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Abstract—This study is focused on changes in the brain function throughout the adulthood in healthy men
and women performing task switching (TS) in the visual modality. One hundred and forty healthy subjects
aged 20 to 65 years (69 men) participated in the experiments. In the fMRI study, the subjects performed a test
that required switching attention between two objectives (classifying figures according to their form or num-
ber). Using the voxel-based morphometry (VBM), we calculated the volumes of gray and white matter in the
whole brain and in selected areas. The results showed that a common feature of different age and sex groups
performing the TS was bilateral activation of the dorsolateral prefrontal areas, the inferior parietal lobes and
the inferior occipital gyrus. We also found a transition from local to diffuse activation occurring with age. In
young men (20 to 30 years of age) compared to women, a greater increase in the BOLD signal was found in
the prefrontal areas bilaterally, the right parietal lobe and insula, and, in addition, bilateral activation in the
supplementary motor area which were not observed in women. Older men and women (51 to 65 years) had
no significant differences. The study of the BOLD signal correlations with age in women at the age from 20 to
40 and men from 20 to 55 years showed no significant changes. With further increase of age in both groups
we found a consequent increase in the number of brain areas which are activated. The VBM analysis showed
a significant decrease in the volume of gray, but not white, matter with age. No significant correlations
between age-related changes in the gray matter volume (both in the whole brain and in the specific areas) and
BOLD signal in this age group were detected.

Keywords: attention switching, task switching, executive functions, fMRI, age-related differences, sex-related
differences
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The ability to implement the goal-directed behav-
iors, as well as to control the activity, enables a person
to deliberately organize their activities. Luria [1] sin-
gled out this ability as a separate functional unit of the
brain, specifically, the unit of programming, regula-
tion, and control of complex forms of activity. The
term executive functions afterwards appeared in the
Russian literature [2]. Miyake and Friedman [3] have
identified three most frequently mentioned in the lit-
erature executive functions: shifting between tasks or
mental sets, updating and monitoring of working
memory representations, and inhibition of prepotent
responses. Task switching (TS) [4], i.e., the ability to
consciously and quickly switch attention between
multiple tasks, operations, or mental sets [3, 5] are the
most common in the studies of the executive func-
tions.

Neuropsychological studies have shown an
increase in perseverations, reduction in the number of
correct answers, a decrease in response time, and an

increase of the impact of interference on the executive
functions with age [6]. The results of studies on age-
related changes in cognitive functions and neuroana-
tomical substrate demonstrated a relationship between
a decrease in the dorsolateral prefrontal areas and an
increase in the number of errors in the performance of
tasks on the executive functions [7]. In some studies
on age-related changes of the morphological substrate
of the brain, a significant decrease in the volume of
gray matter, the surface and the thickness of the cortex
with age have been shown [8–10]. However, in some
studies, these differences tend to appear, but do not
reach the level of significance [11]. According to Save-
liev, the dynamics of age-related changes of the brain
weight in healthy people depends on the sex and eth-
nicity of the person [12], which, apparently, could
explain the difference in the obtained results. It could
also be due to the different criteria for inclusion of sub-
jects in the normal group (some authors included
minor cerebrovascular changes and considered them
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as the normal age-related changes, others did not).
EEG studies also revealed a change in the amplitude–
time parameters of evoked potentials with age [13].

In many studies of age-related features of higher
mental functions, special attention is given to children
and the elderly age due to the conspicuous rapid
changes in these groups, and few of them address
changes and reorganization of higher mental functions
in adults. This is most likely to be caused by the fact
that changes are not that obvious in adulthood, and
this age is considered to be a relatively stable period.
Age-related changes in the TS in adult people and
their distinctive features in men and women are not
fully studied. Such knowledge would give the most
complete picture of this process and would help to
understand how this function changes with age, and
the timing of certain age-related reorganizations in the
brain when performing tasks of this type.

There are a number of age period classifications
which include the adult age. These classifications are
based on various principles of distinguishing the age
periods, and therefore differ from each other. For
example, Bunak’s classification is based on morpho-
logical and anthropological features and related struc-
tural and functional changes [14]. Erikson based the
classification on the stages of psychosocial develop-
ment of the person [15]. Ananiev used the principle of
heterochrony of the psychophysiological development
and distinguished macroperiods based on the behav-
ioral experimental data obtained in the studies of
memory, thinking, and attention [14]. One of the most
comprehensive and popular classifications suggested
by Bromley is based on various principles (age, social
status, physiological changes, etc.), and human life is
considered to consist of several cycles [14]. These are
only a few examples of age periodization of individual
human development. Most of these systems are simi-
lar and often contain the same period names with sim-
ilar age ranges. Since there are many different age clas-
sifications developed by experts in various fields and
there is no single concept of age periodization, in our
opinion, the best option would be to consider the
entire continuum of age-related changes from the
younger to the older adult age without division into
groups according to various principles.

Thus, the purpose of this study was to analyze the
dynamics of functional and structural changes in the
brain of subjects of different ages and sexes during the
test on switching visual attention between tasks.

METHODS

The study enrolled 172 subjects at the age of 20 to
70 years. All subjects completed questionnaires to
evaluate the presence of neurological and psychiatric
conditions. The presence (or absence) of organic brain
damage was determined in the T1 and T2 weighted
images. To increase the validity of data, the threshold
of correct answers was set at the level of 75% in the
fMRI task. Handedness was defined using the Annette
test [16]. Subjects also underwent neuropsychological
testing (D-KEFS Trail Making Test for assessing the
executive functions [17] and subtests of Wechsler
Memory Scale to assess the auditory and visual mem-
ory [18]). Data from subjects with organic brain
lesions (23 subjects), with the number of correct
answers less than 75% (6 subjects), left-handed sub-
jects (2 subjects), and taking psychotropic drugs at the
time of the study (1 subject) were excluded from the
analysis of the results. The final sample of 140 right-
handed subjects at the age from 20 to 65 years included
69 men (mean age, 41.02 ± 12.20 years) and 71 women
(mean age, 40.63 ± 12.90 years). Of these subjects,
11% had secondary education; 11.5%, incomplete
higher education; 66%, higher education; and 11.5%
had an academic degree. The samples did not differ
significantly in age or educational level. The numbers
of subjects of each sex in five-year age groups are
shown in Table 1.

In compliance of the Helsinki Declaration, all sub-
jects gave their written informed consent to participate
in the experiment, data processing, and publication of
the results.

The test for TS in the visual modality for the fMRI
study consisted of two blocks: an experimental (sub-
jects needed to switch attention between two objec-
tives) and a control (which did not require switching
the attention and just requested to follow the instruc-
tions on the screen). An example of a task is described
in our previous article [20].

In the experimental block, a subject had to evaluate
presented geometric figures by the form or number.
On the black background screen, white geometric fig-
ures were presented consecutively (one or two figures
at a time); each of them was preceded by an cue image
defining the method of estimating the figure. Cue
images were an empty square and two empty circles. If
the subject saw the “empty square”, he or she had to
estimate whether the following figure matched the
“square” shape, focusing on the external shape of the

Table 1. The number of subjects in five-year age intervals depending on their sex ad age

Sex
Age

20–25 26–30 31–35 36–40 41–45 46–50 51–55 56–60 61–65

Men 8 11 6 8 9 7 11 6 3
Women 10 10 10 6 8 7 8 9 3
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figure (if this was a square, the subject had to click the
right mouse button; if not, click the left). If the image
“two empty circles” appeared, subject had to assess
the match with the number “two” (if there were two
figures, the subject had to click the right button; if
there was one figure, the left one). The figures were
presented in a pseudo-random order.

Under the control condition, a subject was pre-
sented with a triangle with an acute angle pointing to
the right or to the left. The subject was asked to press
the button on the side of the angle was pointing. A
cross was shown between the triangles.

Before each experimental block subjects saw the
instruction “sorting” on the screen, before the control
block, “direction.” Instructions were presented for
2000 ms and followed by a black screen (for 1000 ms)
and the test block. Time of presentation of each figure
was 4000 ms, the image-instruction in the experimen-
tal series, and crosses between the triangles in the con-
trol blocks were presented for 1000 ms. Each block
consisted of six figures. The experimental blocks con-
sisted of three switches from one task to another. The
duration of each block was 30 s. The blocks were pre-
sented in pseudo-random ordering, eight blocks of
each type, and one more training experimental block
at the beginning of the task, which was not included in
further analysis. The number of clicks on the left and
the right button by the left hand was the same under
the experimental and control conditions. To carry out
further clinical studies at the Center for Speech
Pathology and Neurorehabilitation, where this task
was developed, the subjects were asked to use the left
hand (right button corresponds to the index finger,
and the left one, to the middle). Most patients of the
Center have language and speech disorders and often
have right-sided paresis. More detailed description of
the task is provided in our previous papers [19, 20].

Prior to the main experiment, all subjects per-
formed a similar short task as computer training. After
a correct performing, subjects were asked to perform a
similar task inside a MRI scanner.

The task for fMRI studies was shown for the sub-
jects automatically using the E-Prime 1.0 software.
During the task performing, the response times to
stimuli, as well as the number of correct and incorrect
answers were recorded. The regions of brain activation
during performing this type of tasks, the difference in
activation in both men and women at the younger
adult age, and correlation of BOLD signal with the
widely used neuropsychological tests for TS (Delis-
Kaplan) are described in detail in our previous study
[20]. 

The fMRI scanning was conducted using a
MAGNETOM Avanto 1.5T system (Siemens). The
Т1 MP-RAGE sequence (TR, 1900 ms; TE, 2.91 ms;
slice thickness, 1 mm; 176 slices; FoV, 250 mm; recon-
struction matrix, 256 × 256; voxel size, 1 × 1 × 1 mm)
was used to obtain the sagittal anatomical image. The

EPI sequence was used to register the BOLD signal in
fMRI (TR, 3000 ms; TE, 50 ms; 35 slices; FoV,
192 mm; matrix, 64 × 64; voxel size, 3 × 3 × 3 mm).
The fMRI study included 241 measurements.

The data were analyzed using the SPM8 software
(http://www.fil.ion.ucl.ac.uk/spm/) based on Matlab
R2012b (MathWorks, Natick, MA, United States)
individually and at the group level. Sections were ori-
ented parallel to the plane of the anterior and posterior
brain commissures. Prior to second level statistical
analyses, the images were realigned, coregistered, seg-
mented, and normalized to the stereotactic template
of the Montreal Neurological Institute (MNI-tem-
plate). Normalized images were smoothed with an
Gaussian kernel of 8 mm FWHM. Individual activa-
tion maps were constructed using the general linear
model. Group maps were produced from the data of
individual subject maps using a random effect model.
To construct activation maps in different groups, the
one-sample t test was used. To compare groups, the
two-sample t test was used. All activation clusters
obtained were represented in the MNI coordinates.
For the analysis of group activation maps separately
for each group, the statistical thresholds were set at
voxel levels p < 0.001 (unc.) with the corrected thresh-
old of the significance of cluster-level p (FWE-corr) <
0.001. The comparison of groups was carried out with
voxel threshold corresponding to p < 0.001 (unc.) with
the corrected threshold of significance of cluster-level
p (FWE-corr) < 0.01. To obtain the data on the spatial
location and volume of activated regions, the SPM
anatomy toolbox, version 1.8 was used [21]. To distin-
guish cytoarchitectonic Brodmann areas, the
Talairach Client 2.4.3 software was used. For this pur-
pose, the MNI coordinates were converted into
Talairach and Tournoux coordinates [22] with the
GingerALE 2.3.1 software. The relationships between
the BOLD signal in the contrast (experimental condi-
tion minus control) and the age of the subjects and
BOLD signal in the contrast and gray matter volume
was conducted using SPM8 software, where the age
and the gray matter volume were included as covari-
ates in the analysis of the second level, while the voxel
threshold p < 0.001 (unc.) was used with the corrected
threshold of the significance of cluster-level p (FWE-
corr) <0.05.

The volumes of gray and white matter were calcu-
lated using VBM analysis [23] in the SPM8 software
using the get_totals script (http://www0.cs.ucl.
ac.uk/staff/g.ridgway/vbm/) based on Matlab
R2012b. To analyze the relationship of the BOLD sig-
nal with the volume of gray matter in different brain
areas, the regions of interest were selected using the
WFU_PickAtlas_3.0.4 software. The frontal, parietal,
occipital, and temporal regions were selected for this
analysis, since some authors observed a positive cor-
relation between the deterioration in carrying out neu-
ropsychological tasks on the executive functions and
the reduction of the gray matter volume with age [24],
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and the activation of the inferior and middle frontal
gyri and the inferior parietal lobule was observed in
fMRI studies of TS [25, 26]. The statistical analysis of
the behavioral data (the reaction time, the number of
correct and incorrect responses), the comparison of
the volume of gray and white matter were performed
using the SPSS 22.0 software. First, the data were
checked for normal distribution using the Kolmog-
orov–Smirnov test. To investigate the differences
between the groups, as well as the relationship between
the independent variables, generalized linear models
were used; Pearson’s correlation coefficient (for the
variables with the normal distribution) and Spear-
man’s coefficient (for the variables that do not fit the
normal distribution) were used to study the relation-
ship between dependent and independent variables.

RESULTS
The results of the Kolmogorov–Smirnov test

showed that the dependent variable (the reaction
time) and the volumes of gray and white matter had a
normal distribution (p > 0.1), and the number of cor-
rect and incorrect answers under the experimental and
control conditions were not normally distributed (р <
0.05).

First, to identify the differences in the functional
activity of the brain and quality of task performing
during fMRI scanning between the two extreme age
groups, we compared the younger adults (20 to
30 years) and older adults (51 to 65 years) of the same
sex, and then between the sexes, to see the develop-
ment of differences with age. Next, to investigate at
what stage of the younger adulthood to the older
adulthood the differences appear and how they
change, the correlation analysis of changes in the

BOLD signal with age was performed, taking into
account the contribution of each participant, who
took part in the study, with an interval of five years.

At the initial stage, the success of TS execution was
analyzed based on the result of behavioral data of
groups in the fMRI study. In general, all groups have
successfully managed the experimental condition: in
the group of young men, there was 98% of correct
answers on average; in the group of older adult men,
97%; in the group of young women, 98%; in the group
of older adult women, 97% of correct answers. On
average, 99% of correct answers were given in all
groups in the control block.

The “net” time of TS (the reaction time for the
experimental condition minus the reaction time for
the control condition) between groups of men and
women (B = –29.37, p = 0.57), younger and older
adulthood groups (B = –58.19, p = 0.25), the interac-
tion between sex and age (B = 39.02, p = 0.59) and the
number of errors in the control block between groups
of males and females (B = –0.64, p = 0.60), younger
and older adulthood groups (B = 1.50 , p = 0.06), the
interaction between sex and age (B = –0.81, p = 0.57)
showed no significant differences. The comparison of
the number of errors between men and women in the
experimental condition (B = –0.97, p = 0.72), the
interaction between sex and age (B = 0.22, p = 0.64),
showed no significant differences; however, signifi-
cant differences between younger and older adulthood
groups (B = –7.28, p = 0.03) were detected. The mean
values for the groups are presented in Table 2.

To determine whether there is a relationship
between reaction time and a number of errors in the
experimental condition, the correlation analysis was
conducted between the two variables throughout the

Table 2. Mean values and standard deviation of the number of errors and response time in younger and older adult men
and women

М, mean; SD, standard deviation; 1, the group of younger adult men; 2, the group of older adult men; 3, the group of younger adult
women; 4, the group of older adult women; 5, men; 6, women; 7, younger adulthood; 8, older adulthood.

Number of errors Response time

groups
experimental condition control condition

М SD М SD М SD

1 0.79 1.98 0.12 0.31 322.94 157.95

2 1.31 1.66 0.05 0.23 342.11 140.40

3 0.70 1.65 0.45 0.88 313.30 179.85

4 1.45 1.82 0.10 0.31 371.49 177.32

5 1.05 1.83 0.08 0.27 332.53 147.72

6 1.07 1.75 0.27 0.67 342.39 178.73

7 0.74 1.8 0.28 0.68 318.00 167.38

8 1.38 1.7 0.08 0.26 357.18 159.00
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Fig. 1. The results of fMRI studies in the attention switching task compared to the control condition in groups of younger and
older adults (p (unc.) < 0.001, a cluster correction for multiple comparisons р (FWE-corr) < 0.001). 

 Younger adult men Older adult men

Younger adult women Older adult women

Left hemisphere

Left hemisphere

Left hemisphere

Left hemisphere

Right hemisphere Right hemisphere

Right hemisphereRight hemisphere

whole group of subjects. The highly significant posi-
tive correlations between the reaction time and the
number of errors in the experimental condition were
found (r = 0.48, p = 0.000); a greater reaction time
corresponds to a greater number of errors.

The analysis of fMRI data was carried out to iden-
tify the areas of the brain involved in the TS. The rela-
tive difference between the BOLD response in two
blocks was determined: the experimental minus the
control. During the performance of the TS, in the
group of younger women, the areas of activation were
found in the dorsolateral prefrontal, inferior parietal
region, the secondary areas of the visual cortex of the
left hemisphere (LH) and the right hemisphere (RH),

and cortical areas of the left and right hemisphere of
the cerebellum. In men of the same age, the same
areas of activation were found, and additionally, acti-
vation in the supplementary motor area, the right
insula, and left thalamus was detected. In groups of
older adult men and women, quite diffuse activation
involving a large number of activated areas of the brain
(dorsolateral prefrontal, parietal, occipital, cerebel-
lum, supplementary motor cortex, island, thalamus,
and basal ganglia of LH and RH) was found. The
results of the fMRI data are presented in Fig. 1.

Comparison of groups of older adult men and
younger adult men revealed the clusters with maxi-
mum signal intensity in the cerebellum, on the medial
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surface of the occipital and posterior cingulate gyrus.
In the group of older adult women, in comparison
with younger adult women, large clusters of activation
were detected in the cerebellum, lingual, inferior and
middle frontal, middle temporal, precentral, lateral
occipital, anterior and middle cingulate gyrus, inferior
parietal lobule, precuneus, insula, thalamus, and the
basal ganglia of both hemispheres of the brain
(Table 3).

Comparison of groups of younger adult men and
women showed a significant difference with respect to
the increase in the BOLD signal in the posterior part of
the inferior and middle frontal gyrus, supplementary
motor area of both hemispheres, the insula, the mid-
dle part of the cingulate gyrus, and the inferior parietal
area of the right hemisphere in men. In women of the
younger adult age, there was no increase in the BOLD
signal in comparison with men of the same age group.
Comparison of men and women of the older adult age
showed no significant differences (Table 3).

To assess the changes and the age of these changes,
the correlation analysis was performed between the
BOLD signal and age of men and women separately.
No significant correlations were found between the
BOLD signal and an increase in the age of women in
the 20–40 years age range. However, significant cor-
relations were found with the addition of each of the
following five years; the older the age of women was
the more areas of the brain had an increase in the
BOLD signal. An increase in the activation in the cer-
ebellum and medial surface of the occipital lobe took
place by the age of 45 years; by 50 years, the activation
in the medial surface of the temporal lobe, thalamus,
striatum increased along with the former; by 55 years,
the activation of the medial surface of the frontal lobe,
the lateral surface of the occipital and frontal lobe was

added; by 65 years, in addition to the activated areas,
the activation of the insula and the inferior parietal
lobe appeared. No significant correlations between the
BOLD signal and a decrease in age were found in
women (Fig. 2).

The analysis of the relationship between the BOLD
signal and an increase in age in men at the age from
20 to 55 years showed no significant correlations. Sig-
nificant correlations were discovered with further
increase in age: an increase in the BOLD signal in the
cerebellum, the medial surface of the occipital region,
and posterior cingulate gyrus appeared by the age of
65 years. No significant correlations with a decrease in
age were found in men (Fig. 2).

Then, we analyzed the age-related dynamics of the
volume of gray and white matter of the brain. Signifi-
cant correlations between the changes in the gray mat-
ter volume and age were found in both men and
women: the older the age, the smaller the volume of
the gray matter was (men: r = –0.276, p = 0.022,
women: r = –0.325, p = 0.006). No significant cor-
relations of the change in the volume of white matter
with age were found (men: r = 0.073, p = 0.552;
women: r = 0.031, p = 0.796). Therefore, since we
obtained statistically significant age-related changes in
the volumes of gray matter only, further analysis of the
possible relationship between the revealed age-related
changes and the morphology of the brain would be
appropriate only for the gray matter of the brain.

In addition, the correlations of the BOLD signal
with the gray matter volumes of the whole brain and of
specific brain regions in different age and sex groups,
as well as in the entire group of subjects, were calcu-
lated. No connection of the BOLD signal with the vol-
ume of the whole brain, the frontal, parietal, occipital,
and temporal regions were found in men, women, the

Fig. 2. Correlations between the BOLD signal and age in men and women of different age groups. 
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M
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20–45 20–50 20–55 20–65
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Table 3. Clusters of activation in the brain of younger and older adult groups

H, hemisphere; L, left hemisphere; R, right hemisphere; BA, Brodmann cytoarchitectonic area; р (FWE-corr), the significance level of
clusters.

Cluster size (voxels) р (FWE-corr) H Localization Coordinates MNI {x; y; z} peak T value ≈ВА

Older adult men > younger adult men
279 ,000 L Cerebellum –21; –76; –20 5.01 –

135 ,001 L Calcarine –6; –67; 13 3.96 30

Posterior cingulate cortex –6; –46; 22 3.74 30

107 ,004 L Cerebellum –12; –52; –44 4.78 –

R Cerebellum 9; –55; –44 4.52 –

Older adult women > younger adult women
13201 ,000 R Lingual gyrus 9; –67; –11 8.76 –

Cerebellum 24; –76; –17 8.05 –

Thalamus 3; –4; 10 7.66 –

Caudate nucleus 18; –4; 22 6.64 –

SMA 8; 17; 61 4.00 6

Middle frontal gyrus 37; –3; 61 5.33 6

Insula lobe 38; 25; –1 4.62 13

Precuneus 11; –58; 51 4.36 7

Angular 50; –48; 34 4.59 40

Middle occipital gyrus 38; –76; 28 5.38 19

Anterior сingulate cortex 9; 25; 28 3.89 32

L Cerebellum –12; –76; –14 8.38 –

Thalamus –12; –10; 19 7.06 –

SMA –6; 17; 57 4.38 6

Precentral gyrus –36; 1; 61 4.87 6

Middle frontal gyrus –47; 13; 46 3.43 6

Precuneus –2; –57; 51 3.64 7

Angular gyrus –49; –58; 34 3.62 39

Middle occipital gyrus –29; –79; 28 4.53 19

Middle cingulate cortex –8; –22; 38 5.41 31

355 ,000 L Inferior frontal gyrus –51; 17; 25 4.99 9

Insula lobe –27; 29; –2 4.39 –

321 ,000 L Inferior occipital gyrus –54; –64; –14 4.94 37

Middle temporal gyrus –54; –40; 1 5.84 22

Younger adult men > younger adult women
246 ,000 R Middle frontal gyrus 48; 8; 52 6.30 6

Middle cingulate cortex 15; 8; 40 4.68 24

173 ,000 R Inferior parietal lobule 36; –49; 52 3.63 7

161 ,000 R Insula lobe 45; 20; –5 4.43 13

Inferior frontal gyrus 42; 14; 13 4.97 13

128 ,001 L Superior medial gyrus –3; 29; 49 5.75 8

SMA –3; 5; 55 3.55 6

R Middle cingulate cortex 9; 29; 34 4.14 32

SMA 6; 14; 46 3.89 32

88 ,009 L Inferior frontal gyrus –51; 14; 28 5.20 9

Precentral gyrus –57; 5; 25 4.38 6
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entire group of subjects, and in the groups of younger
and older adult people.

In order to investigate whether the BOLD signal
during the execution of the studied type of task
depended on the age-related changes in the gray mat-
ter volume, these variables were included in the anal-
ysis of the second level as covariates. No significant
correlations were found between the age-related
changes in the volumes of gray matter and BOLD sig-
nal in men, women, the entire group of subjects, as
well as in people of the younger and older adult age in
the whole brain, the frontal, parietal, occipital, and
temporal regions.

DISCUSSION

The comparison of the number of errors in the

control condition and the “net” time of TS did not

reveal significant differences between the groups of

men and women, younger and older adulthood

groups, as well as interaction with sex and age. How-

ever, significant differences were found in the number

of errors in the experimental condition in the younger

and older adulthood groups, which showed that the

older subjects made more mistakes. The comparison

of women of different age groups, different age groups

of men, and men and women showed no significant

differences in the number of errors in the TS. This

result is probably due to the fact that the subjects were

not asked to respond as quickly as possible, and they

should have answered as correctly as possible to reduce

the number of errors. This assumption was made

because when we used the psychological method to

study TS, in which subjects had to respond as quickly

as possible, the significant differences were found

between young men and women [20]. This assumption

is also supported by a significant correlation between

the “net” time of TS and the number of errors in the

experimental condition. The subjects who made more

errors, had longer response time, which could reflect

the strategy of the task execution (subjects with a large

number of errors had to take more time to execute the

TS, and, most likely, they had to slow down to do

fewer errors, while subjects who almost did not make

mistakes carried out the task at a usual pace). Since the

subjects had enough time to make a decision and give

an answer, no differences were found in the response

time and in the number of errors between the different

groups. Differences were discovered between the

younger and older adult age groups and showed that,

in general, the perfoming of TS tasks worsens with age.

According to fMRI results, during the TS in the

visual modality in subjects of different age and sex, the

bilateral activation appeared in the dorsolateral pre-

frontal areas, the inferior parietal lobes and the infe-

rior occipital gyrus. These activation zones are found

in the majority of imaging studies investigating the TS

[25, 26]. It is important that the present study also

revealed significant differences between the groups,

which appeared as an increase in the BOLD signal in

young men compared to women of the same age per-

forming the TS. The transition from the local to dif-

fuse activation occurring with age was common in

both sex groups.

The comparison of the volumes of gray and white

matter showed a significant decrease in the volume of

gray matter with age. These data are consistent with

other studies that examined the change of gray and

white matter with age, and the volume of white matter

was shown to remain intact almost until the elderly age

[9, 10]. Giorgio et al. [9] found no differences in the

volume of the white matter between younger adults (23

to 40 years) and older adults (from 41 to 59.6 years),

while the group of elderly subjects (60 to 81.6 years)

exhibited a significant decrease in the volume of white

matter in comparison with the group of older adults.

In this study, the authors observed a significant

decrease in the volume of gray matter in the group of

older adults in comparison with younger adults. This

difference continued to grow in the elderly age. Since

the average age of our older group was 56 years (the

group included subjects not older than 65 years), that

is probably why we did not observe age-related

changes in the volume of white matter in our subjects.

The correlation analysis in groups of men and

women, and the entire group of subjects showed no

significant correlations between age-related changes

in the volume of gray matter of the whole brain and its

specific regions and the BOLD signal. These data sug-

gest that age-related decrease in the volume of gray

matter does not affect the change in the parameters of

the BOLD signal during the TS, and the significant

increase in activation in almost all areas of the brain in

women, and in the cerebellum and medial surface of

the cerebral hemispheres in men with age are associ-

ated with different causes. A possible reason is a

change in the hormonal status. The differences

between men and women in the change in the BOLD
signal with age appearing as an increase in the diffuse

activation in women by the age of 45 years, can be

caused, e.g., by a reduction in estrogen levels, which

are known to affect the higher mental functions in

humans [27]. In men, in contrast to women, according

to medical literature, hormonal status change is

observed 10–15 years later [28]. In men, we found an

increase in activation in the cerebellum and medial

surface of the cerebral hemispheres occurring by

60 years of age. The assumption about the influence of

hormones is supported by the significant difference in

the BOLD signal in TS between groups of young men

and women, when hormonal differences were promi-



HUMAN PHYSIOLOGY  Vol. 42  No. 4  2016

SEX- AND AGE-RELATED CHARACTERISTICS 369

nent, which was not detected in the older age groups.

In the younger group of men, the task execution was of

the same quality as in the group of women and was

accompanied by the significantly greater activation in

the prefrontal areas, the inferior parietal lobule and

the right insula. In addition, the men had bilateral

activation of the supplementary motor area, which was

not observed in women. This could indicate the

involvement of larger brain resources in carrying out

this type of task in men. The details of these differ-

ences are discussed in our paper [20].

Thus, the difference between sexes was prominent

in young subjects, which, however, reduced with age,

and approximately corresponded to the change in hor-

monal status in women. But since we did not carry out

the measurement of hormone levels, we cannot exper-

imentally confirm or reject this hypothesis.

It is interesting that an increased activation was

first found in the cerebellum in both men and women

during aging. It is assumed that one of the functions of

the cerebellum is the calculation of the possible incor-

rect actions, because both afferent and efferent signals

are conducted through it [29]. The cerebellum is sug-

gested to predict the possible errors and correct the

subsequent behavior by calculating the differences

between the expected and obtained results, thus par-

ticipating in the adaptive plasticity [30]. Although the

subjects performed the task at the convenient rate, we

still found an increase in the number of errors with

age. It is possible that the initial increase in activation

in the cerebellum is a compensatory mechanism asso-

ciated with the adaptive plasticity, which is probably

effective only at the early stages, but cannot fully com-

pensate the productivity decrease occurring with age.

Further increase in the diffuse activation with age

in different areas of the brain can be associated with

some specific age-related alterations caused by differ-

ent reasons. We should not exclude hormonal,

genetic, and even socio-cultural factors. However, the

mentioned explanations require further experimental

verification.

It should be noted that men, unlike women, did not

exhibit an increase in the activation of cortical areas of

the cerebral hemispheres with age, which could be due

to the absence of older subjects in the group. In

women, an increase in the activation in different areas

of the brain during the TS execution starts at the age of

45 years; in men, only after 55 years. The age range of

subjects was limited by 65 years, since the subjects

older than 65 years could not be included in the nor-

mal group due to various organic brain pathologies. If

older subjects were included in the group of men, an

increase in activation similar to that observed in

women would have been found with age.

CONCLUSIONS

(1) The common features of the brain functioning
during the performance of TS in different sex and age
groups were found: bilateral activation in the dorsolat-
eral prefrontal areas, the inferior parietal lobes and the
inferior occipital gyrus.

(2) In younger subjects, a difference in the perfor-
mance of this type of tasks was expressed as a promi-
nent bilateral increase in the BOLD signal in the pre-
frontal areas, parietal lobe, and right insula in men in
comparison to women. Additionally, the activation in
the supplementary motor area was found in men, but
was not observed in women. In subjects of the older
adult age, no significant differences were found
between men and women performing the TS.

(3) In healthy subjects of both sexes, during the
task on the TS, a transition of the brain functioning
from the local to diffuse activation takes place with
age.

(4) VBM analysis has shown a significant reduction
in the total volume of the gray matter, but not white
matter, of the brain with age.

(5) The correlation analysis of BOLD signal in the
TS and the volume of gray matter (according to the
VBM analysis) has shown no significant correlations
between the age-related decrease in gray matter vol-
ume and an increase in the BOLD signal with age.
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