the differences in visuospatial working memory between boys
and girls across all schooling.

Results of the analysis of working memory in boys and girls showed that, in
general, boys demonstrated a wider range of scores — from 0 to 11 of the maxi-
mum possible 12 points on the sequences test. This fact is often used as an explana-
tion for the existence of gender differences in spatial abilities and the gender gap in
high-tech industries that favor men (Wai, Lubinski, & Benbow, 2009; Zilles et al.,
2016).

Correlation analysis between the years of schooling and working memory test
scores was performed on the total sample, and in samples of boys and girls. The
results showed the Spearman’s correlation coefficient for the total sample of school-
children to be 0.55 (p < 0.01), indicating a noticeable relationship between years
of schooling and visuospatial working memory. Additionally, gender differences
in these relationships were found. Thus, a slightly higher correlation coefficient
(r=0.60at p < 0.01) was obtained in a sample of girls compared to boys (r = 0.51 at
p <0.01), which points to differences in their patterns of the development of work-
ing memory during the schooling period.

According to several studies, the development of working memory is charac-
terized by intensive growth in the period from 6 to 14 years of age (according to
Thaler et al. (2013), up to 11-12 years old), stabilization at the age of 11-15 years
(Goldstein et al., 2014), and another period of growth with a peak at 30 years (Isbell
etal., 2015; Alloway & Alloway, 2013). In other words, throughout the entire period
of schooling — from 6.5 to 19 years of age — the development of visuospatial work-
ing memory follows a nonlinear trajectory.

Polynomial regression was used to determine the linearity or nonlinearity of
the development of visuospatial working memory. In the course of analysis, both
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linear and nonlinear (in particular, quadratic and cubic) models of functional de-
pendence of working memory on the school year were tested.

Table 3 presents the results of the polynomial regression analysis, where the
number of correct responses on the “Sequences” in the visuospatial working
memory test was used as a dependent variable. In the course of the analysis, linear,
square, and cubic dependencies of the working memory on the year of schooling
were estimated.

Polynomial regression was carried out sequentially on the general sample of
all schoolchildren (T), on the sample of girls (F), and on the sample of boys (M).
The method of least squares was used to estimate the parameters of the regression
equation.

Table 3

Results of polynomial regression on visuospatial working memory test scores

Model Summary Parameter Estimates
Relationship
R? F dft df2 p Const. bl b2 b3

Linear T 029 4983 1 1168 0.000 1.030 0.39

F 034 3074 1 578  0.000 1.024  0.39

M 025 2057 1 588  0.000 1.500  0.37
Quadratic T 032 2779 2 1167 0.000 0.294 086 -0.04

F 036 1644 2 577 0.000 0.228 079 -0.03

M 029 1198 2 587  0.000 0.392 090 -0.05
Cubic T 032 18.2 3 1166 0000 0210 093 -0.06 0.01

F 036 1108 3 576  0.000 0.732 037 005 -0.01

M 031 815 3 586  0.000 -0.253 145 -0.16 0.01

According to Table 3, all analyzed theoretical models — linear, quadratic, and
cubic — fit the empirical data well for the general sample of schoolchildren. The
linear model showed directly proportional growth of visuospatial working memory
during school education and explained 29% of the variation of this cognitive index
(p =0.000). The higher percentage of dispersion in the working memory test scores
was explained by using nonlinear models: R* for both square and cubic dependen-
cies was 0.32 at p = 0.000. However, the quadratic model had a smaller number of
parameters, which to some extent indicated better correspondence with the em-
pirical data.

In the sample of girls, all of the analyzed theoretical models also fit the empiri-
cal data well. Thus, 34% of the dispersion in the working memory test scores was
explained using a linear model (p = 0.000). A larger percentage of the dispersion in
the analyzed variable was explained in the framework of nonlinear models — qua-
dratic and cubic (for both models R* = 0.36 at p = 0.000). However, when compar-
ing the number of parameters, the quadratic dependence model better described
the data.
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In the sample of boys, despite all theoretical models being suitable, the largest
percentage of dispersion of working memory values was explained using the cubic
model (R* = 0.31 at p = 0.000). Twenty-five percent and 29% of the dispersion of
working memory in boys was explained in terms of the linear and quadratic mod-
els, respectively.

Thus, during the period of schooling for both girls and boys, the change in vi-
suospatial working memory was nonlinear. However, the change in working mem-
ory in girls was best described with a quadratic relationship, and in boys, it was best
described with a cubic relationship. To be more precise, for girls, a gradual increase
in the average values of working memory from the first to the fifth year of school
was observed, followed by more intensive growth from the fifth to eighth grades
and from the eighth to eleventh years, with stabilization occurring with a slight
decrease in grades 9-10. This trajectory was best described by a graph of quadratic
function — a parabola.

Boys of school age presented a different picture with regard to changes in work-
ing memory. According to the results of the analysis, working memory improved
intensely from the second to the fourth year of schooling; in the 5th to 6th grades,
the growth stabilized; and from the seventh to the eleventh year, working memory
improved again, but this improvement was not as intense as it was at the beginning
of the schooling period. This pattern of change fit the cubic parabola well. The iden-
tified gender differences in the developmental trajectories of visuospatial working
memory are presented in Figure I (1a for girls and 1b for boys).

0 0 0o o o
o
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l

o o oflo 06 0 o o o
o o

$ o o o o

la — Girls 1b — Boys

Figure 1. Dependence of visuospatial working memory on years of schooling

In Figure 1, the X-axis corresponds to the school year — from the first to elev-
enth grade (1-11); the Y-axis corresponds to the number of correct answers on the
“Sequences” test (0-12). The linear function is indicated with a solid line, the qua-
dratic function is indicated with a dashed line, and the cubic function is indicated
with a dash-dot line.

As seen in Figure 1, the graphs of the quadratic function for girls and the cubic
function in boys describe the observed measures of visuospatial working memory
more accurately than the linear graphs. Confirmation of the nonlinearity of the de-
velopment of working memory throughout the entire period of schooling observed
in this study aligns with the data on the pronounced cubic relationship between
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student age and test scores on the spatial memory sequences test in the period from
5 to 25 years (Roberts, 2016).

A study which set the upper limit of the age range of respondents of both gen-
ders at 14 years reported a linear improvement in working memory up to 11-12
years and further stabilization (Goldstein et al., 2014; Thaler et al., 2013). This re-
sult points to nonlinear dynamics in working memory development. These data
are fully consistent with the results obtained in this study with the sample of boys:
intensive growth with stabilization in the 5th and 6™ grades (this corresponds to
the ages of 11-12 years), and improvement in working memory from the 7th to
11th grades (ages 13.8 to 17.8 years).

Different results were observed in the girls’ sample, with improvement in work-
ing memory observed up to the 8th grade (average age 14.8 years), and then sta-
bilization that continued until the 11th grade (14.8 to 17.8 years old). These re-
sults echo the results of a study of the trajectories of the development of working
memory in children up to the age of 15, which reported stabilization in boys and
girls ages 14-15 years (Gathercole et al., 2004). The specifics of the development of
visuospatial working memory in girls and boys presented in this work can to some
extent explain the differences reported by existing studies, with regard to the begin-
ning of the stabilization period in samples that included both genders (Goldstein
et al., 2014; Thaler et al., 2013; Gathercole et al., 2004).

The results of polynomial regression on the sample of girls, using the num-
ber of years of schooling, found a slightly larger percentage of the dispersion of
visuospatial working memory compared to that observed for boys. Thus, in the
framework of both linear and nonlinear models for girls, the multiple determina-
tion coefficient R* varied between 0.34 and 0.36, while in boys it was between 0.25
and 0.31 (p = 0.000). These data confirm a stronger dependence of the development
of working memory on years of schooling in girls than in boys, confirming the data
on the relationship between behavioral level and gender specificity with regard to
neurophysiological maturation, including differences in the degree of right-hand
activation of Broca’s zone (Zilles et al., 2016).

Conclusion

In this cross-sectional study, we studied the development of visuospatial working
memory of girls and boys throughout their whole schooling period, taking meas-
urements during each year from the first to eleventh grades.

A large sample of 1,246 schoolchildren, ages 6.8 to 19.1 years, showed a wide
range of student age variability within one year of schooling — the age difference
among students of the same grade could be up to three years. Significant overlaps in
student age between different years of schooling were also observed; for example,
children aged 13 years could be studying in the fifth grade or in the sixth or even
seventh grade. This made the study of the relationship between student age and
years of schooling and their effects on the development of working memory par-
ticularly relevant.

Despite the high correlation between age and number of years of schooling,
each of these indicators had a unique effect on cognitive development. Indeed, the
results of the multiple regression analysis, in which the variables of age and years
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of schooling were used as predictors, indicated that the number of years of study
was a more significant factor than age in the development of visuospatial working
memory.

Polynomial regression showed that changes in visuospatial working memory
were nonlinear during schooling for both girls and boys. The nature of change in
working memory in girls resembled a quadratic relationship, with intensive growth
from the fifth to the eighth year of education that stabilized after the eighth grade,
whereas in boys, it resembled a cubic relationship, with intensive growth in the pe-
riod from the second to the fourth year of education, stabilization between the fifth
and sixth years, and then further growth.

According to the results of polynomial regression, 29 to 32% of the variation in
visuospatial working memory was explained in the total sample of schoolchildren
within the framework of linear and nonlinear regression. This result suggests that
years of schooling, despite being important in the development of working memo-
ry during the schooling period, are not the only factor that affects the development
of visuospatial working memory.

Limitations

This study has a number of strengths, including well-validated measurement of
visuospatial working memory in a relatively large sample (N > 1,200). At the same
time, the study has limitations since it omitted important factors (such as the SES
of participants’ families), which can affect the results. Unfortunately, these charac-
teristics are not available for this sample and cannot be used in analysis.

Further directions for research include longitudinal studies, which could make
it possible to understand the age-related factors that influence changes in visuospa-
tial working memory, and to calculate the individual trajectories of the development
of this cognitive trait in both boys and girls during the whole schooling period.
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