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This paper reports the results from a 3-year follow-up study to measure the long-term efficacy of a cognitive
training for healthy older adults and investigates the effects of booster sessions using an entropy-based metric.
Design: semi-randomized quasi-experimental controlled design. Participants: 50 older adults, (M = 73.3, SD =
7.77) assigned into experimental (N = 25; Mean age = 73.9; SD = 8.62) and control groups (N = 25; mean age =
72.9; SD = 6.97). Instruments: six subtests of WAIS and two episodic memory tasks. Procedures: the participants
were assessed on four occasions: after the end of the original intervention, pre-booster sessions (three years after
the original intervention), immediately after the booster sessions and three months after the booster sessions.
Results: the repeated measures ANOVA showed that two of the cognitive gains reported in the original inter-
vention were also identified in the follow-up: Coding (F(1, 44) = 11.79, MSE = 0.77, p = .001, eta squared =
0.084) and Picture Completion (F(1, 47) = 10.01, MSE = 0.73, p = .003, eta squared = 0.060). After the booster
sessions, all variables presented a significant interaction between group and time favorable to the experimental
group (moderate to high effect sizes). To compare the level of cohesion of the cognitive variables between the
groups, an entropy-based metric was used. The experimental group presented a lower level of cohesion on three
of the four measurement occasions, suggesting a differential impact of the intervention with immediate and

short-term effects, but without long-term effects.

1. Introduction

The area of cognitive training has accumulated considerable evi-
dence towards the positive impact of training protocols on cognitive
performance assessed immediately after the intervention (Martin, Clare,
Altgassen, Cameron, & Zehnder, 2011; Nguyen, Murphy, & Andrews,
2019; Rebok et al., 2014). Most of the positive effects reported in the
literature are in abilities that are part of the same cognitive domain
trained during the intervention (trained skills) and for abilities that are
not part of the cognitive domain trained, but that pertain to a closely
related domain (near transfer effect).

However, the field has been challenged by a lack of evidence for
long-lasting effects of cognitive gains after intervention. The most
challenging aspect is keeping the cognitive gains for a long period of
time (long-term efficacy) (Law, Barnett, Yau, & Gray, 2014; Nguyen
et al., 2019). There has been a growing interest in investigating the
long-term efficacy of cognitive training programs, especially due to the

restricted number of long-term follow-up studies compared to the more
common immediate effect studies. In a recent meta-analysis and sys-
tematic review, Nguyen et al. (2019) showed that, from a sample of 64
studies, only 16 examined the long-term efficacy of cognitive training
programs, with the follow-up length ranging from 3 weeks to 18 months
(Meahmonss = 6.83,5D = 5.09).

One could argue that the lack of evidence for the long-term impact of
cognitive interventions weakens the cognitive enrichment hypothesis
(Salthouse, 2006) and that cognitive trainings have not been proven as
capable to alter the rate of change in cognitive functioning throughout
the lifespan (Salthouse, 2015). However, it’s also possible that the lack
of support for long-term effects of cognitive interventions may be
attributable to methodological limitations and shortcomings in design or
analysis that have been pointed to in the literature, such as the difficulty
to control for multiple cofounders that can account for the age-related
cognitive decline (Melby-Lervag, Redick, & Hulme, 2016; Simons
et al., 2016).
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Alternatively, the exploration of the impact of an intervention should
be extended beyond the analysis of the variability of cognitive scores
before and after the training. This study presents a novel approach to
investigate the long-term impact of a cognitive training in a group of
healthy older adults with the use of an entropy-based metric termed total
correlation. In doing so, patterns of change in the level of cohesion
among the cognitive variables can be uncovered and provide relevant
information for the impact of the training on the cognitive structure.
This pattern of structural changes would be missed by traditional linear
techniques that focus on the variability of the mean scores (i.e. whether
or not they improve with and without the intervention).

In order to prolong the benefits of cognitive training, booster sessions
may be conducted between posttest and follow-up testing occasions. The
booster training is typically conceived as a shorter version of the original
intervention. There is evidence supporting that additional training ses-
sions throughout the follow-up period lead to a re-activation of the
cognitive skills previously trained (e.g., Kelly et al., 2014; Nguyen et al.,
2019) therefore being an important aspect to be considered when
evaluating the long-term impact of the intervention.

The current study assessed a group of 50 older adults three years
after a cognitive training had been conducted to investigate the long-
term impact of this training. A booster training was included for the
experimental group after the follow-up assessment, to explore the
impact of additional training sessions in the cognitive performance. The
level of cohesion among the cognitive variables was analyzed along the
measurement occasions to investigate possible structural cognitive
changes as a result of the intervention.

2. Literature review

Long-term efficacy is valuable evidence for the high quality and
strength of a cognitive intervention program. Some of the most impor-
tant and robust studies in the cognitive training field indicate that
elderly people are able to retain the cognitive gains (training effects)
from several months (Borella, Carretti, Riboldi, & De Beni, 2010;
Brehmer, Westerberg, & Backman, 2012; Giinther, Schafer, Holzner, &
Kemmler, 2003; Yang, Algesheimer, & Tessone, 2016) up to several
years (Ball et al., 2002; Rebok et al., 2014; Willis et al., 2006).

The Advanced Cognitive Training for Independent and Vital Elderly
(ACTIVE) study shows strong long-term efficacy in improved perfor-
mance of trained skills and the daily functioning of participants from a
cognitive training program. According to the reported results (Rebok
et al., 2014), the cognitive training gains for reasoning and processing
speed were maintained for 10 years after the original intervention, and
at least 5 years for memory, with a 4-session booster training at 11 and at
35 months after training.

The results of previous research suggest that the durability of
cognitive gains for healthy elderly people involves multiple cognitive
domains, such as memory, reasoning, processing speed and attention
(Rebok et al., 2014; Yang et al., 2016). There is also support for the
long-term efficacy of trainings focused on executive functions and daily
functioning (Wilkinson & Yang, 2016).

When investigating the long-term efficacy of a cognitive training
program, the inclusion of booster sessions, as well as the format and
frequency of training sessions must be controlled. Booster sessions are
typically conceived as a shorter version of a cognitive training program;
their impact on the cognition can potentially lead to a re-activation of
the cognitive skills previously trained. In meta-analysis studies con-
ducted by Kelly et al. (2014) and Nguyen et al. (2019), the results
showed that multidomain adaptive interventions that include booster
sessions after the end of the training period can lead to an extension of
the immediate gains and to a slower decline of the trained cognitive
abilities. The authors argue that the additional tasks used in the booster
sessions help maintain the cognitive strategies that were learned during
the original training phase, strengthening the neuroplasticity mecha-
nism in the aging process (Kelly et al., 2014; Nguyen et al., 2019).
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However, it is important to observe that the inclusion of booster
training sessions is not a condition for cognitive trainings to achieve
long-term outcomes and benefits. There is evidence in the literature
supporting the long-lasting impact of cognitive training programs even
among studies that did not include booster sessions. A study conducted
by Ball et al. (2002) found that the impact of cognitive training on the
trained skills lasted for 2 years. Nguyen et al. (2019) also showed evi-
dence of significant near and far-transfer training effects. The prolonged
benefits of a cognitive intervention program are an important aspect to
be investigated in the area of aging, especially given that the observed
decline in cognitive functioning during the aging process negatively
impacts peoples’ autonomy and quality of life (Borella et al., 2010).

3. Research design

The current paper aims to assess a group of participants originally
recruited and trained by Blinded for review # 1 three years after the first
intervention. The goals are twofold. First, a traditional follow-up study
after three years of the original intervention will compare the experi-
mental and the control group to verify if the original gains of the former
group reported by (Blinded for review #1) are maintained after a long
interval of time. The second goal is to assess the effects of booster
training by comparing mean improvement from baseline to post-booster
training and three months after booster sessions between participants
who did and did not receive booster training. A shorter version of the
cognitive training program for elderly people developed by (Blinded for
review #1) was conducted. This study follows a semi-randomized quasi-
experimental controlled design. Considering previous studies assessing
the durability effect of cognitive training on elderly people (e.g., Wil-
kinson & Yang, 2016) we hypothesize that the experimental group will
keep surpassing the passive control group in terms of cognitive perfor-
mance in all measurement occasions (pre-booster sessions, immediately
after the booster sessions and the three-month follow-up).

3.1. Cognitive training

The original cognitive training consisted of twelve sessions of thirty
minutes, conducted in an individual setting, once a week, using a series
of paper-and-pencil tasks designed to train five domains: visual memory,
perceptual-motor capacity, episodic memory, working memory and
perceptual speed (for a detailed description of each session and its tasks
see: Blinded for review #2).

The booster training used in the current study consisted of a reduced
version of the original intervention, with eight sessions (twice a week,
fifty minutes each). The tasks were selected based on their factor loading
reported by (Blinded for review #3). Therefore, the booster training
target four cognitive domains: perceptual speed, visual memory,
episodic memory and working memory. A description of the booster
training tasks can be seen in Table 1:

3.2. Sample and measures

The original sample consisted of 80 non-institutionalized individuals
recruited from a Brazilian community (Blinded for review #1). The
exclusion criteria adopted to recruit the sample were: age < 60 years
old; cognitive impairment detected through the Mini Mental State Ex-
amination. The normative study conducted by Brucki, Nitrini, Car-
amelli, Bertolucci, and Okamoto (2003) was used to detect individuals
with cognitive impairment; depressive symptoms (Geriatric Depression
Scale, score > 7). A screening interview was used to exclude participants
with a self-reported diagnosis of Alzheimer’s disease, severe loss in
vision and hearing or communicative ability. Participants with 30% or
more absences in the training or cognitive assessment sessions were
excluded from the final sample. The participants were randomly
assigned to experimental or control groups. Some reallocations were
made in order to balance age and education levels between the groups.
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Table 1
Booster training: cognitive domain and task description.

Cognitive Task description
Domain
Perceptual (1) Draw the correct path through a maze, without crossing over

speed the lines, in a controlled time period; repeat the same maze in half
the time required to complete it the first time; (2) Mark the
stimulus-target within a series of distractor stimuli, with
controlled time; repeat the task in half the time required for the
first attempt.

(1) Analyze figures and once they are gone, visualize them in your
mind to answer questions about them; (2) Listen carefully to a
story; split into segments; retell the story partially; retell the story
in its entirety

Visual Memory

Episodic (1) Apply different mnemonic strategies to memorize sequence of
Memory names; (2) Apply different mnemonic strategies to memorize
sequence of numbers; (3) The instructor says a word and the
participant should state a name that begins with the same syllable
said by instructor
Working (1) Count the number of stimuli-targets in a set of distractor
Memory stimuli, while intoning a rhythm at the same time; (2) Read

disorganized sections of a story to later retell it in the correct
order, without help from the stimuli; (3) The instructor says a
sequence of months and the participant should repeat it, ordering
according to the calendar

This led to limitations on the randomization process but ensured that
both groups had equivalent levels of age and educational level, two
important factors that affect cognitive function.

From the original sample of 80 healthy individuals, 50 subjects were
recruited for our follow up study and 30 participants were excluded for
diverse drop-out reasons like death (n = 2), surgery recovery or do-
mestic accident (n = 3), dementia diagnosis (n = 3), lack of interest to
continue to participate (n = 3), moved to another city (n = 5), and
unavailability to attend to training sessions (n = 17). The final sample
was formed by 36 women and 14 men, ages 63 to 92 years old (M =
73.3; SD = 7.77; Median = 73). The recruitment procedure (from
December 2017 to January 2018) used the same exclusion criteria
adopted by (Blinded for review #1) and none of the 50 participants met
the exclusion criteria. After the screening assessment they were allo-
cated into the same experimental (N = 25; Mean age = 73.9 years; SD =
8.62) and control groups (N = 25; mean age = 72.9 years; SD = 6.97) as
the original study (Golino, Mendoza, & Golino, 2017) . The experi-
mental group has an average of 5.64 years of education (SD = 4.75),
while the passive control group has an average of 5.88 years of educa-
tion (SD = 4.36).

To check the exclusion criteria two instruments were used: (1)
Geriatric Depression Scale (Sheikh & Yesavage, 1986, adapted by
Almeida, 1999): participants with scores > 7 were excluded from the
sample; and (2) Mini Mental State Examination (Folstein, Folstein, &
McHugh, 1975), with participants scores > 24 points being excluded
(Valle, Castro-Costa, Firmo, Uchoa, & Lima-Costa, 2009). To assess the
training effects, three instruments were used: (1) List recall task (Yas-
suda, Lasca, & Neri, 2005) contains a list of 35 grocery items, used to
assess immediate recall.; (2) Story recall task (Yassuda et al., 2005) as-
sesses the amount of ideas retrieved after reading a text; (3) Wechsler
Adult Intelligence Scale (Wechsler, 1997) including six subtests: picture
completion, coding; digit span, symbol search, arithmetic, and matrix
reasoning.

3.3. Procedures

After proceeding with the participants screening, the exclusion
criteria were checked and the participants (N = 50) were assigned to the
experimental group (EG, N = 25) or the passive control group (CG, N =
25), in accordance with the original study (Blinded for review #1). For
each measurement occasion (pre-booster sessions, immediately after the
booster sessions and a three-month follow-up), the cognitive assessment
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consisted of one session per participant, that could be eventually
extended for two sessions to accommodate the participant’s availability
and prevent the negative impact of tiredness on performance. The EG
received eight booster sessions (60 minutes, once a week) and the CG
participants did not receive any intervention. Both EG and CG were
assessed with the same cognitive battery conducted along the same
measurement occasions schedule: pre-booster sessions, immediately
after booster sessions and three months after booster training.

3.4. Data analysis

To investigate the differences between groups (EG and CG), a
repeated measures ANOVA was used, with group membership as the
between subject effect and time as the within subject effect. The Shapiro-
Wilk test was used to verify if the variables are normally distributed.
Variables that did not present a normal distribution were transformed (i.
e. normalized) using the bestNormalize package (Peterson & Cav-
anaugh, 2019). The effect size was calculated using generalized eta
squared (see: Olejnik & Algina, 2003). All analysis were implemented in
(R Core Team, 2017).

Additionally, an innovative approach based on entropy was used to
measure the impact of the cognitive intervention. Entropy is a measure
of uncertainty or disorder of a random variable (Shannon, 1948;
Watanabe, 1960; Wiener, 1961). It can also be used to assess the degree
of uncertainty (or disorder) of a set of variables, with lower values
indicating lower uncertainty in the organization of the variables (Golino
et al., 2020). Entropy measures were originally applied in physics
(Watanabe, 1960), but its application has increased over the years in
different areas, such as communication and neuroscience (Paninski,
2003), and psychology (Golino et al., 2020).

For a discrete random variable X, entropy is calculated using the
distribution of p(X) and is maximized when all events of X are equi-
probable (i.e., p(x) = &, where N is the number of elements of X;
Shannon, 1948). The most common method to estimate the entropy of a
random variable is the maximum likelihood estimator (MLE) (Antos &
Kontoyiannis, 2001). Let X be a discrete random variable that takes on
values in a set X = (x1,X2,...,Xn), with a probability mass function p(x) =
P(X = x), the MLE estimator of entropy is:

HX) = =3 p(x) log ()

Entropy was popularized after the publication of the mathematical
theory of communication by Shannon (1948). Years earlier, however,
Watanabe (1939) developed a modified index of entropy termed total
correlation to measure not only the uncertainty of random variables, but
also the strength of their correlation beyond their average interaction
(Watanabe, 1960). The total correlation of a set of variables 2” = (x1, x2,
..., Xn) is calculated as follows (Watanabe, 1960):

Cur, = <ZH(x,»)> — H(x1,%, 0, %,) > 0
i=1

Considering two sets of variables, v and w, the difference between
their joint entropy and the sum of their individual entropies is a measure
of the correlation between them (Watanabe, 1960). As pointed by
Golino et al. (2020), total correlation captures the decrease of ignorance
of @ provided by the observation of v, being a non-linear measure of
uncertainty and association.

An example illustrates well what total correlation captures, and why
using it to investigate the impact of cognitive interventions can provide
useful information that traditional linear and parametric statistical
techniques can’t. Suppose we have four random normal variables (A, B,
C and D). In a baseline condition these variables present the same mean
(M = 15) and standard deviation (¢ = 5), and their correlation is:
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Now, this baseline condition can be compared to four different
conditions, varying the means and the correlation between A, B, C and
D. In the first condition (high correlation), the means and variances of the
variables are the same as the baseline condition, but variable A presents
a higher correlation with the remaining variables (B, C and D): 0.6, 0.7
and 0.8, respectivelly. The second condition (low correlation) is the same
as the first, but the correlation between A and B, C and D is now set to
0.1, 0.2, 0.3, respectively. In the third condition (high mean), the four
variables present the same correlation and variances as the baseline
condition, but now variable A has a mean of 25. Finally, the fourth
condition (low mean) is similar to the third, but the mean of A is now set
to 5.

To illustrate what happens with the total correlation in each condi-
tion (including the baseline), a brief simulation was implemented. For
each condition, 1000 datasets with four variables (A, B, C and D) and
1000 observations were generated. The data generation mechanism
used is described next. For each simulated dataset, four independent
random normal variables with mean p and standard deviation ¢ were
generated with N = 1000, generating a data matrix D. The simulated
dataset has variables that are independent from each other, therefore the
correlation among the variables is zero. To obtain a transformation of
the variables with the same mean () and standard deviation o, but with
a desired correlation matrix Cor, a simple transformation can be
implemented:

DNew =D X CorChulexky +o+ H

Where D is the original data (with four independent normal random
variables and 1000 observations), Corchoes, is the Cholesky decompo-
sition of the desired correlation matrix, ¢ and ¢ are the mean and
standard deviation of the original data, and Dy, is the new data with
1000 observations and four normal random variables with correlation
matrix Cor.

Fig. 1 presents the mean and the distribution of the total correlation
calculated in each simulated dataset, per condition (left side) as well as
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the 95% confidence interval of the total correlation means (right side).
As expected, total correlation changes with the change in the correlation
between variables and with the change in their means. The total cor-
relation of the variables increases if the correlation increases, but the
mean and standard deviation is kept the same. On the other side, total
correlation decreases if the correlation is lower and the mean and
standard deviation remains unchanged. When the correlation is the
same, but the means increases or decreases, total correlation decreases.

An analysis of variance would indicate a significant difference be-
tween the baseline conditions and the high and low mean conditions,
only. But would suggest that conditions one and two (high and low
correlation) are not statistically different from the baseline. Compared
to a traditional analysis of variance, total correlation offers at least two
important advantages according to (Golino et al., 2020); firstly, it is a
non-parametric and non-linear metric, not requiring the data to be
normally distributed and enabling the measurement of non-linear re-
lations. Secondly, it varies not only with the variation of the mean, but
also with the variation of the correlation between variables. This is an
important characteristic that can give additional relevant information to
studies investigating the impact of cognitive interventions. How the
level of cohesion among the cognitive abilities vary as a result of the
intervention may add significant information about the impact of the
training on the cognitive structure as a whole. This therefore allows
patterns that would not be possible to be detected only with the analysis
of the variability of the cognitive scores to be uncovered.

Total correlation was estimated using the EGAnet package (Golino &
Christensen, 2019). To calculate the 95% confidence interval of total
correlation, a boostrap approach (Chihara & Hesterberg, 2011) was used
in which the observed data is resampled without replacement 1000
times with 20 observations each. The codes used in the current paper,
the data and the RMarkdown file used to combine text, data and code is
available in an Open Science Framework repository: https://osf.io/b35e
q/?view_only=812f21139c30411095d8f0e3feal4dd7. The current
research received approval from the local IRB.

4. Ethical standards

The authors assert that all procedures contributing to this work

1.75 2.00 2.25 2.50 2.75

21 22 23 24

Fig. 1. Total correlation per condition tested.


https://osf.io/b35eq/?view_only=812f21139c30411095d8f0e3fea14dd7
https://osf.io/b35eq/?view_only=812f21139c30411095d8f0e3fea14dd7

L.M. Felix et al.

comply with the ethical standards of the relevant national and institu-
tional committees on human experimentation and with the Helsinki
Declaration of 1975, as revised in 2008.

5. Results

The demographic characteristics of the sample are depicted in
Table 2. Mean and standard deviation were calculated for the contin-
uous variables and the categorical variables are expressed in percentage.
None of the participants received cognitive training during the interval
between the original intervention and the follow-up assessment. Both
groups had similar baseline cognitive performance (MMSE) and no
significant differences were found for level of education, daily life
functioning, social economic status, and marital status.

The repeated measures ANOVA showed that three years after the
original intervention, but before the booster training, the participant’s
scores were maintained for two of the three gains reported by Golino
et al. (2017). There was a significant interaction for time and group
membership for coding (F(1,44) =11.79, MSE =0.77,p = 0.001, ﬁé =
0.084) and picture completion (F(1,47) = 10.01, MSE = 0.73,p =
0.003, 7j; = 0.060), with moderate effect sizes. Notably, a significant
interaction was also found for symbol search (F(1,38) = 7.12, MSE =
0.77,p =0.011,7% = 0.055), arithmetic (F(1,47) =5.21, MSE = 0.61,
p =0.027, ﬁg = 0.030), story recall task (F(1,37) = 4.64, MSE = 0.58,
p =0.038, ﬁé = 0.044) and memory list (F(1,37) = 7.29, MSE = 0.70,
p =0.010, ﬁé = 0.084), which was not found in the original study. No
considerable interaction effect was found for digit span (F(1,47) =2.57,
MSE = 0.80,p = 0.116, ﬁé = 0.022) and matrix reasoning (F(1,47) =
2.74, MSE = 0.75, p = 0.105, 7% = 0.019).

However, it is important to point out that the time/group effect
found does not favor the experimental group (Fig. 2). After three years
from the original intervention and before booster training, both groups
presented a decline in their average performance, but the experimental
group had the sharpest decline. Surprisingly, the control group

Table 2
Characteristics of the sample (Follow-up of 3 years).
Variable n % Groups W (Sig.)
EG (25) CG (25)
Age 50 73,9 (8,62) 72,9 (6,97) 329 (0,74)
Years of education 50 5,64 (4,75) 5,88 (4,36) 290 (0,66)
MMSE 50 25,9 (4,16) 25,6 (3,50) 318 (0,92)
GDS 50 3,36 (1,80) 2,96 (1,71) 346 (0,51)
IADL 50 14,2 (6,36) 12,7 (5,07) 353 (0,43)
Number of children 50 5,12 (3,63) 3,64 (2,30) 241 (0,16)
Social Economic Status®
Class B 8 16% 4 (16%) 4 (16%)
Class C 31 62% 18 (72%) 13 (52%) 329 (0,74)
Class D 11 22% 3 (12%) 8 (32%)
Marital Status
Single 4 8% 2 (8%) 2 (8%)
Married 19 38% 10 (40%) 9 (36%) 276 (0,45)
Divorced / Separated 4 8% 3 (12%) 1 (4%)
widow 21 42% 10 (40%) 11 (44)
Others 2 4% 2 (8%)
Have you received any non-pharmacological intervention in the last 3 years?®
Not 46 92% 24 (96%) 22 (88%) 287 (0,30)
Yes (psychotherapy) 4 8% 1 (4%) 3 (12%)

Note. MMSE = Mini Mental State Examination; GDS = Geriatric Depression
Scale; IADL = Instrumental Activities of Daily Living Scale (national adaptation
by Santos & Virtuoso-Junior, 2008); EG = experimental group; CG = control
group.

" Question included in the follow-up study interview.

" Test Wilcoxon-Mann-Whitney

¢ According to Brazilian criterion for economic classification (Brasil, 2008)
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surpassed the experimental group in most of the cognitive variables
measured at this occasion. The scenario changes after the booster ses-
sions. While the control group continued in its trajectory of decline, the
experimental group showed improved performance in all variables
measured.

The results point to a positive short-term effect of the booster ses-
sions (Table 3), since all variables presented a significant interaction
between group and time, with a large effect sizes for symbol search (F(1,
47) = 23.40, MSE = 0.48, p < 0.001, ﬁé = 0.167) and story recall task
(F(1,47) = 34.56, MSE = 0.16, p < 0.001, ﬁé = 0.148).

The results of the follow-up assessment three months after the
booster session (Table 4) indicate that the differences found between the
experimental and the control group were not just maintained (since all
variables presented a significant interaction between group and time)
but actually increased. The effect sizes ranged from moderate to high, as
shown in Table 4: Matrix reasoning (F(1, 47) = 24.18, MSE = 0.21,

p < 0.001, ﬁf; = 0.073), arithmetic (F(1, 47) = 33.07, MSE = 0.14,
p <0.001, 72 = 0.093), digit span (F(1, 47) = 21.27, MSE = 0.24,
p <0.001, ﬁé = 0.103) presented moderate effect sizes, while picture

completion (F(1,47) = 30.47, MSE = 0.43, p < 0.001, 72 = 0.164),

coding (F(1,47) = 33.01, MSE = 0.29, p < 0.001, 72 = 0.186), symbol

search (F(1,47) = 24.59, MSE = 0.57,p < 0.001, 7% = 0.207), memory
list (F(1,47) = 47.68, MSE = 0.27, p < 0.001, ﬁg = 0.247) and story
recall task (F(1, 47) = 66.14, MSE = 0.22, p < 0.001, ﬁé = 0.342)
presented large effect sizes.

Fig. 2 shows the mean and 95% confidence interval of the scores on
each cognitive variable, per group and measurement occasion.

5.1. Total correlation per group

Fig. 3 shows the mean and 95% confidence interval of total corre-
lation per group and measurement occasion (including the post-test of
the original study). The experimental group presented a lower total
correlation in comparison to the control group in the post-test of the
original study, in the post-test of the booster sessions and in the 3-month
follow up. This indicates a lower level of cohesion among the cognitive
measures for the experimental group.

6. Discussion

This study assessed a subsample of 50 participants three years after
the original intervention they were a part of conducted by Golino et al.
(2017). The original study reported significant differences between EG
and CG (time/group interaction effects) for three variables. After three
years but before booster training, significant differences were main-
tained for two of them (coding and picture completion), plus four other
variables (symbol search, arithmetic, list recall task, and story recall
task).

However, the time/group effect found favored the control group,
that surpassed the experimental group in most of the cognitive variables
measured in the three-year follow-up. The experimental group pre-
sented the strongest decline in terms of cognitive performance. This
result shows that the original intervention did not present a long-term
impact, contrasting with classical studies that show a longer-lasting
cognitive gains (training effects) ranging from months (Borella et al.,
2010; Brehmer et al., 2012; Yang & Krampe, 2009) to several years (Ball
et al., 2002; Rebok et al., 2014; Willis et al., 2006) The pattern reverses
after the booster sessions, where the experimental group showed
improved performance in all cognitive measures assessed immediately
after the booster sessions compared with the passive control group.

Most of the literature reports a loss of the cognitive gains after the
end of the cognitive intervention programs (Hertzog, Kramer, Wilson, &
Lindenberger, 2008; Kounti et al., 2011; Nguyen et al., 2019). Hertzog
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Fig. 2. Resampled means and confidence intervals for each variable, in each measurement point.

et al. (2008) argue that once the set of stimuli that were supporting the
cognitive responses is taken away, the performance levels return to the
baseline performance, or close to it. The results of the present study are
in accordance with this expected pattern, with no long-lasting impact
demonstrated in the absence of booster sessions. Similar results have
been reported by the literature [Ball et al. (2002); Martin et al. (2011);
Rebok et al. (2014); willis et al., 2006long], supporting the argument
that the durability effects are stronger with (or even conditional on) the
inclusion of booster sessions.

In cognitive training studies, it is expected that some skills or abilities
will improve due to the intervention. However, not all skills or abilities
trained will improve. If we quantify only the average variation per skill
or ability (or construct measured pre- and post-intervention), we might
be losing information regarding the level of cohesion of the variables. A
higher cohesion means that the distribution of the variables (or scores)
per person is more uniform. For example, if people are improving all
their skills or abilities, then they will present higher scores for every
measured variable.

Conversely, if people are losing their skills or abilities, then they will
present lower scores in all measured variables. In both cases, the

cohesion of the variables is high. However, some skills or abilities may
be improving, while other remain unchanged. In this case, the level of
cohesion among the variables measured will be lower, because the
distribution of the scores per individual will not be very uniform.
Therefore, in cognitive training studies, we can expect that the cohesion
among variables measured pre and post-intervention should decrease
for the experimental group (compared to the control group), if only a
subset of skills or abilities are being impacted by the training protocol.
Total correlation, as mentioned earlier, is a non-linear metric that can
capture the level of cohesion among variables.

Therefore, it is expected that the gains in performance will nega-
tively impact the cohesion of the cognitive variables, since the cognitive
training can have an impact on two different fronts. A successful
cognitive intervention will generate an increase in performance on
cognitive measures, leading to higher mean scores for the experimental
group in comparison with the control group. At the same time, the
correlation between variables may be lower for the experimental group,
since the gains in performance are not equal for every cognitive measure
used. As a consequence, the experimental group may present lower total
correlations, or lower cohesion.
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Table 3
ANOVA - Immediate short-term effects of the booster session (pre vs. post-
booster sessions).
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Table 4
ANOVA - three month follow-up of the booster session (pre-booster sessions vs.
three-month follow-up).

Variables Effect F dflGG dng MSE p TIé Variables Effect F dflGG deGG MSE p ﬁé
Digit Span Group 8.17 1 47 0.63  .006 121 Digit Span Group 1096 1 47 0.70  .002 .148
Time 27.03 1 47 016 < .105 Time 29.66 1 47 024 < 138
0.001 0.001
Group x 18.92 1 47 0.16 < .076 Group x 21.27 1 47 024 < .103
Time 0.001 Time 0.001
Coding Group 5.44 1 47 0.74  .024 .079 Coding Group 2.33 1 47 0.60 .134 .032
Time 3.61 1 47 0.26  .064 .020 Time 6.18 1 47 0.29 .017 .041
Group x 19.28 1 47 026 < .097 Group x 33.01 1 47 029 < .186
Time 0.001 Time 0.001
Picture Group 0.35 1 47 1.31 .556 .006 Picture Group 0.32 1 47 0.98 .574 .005
Completion Completion
Time 4.91 1 47 0.28  .032 .018 Time 9.94 1 47 0.43  .003 .060
Group x 20.11 1 47 0.28 < .069 Group x 30.47 1 47 0.43 < 164
Time 0.001 Time 0.001
Symbol Search Group 0.04 1 47 0.71  .850 .000 Symbol Search Group 0.10 1 47 0.57 .755 .001
Time 2.48 1 47 0.48  .122 .021 Time 2.81 1 47 0.57  .100 .029
Group x 23.40 1 47 0.48 < 167 Group x 24.59 1 47 0.57 < .207
Time 0.001 Time 0.001
Arithmetic Group 3.38 1 47 093 .073 .058 Arithmetic Group 5.48 1 47 0.80 .023 .091
Time 12.65 1 47 0.16 .001 .037 Time 23.67 1 47 0.14 < .069
Group x 2093 1 47 016 < .060 0.001
Time 0.001 Group x 33.07 1 47 014 < .093
Matrix Group 1.62 1 47 1.14  .209 .028 Time 0.001
Reasoning Matrix Group 1.87 1 47 1.16 177 .033
Time 5.03 1 47 0.21 .030 .016 Reasoning
Group x 21.77 1 47 021 < .067 Time 6.89 1 47 0.21  .012 .022
Time 0.001 Group x 24.18 1 47 0.21 < .073
Memory - List Group 0.11 1 47 0.81 741 .002 Time 0.001
Time 0.44 1 47 0.15  .510 .001 Memory - List Group 0.91 1 47 0.57 .344 .013
Group x 44.33 1 47 0.15 < 129 Time 1.94 1 47 0.27 .170 .013
Time 0.001 Group x 47.68 1 47 0.27 < .247
Memory - Group 0.01 1 47 0.53 914 .000 Time 0.001
History Memory - Group 5.09 1 47 0.38 .029 .064
Time 0.29 1 47 0.16  .590 .001 History
Group x 3456 1 47 016 < .148 Time 3.37 1 47 0.22 .073 .026
Time 0.001 Group x 66.14 1 47 022 < 342
Time 0.001

It is well established in the literature that a differential pattern of
change among the cognitive abilities is expected throughout the life-
span. Some variables decline over time with different onsets of perfor-
mance decrease, while others may stabilize or even improve over time,
as in the case of vocabulary (Salthouse, 2019). Therefore, it is expected
that the level of cohesion among the cognitive variables (or their total
correlation) can decline with time, since the performance in some var-
iables decline, while others remain stable or improve with time.

In our study, the three-year interval revealed that the control group
presented a decrease in the level of cohesion, possibly due to the ex-
pected differential aging effects on the cognitive variables used here.
The trajectory of the means for the control group showed that some of
the variables declined over time as others improved, which could
possibly explain the loss of cohesion among the variables. The experi-
mental group, on the other hand, had a slight increase in cohesion
during the three-year interval, possibly because the gains in perfor-
mance due to the original intervention faded, so the performance in the
cognitive variables returned to its original levels (i.e., declined during
this interval). It’s possible to observe that all variables showed a similar
pattern of change in performance (means) during this three-year inter-
val, leading to a higher cohesion in the cognitive structure for the
experimental group.

The pattern of the cohesion levels was investigated using two stra-
tegies. Combined, the mean difference between the highest and the
lowest score for each participant, and the difference between the highest
and the lowest average correlation points to a direction suggested by the
brief simulation shown on Fig. 1. In sum, cohesion decreases both if
there is variability in the means of the variables (decreasing or
increasing) and if the linear correlation between variables decreases.
That is exactly what happened with the experimental group. In three

different measurement occasions, i.e., the post-test of the original study
and in the two post-tests of the booster sessions (post-booster sessions
and 3-month follow-up), the experimental group presented higher
means then the control group, but also lower correlation between var-
iables. The higher means and lower correlations, captured well by the
non-linear index of total correlation, are complementary supporting
evidence for the idea that the booster sessions impacted the cognitive
structure of the experimental group.

Computing the difference between the highest and the lowest score
for each participant in each measurement occasion can shed some light
into why the experimental group presents a lower level of cohesion than
the control group. Fig. 4 shows that experimental group presents a
higher mean difference between the highest and the lowest score for
each participant in comparison to the control group in the post-test of
the original study and in the two post-tests of the booster sessions (post-
booster sessions and three-month follow-up). This is due to a greater
level of dispersion of the scores for the experimental group, which leads
to a decreased level of cohesion compared to the control group.

At the same time, computing the difference between the maximum
and the minimum average correlation between variables for each group,
in each measurement point, can also help us understand the results of
total correlation. Fig. 5 shows that the experimental group has a lower
mean difference of average correlation in the post-test of the original
study and in the two post-tests of the booster sessions. This indicates that
the cognitive variables in the experimental group are less strongly
related and that the difference between the variable with the highest and
the lowest average correlation is much smaller compared to the control
group. The mean and 95% confidence intervals depicted in Fig. 5 were
computed using a bootstrap approach (Chihara & Hesterberg, 2011) in
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Fig. 4. Average difference (resampled means and confidence interval) between
the maximum and the minimum score across variables per group in each
measurement point.

which the observed data is resampled without replacement 1000 times
with 20 observations each.

At the same time, the level of cohesion increased for the control
group in the two post-booster sessions measurements. At first sight this
may seem a strange pattern, since the control group continued in its
downward trajectory (in terms of the means of the variables used in this
study). But the simulation presented briefly in this paper explains this
pattern. The level of cohesion among variables (i.e., total correlation),
increases if one or more variables presents a higher correlation with the
other variables, leading to an increase in the difference between the
highest and the lowest average correlation. The difference in the average
correlation shown in Figure is exactly what happens with the control
group.

Measurement Occasion

Fig. 5. Average difference (resampled means and confidence interval) between
the maximum and the minimum average correlation per group in each mea-
surement point.

Important limitations of our study are the small sample size and the
use of a passive control group, conditions that limit our capacity to ac-
count for test-retest/practice effects (Simons et al., 2016). Small sample
sizes also reduce the likelihood that a significant result reflects a true
effect in population (Button et al., 2013). Given the relatively small
sample size of our study, it is possible that differences between EG and
CG might have influenced the reported effects. The difference in the
frequency of sessions between the original and booster trainings - once a
week in the original and twice a week in the booster training — is another
limitation of our design that may impact the interpretation of the results
as a greater efficacy of EG post-booster training may represent a function
of training volume. More volume-matched comparative studies are
required in the field of cognitive training to explore this question.
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An important implication of this study is to introduce a novel
approach to investigate how a cognitive training can impact the level of
cohesion among the cognitive variables throughout the measurement
occasions. We used total correlation as an entropy metric to detect how
the cognitive variables are connected among them and how the pattern
of structural changes observed between the experimental and control
groups can be interpreted and attributable to the intervention. The field
of cognitive training typically rely on linear and multiple analysis of
variance and covariance to investigate the differences in improvement
between the experimental and control groups (Simons et al., 2016). This
analytical approach, however, does not detect possible structural
changes in the cohesion of the trained skills that would be attributable to
a cognitive training. The authors agree that this is a non-neglectable
information that should be considered by the field as an important
training effect to be investigated.

7. Conclusion

In the current paper we show that not only the booster sessions
improved people’s cognitive performance, on average, but it reversed
the trajectory of cognitive decline due to a regression to the baseline
cognitive performance. Our result endorses the growing agreement in
the field that the long-term efficacy of a training is reachable when
associated with booster sessions. The entropy-based metric total corre-
lation was used as a novel approach to analyze the long-term effects of
cognitive training on the level of cohesion of cognitive structure.
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