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Abstract
Cognitive functioning evolves throughout life. Regular practice of stimulating activities maintains or
even strengthens cognitive skills. This study investigated the effects of a cognitive training program
based on complex closed-ended problem solving on innovative thinking. To this end, using partial least
squares variance-based structural equation modeling, we first evaluated in 83 healthy adults how
inhibition, cognitive flexibility, and reasoning were related to the distinct dimensions of innovative
thinking. Second, we assessed how these interactions were modified after cognitive training based on
problem solving in a subgroup of 16 subjects compared to leisure activity based on crossword solving
in another subgroup of 15 subjects. Third, in a pilot fMRI study, we evaluated changes in brain
connectivity at rest as a result of training in the problem solving group. Data on cognitive measures
showed that innovative thinking was influenced by reasoning in control subjects, whereas it was
influenced by cognitive flexibility following problem-solving training. These findings highlight that a
cognitive intervention based on complex closed-ended problem solving promotes innovative thinking
by changing the way subjects recruit and use relevant cognitive processes. Modifications in the restingstate connectivity of attention, default mode and visual networks were observed in the problem solving
group.
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1. Introduction
Cognitive functioning evolves throughout life.
The regular practice of stimulating activities is
thought to maintain, or even reinforce,
cognitive abilities. Studies have shown longterm effects in participants after cognitive
training (Schaie, 1996, 2004); however,
different cognitive and personality profiles
coexist. These individual differences must be
considered during cognitive training to use
specific skills to promote improvements.
(Schaie, 1994). Hence, stimulating activities
must be customized to each subject’s skills to
be effective. Many studies have assessed the
extent to which cognitive training can increase
or restore functions, as well as propel an
individual beyond its norms.
1.1. Cognitive training
Many studies report improved cognitive
functioning in healthy older adults or slower
declines in individuals with mild cognitive
impairment after cognitive interventions
(Lustig et al., 2009; Gates and Valenzuela,
2010; Kurtz et al., 2011). Stigsdotter &

Bäckman (1989) and Stigsdotter-Neely &
Bäckman (1993) proposed a program that
included training in several types of mnemonic
procedures. This program improved the
memory performance of elderly subjects in
various episodic memory tasks for six months.
The ACTIVE (Advanced Cognitive Training
for Independent and Vital Elderly) study, the
largest to date, involved 2802 elderly
Americans and compared 3 training programs,
one based on mnemonic strategies, another on
reasoning and the last on processing speed (Ball
et al., 2002). The results indicated that subjects
improved on the tasks specifically targeted by
each of the three interventions. Interestingly,
the benefits of training programs focused on
information processing speed generalize to
daily life (Roenker et al., 2003; Edwards et al.,
2005; Ball et al., 2007) and quality of life
(Wolinsky et al., 2006). Other interventions
based on multifactorial approaches have shown
encouraging results (Stigsdotter-Neely &
Bäckman, 1995; Yesavage & Rose, 1983;
Yesavage et al., 1990). Belleville et al. (2006)
reported improved performance on untrained
memory tasks in elderly subjects undergoing
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multifactorial memory training. Winocur et al.
(2007) and Levine et al. (2007) reported that
following multifactorial memory training that
included goal management and psychosocial
skills in addition to memory training, older
adults were able to transfer the benefits of
training to other cognitive tasks such as
language. Hussey and Novick (2012) also
stipulated that the training of executive
functions induces a benefit for language
processes. In previous studies, we reported that
a multifactorial cognitive training program
targeting consciously controlled processes at
encoding had a positive effect on cognition in
healthy older adults (Chambon et al., 2014;
Chambon and Alescio-Lautier, 2019), in
individuals with mild cognitive impairment
(Herrera et al., 2012) and in individuals with
early-stage Alzheimer’s disease (AlescioLautier et al., 2019). Thus, many studies
confirm the efficiency of cognitive training in
improving several cognitive functions as well
as, in helping the transfer of benefits to
untrained functions. However, in most cases,
this transfer takes place under conditions
similar to the training, whereas it is also
important that this transfer can occur in
conditions very different from those during the
training, such as those encountered in daily life,
so that the individual can adapt more easily to
their environment. In this context, interventions
should be explored that could influence the
individual's way of thinking, character traits,
etc., in order to make them more adaptive.
1.2. Creativity and problem solving
New cognitive interventions to help people with
the demands of daily life remain unexplored. To
help people cope with the difficulties of
everyday life, it is necessary to find alternative
interventions. In this sense, creativity could be
a key ability by providing individuals with
additional resources to solve complex and novel
situations. Therefore, in addition to training
proposed to improve cognitive functioning,
those that stimulate creativity have grown in
number and are of great interest (Vally et al.,
2019; Meinel et al., 2018; Puccio et al, 2020).
Since creativity has many facets, creativity

training can be based on a variety of approaches
(Scott et al., 2004). Among them, idea
generation training is undoubtedly the most
commonly used approach (Clapham, 1997;
Baruah and Paulus, 2008). However, other
approaches, such as training creative processes,
conceptual combination and critical thinking,
have also been used and are equally effective
(Murdock et al, 1993, Puccio et al., 2020).
Numerous studies have highlighted the
importance of executive engagement and
cognitive control during creative thinking as
assessed by divergent thought tasks (Benedek
et al., 2014). In this study, we wanted to situate
our intervention ahead of creative thinking, i.e.,
by acting on executive processes that will
generate creative thinking. In a previous study
(Deshayes et al., 2021), we showed that
subjects with high creative potential show a
positive correlation between working memory
and creativity that we do not find in subjects
with low creative potential. We believe that a
focus on executive mechanisms that support
creative thinking, some of them being involved
in working memory, and on executive strategies
could promote creative thinking use in a variety
of contexts. To achieve this goal, we proposed
a cognitive intervention based on problem
solving that could foster the ability to depart
from the usual constraints and promote
cognitive attributes, such as nonjudgment,
willingness, and plasticity that enable one to
think differently and engage more fully in
everyday life. Nonjudgment is an important
attribute in the sense that it is preferable not to
have any initial preconceived notions when
solving a problem. Preconceived ideas are often
limiting because they prevent frame breaking
that generally leads to a solution. We can then
think that if we are nonjudgmental and
therefore without preconceived ideas about a
problem, it makes it easier to solve and that an
intervention based on problem solving
promotes nonjudgment which will facilitate
resolution (Ness, 2012; 2015; McCarthy,
2018). Willingness will also be promoted
because problem solving is a challenging field
that easily leads to failure. Problem solving
requires much effort, and it often challenges the
individual's abilities. It is therefore necessary to
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have the willingness to keep on training. In al., 2015; Cassoti et al., 2016). Thus, we believe
addition, this type of cognitive intervention that problem-solving training using appropriate
could be successful in creating a conscious instructions and specific problems that promote
relationship between cognitive improvements frame breaking and alternatively involve
and the ability to make everyday life problems convergent and divergent thinking should
easier to solve, which may ultimately change improve the ability of individuals to solve
the recruitment and use of relevant cognitive problems by improving innovative thinking.
processes to cope with demands. We believe The work of Tik et al. (2018) showing that the
that as the individual progresses through the remote associates test that requires both
training process, he or she acquires skills and
divergent and convergent thinking to provide
solves problems more easily, which leads to insightful solutions supports our assumption.
adaption to new situations. The awareness of
this new expertise could lead the individual to1.3.Brain changes related to cognitive training
think differently about his daily problems and
to be more resilient.
According to a systematic review of clinical
Conventionally, a problem arises if we trials with healthy older adults by Valenzuela
have a goal but do not know how to reach it. and Sachdev (2009), training stimulates
Hence, solving problems implies procedures neuroprotective mechanisms that limit neuronal
that are generally still unknown (Wimmer, dysfunction and thus maintain cellular
2016). Frame-breaking, i.e., to get out of one's integrity. Cognitive training would lead to the
usual way of thinking, is often required to find activation of brain areas that would promote
novel solutions. Indeed, individuals often do functional reorganization, thus strengthening
not find solutions because frame breaking
the functionality of neuronal networks. Many
involves the implementation of a series of studies support this hypothesis. (Valenzuela et
innovative heuristics and tools (Ness, 2015). al. 2003; 2008) show that cognitive training in
Moreover, divergent and convergent thinking elderly individuals increases the level of
are both involved in effective novelty neuroprotective
metabolites
in
the
(Guilford, 1967). Specifically, divergent
hippocampus and that the level of mental
thinking involves new idea generation, a variety activity is inversely related to the rate of
of approaches, and the ability to transform hippocampal atrophy in healthy elderly
information to create new prospects and turn individuals. Increased brain metabolism in the
challenges into opportunities. Convergent frontal lobe was also reported after cognitive
thinking involves evaluating novelty and training by Small et al. (2006) and Raz and
looking for accurate stored information, which Buhle (2006), who showed a strengthening of
enables one to choose the best answer (Cropley, the neural networks of control processes
2006). In particular, during problem solving, following attentional training. Chapman et al.
convergent thinking makes it possible to (2017) evaluated the effect of cognitive
explore, evaluate, or criticize the variability reasoning training on innovative cognition in
generated by divergent thinking and identify its healthy adults. They reported increased cerebral
effective aspects. This interplay between blood flow in the medial orbitofrontal cortex
divergent and convergent thinking during and bilateral posterior cingulate cortex
problem solving fosters the flexible following training. Many programs target
engagement of numerous cognitive processes, working memory and demonstrate the
such as the focus and defocus of attention and facilitation of cognitive functioning. Indeed,
inhibition, respectively. Thus, flexibility, Westerberg et al. (2007) found significantly
whether attentional or applied to different increased activation in the middle or inferior
processes, seems to be essential. Regarding frontal gyrus and parietal cortex following
inhibition, studies have shown that inhibitory working memory training. Some research
control supports creativity (Stavridou and observed both increased and decreased brain
Furnham, 1996; Takeuchi et al., 2011; Radel et activation after training. This is the case of
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Dahlin et al., who reported in younger adults
increased activation in the left striatum but also
decreased activity in frontal and parietal areas
after working memory training (2008).
However, Miro-Padilla et al. (2019) showed
that increased performance after working
memory training was associated with decreased
activation in the frontal superior/middle cortex,
inferior parietal cortex, anterior cingulate
cortex, and middle temporal cortex. These
authors interpreted the reduction in activations
after training as a better neural efficiency in that
the positive effects of training reduced the
required task demands.
Some studies reported training-related brainstate changes at rest, indicating greater
connectivity in the default mode network
(DMN) and the central executive network
(Chapman et al., 2015; 2017; Cao et al., 2016),
and interestingly, the increase in subjects'
creative performance after repeated exposure to
creative tasks is accompanied by changes in
resting state connectivity. Indeed, Fink et al.
(2018) reported modulation of functional
connectivity in the DMN, the sensorimotor
network (SMN), the auditory network (AUN),
and the attention network (AN).
In light of all of these data, we
investigated the effects of a cognitive training
program based on problem solving on
innovative
thinking.
Our
underlying
assumption was that problem-solving training
would improve innovative thinking by
changing the way executive processes, such as
inhibition, attentional flexibility, and reasoning
are involved. To evaluate this assumption, in
the first study, we used a sample of cognitively
typical adults to identify how inhibition,
cognitive flexibility, and reasoning were related
to the distinct dimensions of innovative
thinking. In a second study, we assessed how
these interactions were modified after cognitive
training based on problem solving, and in a
third fMRI pilot study, we investigated whether
this training could induce changes in brain
functional connectivity at rest. Based on the
above data, we believe that the study of brain
connectivity at rest is relevant to highlight
changes in functional connectivity after

cognitive training and hope that our study will
contribute to improving this field of research.
2. Experiment 1: Innovative thinking and
executive mechanisms
2.1. Materials and methods
2.1.1. Participants
We recruited 83 healthy subjects
between 20 and 40 years of age (age means ±
SD = 26.51 ± 2.73 years, M/F=36/47).
Participants were students and staff at AixMarseille University who were recruited
through advertisements and received monetary
compensation for their participation in the
study. They had no history of neurological or
psychiatric illness. All the participants provided
written, informed consent in accordance with
procedures approved by the local ethics
committee,
which
followed
the
recommendations of the Declaration of
Helsinki.
2.1.2. Cognitive tasks
According to our hypothesis, problemsolving training would improve innovative
thinking by changing the way executive
processes, such as inhibition, cognitive
flexibility, and reasoning, are involved.
Hence, to assess inhibition, we
administered the Stroop test (Golden, 1978),
which is a classic measure of cognitive
inhibition. The time (in seconds) required to
complete each test was used for cognitive
analyses.
To assess cognitive flexibility, we
administered an attention task that was
developed in our laboratory and described
previously (Herrera et al., 2012; Chambon et
al., 2014; 2019). First, the participant has to
remember a target picture presented in the
center of the screen. Then, two pictures (50%
target, 50% lures) appeared at the same time on
the left and right sides of the screen. The task
includes 4 variants, but in this study,
participants performed variants 3 and 4. In
Variant 3 and for the first trial, one of the two
pictures was pointed to by a green arrow. The
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participants had to respond if the picture
pointed to by the arrow was the target picture or
not by pressing a key “enter” to answer “yes, it
is the target,” and on the key “esc” to answer
“no, it is not the target. They were instructed to
ignore pictures that were not pointed to by the
arrow even if they were the target picture and to
respond as fast and as accurately as possible.
Starting the second trial, the arrow appeared
only to indicate a change of side. Thus, when
the green arrow disappeared, the participant
must remember the side where the arrow was
last to know and to continue to answer on the
same side of the screen until a new arrow
appeared. This variant is based on focalized
attention, flexibility and short-term memory. In
variant 4, the first time again the green arrow
shows the side of interest. However, afterward,
a red star appears and shows the side where the
participant has to pay attention to the next two
following images. In addition to the above
mechanisms, this variant is based on shared
attention. Each variant included 80 trials. We
determined the percentage of correct responses
and mean response time (seconds) (see
supplemental material).
To assess reasoning, we administered a
computerized modified version of the
Wisconsin Card Sorting Test according to the
Wisconsin Card Sorting Test manual (Heaton et
al., 1993). This test assesses reasoning abilities,
which involve cognitive flexibility or setshifting, and cognitive strategy modification
abilities. This test was scored, in percentages,
by the total number of correct answers,
erroneous answers, perseverative errors, and
nonperseverative errors. We also used a
computerized modified version of the Tower of
London test. In this computerized version, all
displacements must be imagined before an
answer is given. In other words, the subjects
answered by providing the minimum number of
displacements required to reach the target
configuration and did not execute the task
physically, as is the case in the manual version.
The test consisted of the following steps. The
participants observed two conﬁgurations of
three stacked, colored balls (blue, red, and
yellow) placed in three holes; the top
conﬁguration
represented
the
starting

conﬁguration, and the bottom conﬁguration
represented the target conﬁguration. From left
to right, the first hole could only receive one
ball, the second could receive two balls, and the
third could receive three balls. The participant
was asked to choose between 1 and 5
movements to find the minimum number of
displacements required to move from the
starting
configuration
to
the
target
conﬁguration by clicking with a computer
mouse on one of the numbers proposed on the
screen. The rules of displacement were as
follows: 1) one single ball could be moved at a
time; 2) the moved ball must be on top of the
stack; and 3) the moved ball could only be
placed in an empty hole or on other balls. The
subject performed 10 trials per number of
movements, for a total of 50 trials, without a
time limit. The Tower of London test is based
on reasoning abilities that involve planning,
shifting and visuospatial working memory.
This test was scored by the correct responses
and the time (in msec) taken to complete each
trial.
To assess innovative thinking, we used
the Revised Minnesota Paper Form Board Test
(Likert and Quasha, 1941), which Muchinsky
(2004) reports involves “imagery capacity,
spatial observation, mental visualization skills,
art and relational skills, and the ability for an
individual to visualize and manipulate objects
in space”. We were interested in the number of
correct responses, to which we subtracted 1/5th
from the number of wrong answers. Finally, the
subjects were asked to solve four insights
(Appendix A of Schooler et al., 1993; problem
numbers 1, 3, 4, and 7) and four noninsight
problems (Appendix B of Schooler et al., 1993;
problem numbers 1, 2, 3, and 4). The dependent
measure was the total number of problems (in
percent) resolved correctly within the 4-minute
time period allotted for each subject. To resolve
the problems in a timely manner, subjects were
required to use abilities such as willingness to
challenge convention. Resolving noninsight
problems required the use of conventional
research strategies involving logic, recognition
and decision making, while resolving insight
problems required a prelinguistic form of
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intuitive cognition (the nonverbal
nonlogical basis for imaginative tools).

and

2.1.3. Data analysis
Partial least squares structural equation
modeling (PLS-SEM) was used to analyze the
cognitive measures. PLS-SEM is an advanced
statistical method based on exploratory
techniques (Bollen and Lennox, 1991) that
performs adequately with small sample sizes
(Hair et al., 2014). PLS-SEM first analyzes the
measurement model elaborated from indicator
variables and then examines the structural
model created from latent variables (or
constructs). The relationships between
constructs are represented by a diagram, in
which circles represent constructs and arrows
represent relationships. The path model is
translated into a set of equations describing a
measurement model and a structural model
(Haenlein and Kaplan, 2004). The validity of
the measurement model was assessed by
internal consistency, convergent validity and
discriminant validity. Internal consistency was
calculated using the composite reliability of the
items. The average variance extracted (AVE)
scores for each construct and the outer loading
of each indicator were examined and
represented the convergent validity.

Discriminant validity was evaluated by
assessing the cross loading. Regarding the
structural model, the quality of the relationships
was measured by the R2 metric, which reflects
the level of the explained variance of the
composites. The effect size f2 was computed
(Riou et al., 2016). Statistical comparisons of
path coefficients were performed using
XLSTAT software, which offers multigroup
comparison methods in the framework of PLS
path modeling presented by Goles and Chin
(2005). An adapted t-test based on bootstrapped
standard errors was used. Statistical
significance was set at p≤0.05.
2.2. Results
The
measurement
model
was
constructed from data that included all the
participants (N=83) and four reflective
constructs: inhibition, reasoning, cognitive
flexibility, and innovative thinking. The
reliability and validity results are shown in
Table 1. The internal consistency measures, as
indexed by the composite reliability, ranged
from 0.78 to 0.95, exceeding the recommended
threshold value of 0.70. The convergent validity
was acceptable, as AVE was above 0.5 for all
four constructs. Each item’s factor loading was
significant (p<0.05, data not shown), and all but
two were above 0.6.
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Composite
reliability
Constructs
Inhibition

Outer loadings and cross loadings
Indicators

Innovative
thinking

0.930

0.044

0.392

-0.303

0.760
0.899

0.042
0.031

0.172
0.274

-0.132
-0.281

0.855

0.551

0.261

0.094

0.904

-0.442

0.290

0.127

0.725

-0.307

0.233

0.075

0.893

-0.419

0.287

0.208

0.591

-0.352

0.243

0.207

0.516

-0.167

0.045

0.941

0.119

-0.233

0.038

0.954

0.199

-0.263

0.947
Visuospatial
focused attention
test, Variant 3, time
Visuospatial
focused attention
test, Variant 4, time

Innovative
thinking

Reasoning

0.751

Wisconsin, number
of erroneous
answers
Wisconsin,
perseverative errors
Wisconsin, nonperseverative errors
Tower of London
test, 3 moves, time
Tower of London
test, 4 moves, time
Cognitive
flexibility

Cognitive
flexibility

0.904
Stroop, Color
naming
Stroop, Color name
reading
Stroop, Interference

Reasoning

Inhibition

AVE

0.785

0.899

0.546
Minnesota test
Insight problems
Noninsight
problems

-0.404

-0.081

-0.303

0.690

-0.128

-0.159

-0.292

0.690

-0.140

-0.309

-0.441

0.828

Table 1. Assessment of the measurement model: internal consistency (composite reliability), convergent
validity (loading and average variance extracted (AVE)), and discriminant validity (cross loading)
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As the validity of the measurement
model was assured, we proceeded to assess the
results of the structural model. The results
showed that the model was statistically
significant, F=9.89, p=0.0003, with an R2 value
of 0.38, indicating that a substantial amount of
the variance was explained. All the paths
showed positive correlations, but only the

relationship between reasoning and innovative
thinking was significant (β=0.546; p<0.001)
(Fig. 1).
The effect size of each path, calculated
through f2 values, confirmed these data,
showing a strong effect of reasoning on
innovative thinking (f2=0.40) and a weak effect
of the other 2 paths (f2≤0.04) (Table 2).

Figure 1: Structural model of the direct effects of reasoning, cognitive flexibility, and inhibition
on innovative thinking in 83 healthy subjects.

Paths

f2

Magnitude of the effect

0.40
0.04
0.01

High
Low
Low

Model of healthy subjects’ group
Reasoning on Innovative thinking
Cognitive flexibility on Innovative thinking
Inhibition on Innovative thinking

Table 2. Effects sizes of the structural model paths.

3. Experiment 2: problem solving training
To evaluate to what extent problemsolving training would improve innovative
thinking by changing the weights of each latent
variable, i.e., inhibition, cognitive flexibility,
and reasoning, we tested this model in two
subsamples from Experiment 1. We proposed

to the first subsample a cognitive problemsolving training and to the second subsample a
crossword puzzle activity. We chose the
crossword puzzle because we thought it would
be interesting to assess whether a widely used
leisure activity could have a similar impact on
cognition as a problem-solving training. To
ensure that solving crossword puzzles remained
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a leisurely activity, in keeping with the spirit of
a pastime and to be assessed accordingly,
puzzle solving occurred at the participants’
homes in an atmosphere that respected the
friendly environment in which this activity is
usually performed.
3.1. Methods
3.1.1. Participants
Since cognitive training is a timeconsuming procedure, we chose to minimize
the number of individuals included in each
subsample. To quantify this minimum number,
we referred to Cohen (1992) who indicated the
minimum sample size to consider when testing
a model with PLS-SEM. This number was set
at n=16 per group. Two groups were included
in experiment 2 so that 32 subjects were
selected from the first experiment, i.e., from the
83 participants. The 32 subjects were
semirandomly selected to match the 2 groups,
problem-solving training and crossword
groups, based on age and sex. Sixteen
participants (age means ± SD = 25.25± 1.61
years, M/F=6/10) were allocated to the
problem-solving training group. As such, they
were invited to take part in two training sessions
per week for a period of 12 weeks, i.e., 24
training sessions. Each session lasted
approximately 1 hour and was performed
individually under the supervision of a
neuropsychologist. Sixteen participants (age
means ± SD = 28.42± 0.21 years, M/F=5/10)
were allocated to the crossword activity group.
Note that one subject left the study before the
end. All the participants executed the same sets
of puzzles. This group was assigned the same
number, frequency, and duration of sessions as
the problem-solving group. Participants had
previously not solved or very rarely solved
crossword puzzles. Neither group differed
significantly (p>0.05) with respect to age and
sex.
3.1.2. Training
3.1.2.1 Problem-solving training

The subjects solved between 120 and
150 closed-ended problems during training
from a library of approximately 400 problems
(see examples in supplemental material). This
allowed us to customize the problems according
to the subjects' abilities. Thus, some problems
were common to all subjects, and others were
specifically targeted to train a particular
cognitive weakness in the subject. All in all,
subjects solved an average of 5 problems per
session. Some of these closed-ended problems
were simple, while others were more complex.
A simple closed-ended problem is a problem
that has one right answer and one method by
which this answer could be obtained. Finding
the derivative of an algebraic expression is such
a problem. In terms of the problem-solving
taxonomy, simple closed-ended problems are
solved primarily by diagnosis and routine. A
complex closed-ended problem is a problem
that has only one right answer but several
methods to obtain this answer, and solving such
problems requires using routines, diagnosis,
and several strategies.
At the beginning of the training, the
proposed problems were simple closed-ended
problems, with the objective of providing an
overview of the subject’s ability to generate and
use routines. However, a simple closed-ended
problem generally requires a very simple
interpretation step and a simple diagnosis that
leads to the selection of a routine. We did not
intend for the trained subject to become an
expert in a particular routine or diagnosis,
which is why we rapidly focused on complex
close-ended problems that were sufficiently
complex to cause the subject problem-solving
difficulties.
In this context, we provided our training
procedure to advance subjects. We wanted to
increase subjects’ practice in many areas of
problem solving, with a focus on the nonroutine
areas where the teaching of routines is
necessary. Thus, we helped the subjects
develop rules and formalized methods
wherever possible, and then the subjects were
expected to identify the best routine among
those learned and to use the chosen routine
accurately and quickly. We anticipated that this
procedure might enable subjects to become
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more efficient and fluent in their problemsolving strategies. Hence, we asked subjects to
describe several possible attack plans, with
advantages and disadvantages for each, and at
the end, subjects decided on one and defended
their choice. Care was taken to ensure that the
subject was aware of the decisions that they
made and the reasons behind the decisions.
Throughout our training procedure, we
first invited the subjects to clearly define the
goal and identify relevant clues in the
instructions that would provide them with key
elements to reach this goal. Second, we
encouraged the subjects not to limit the number
of operators used to establish in the problem
space to avoid imposing constraints derived
from the interpretation of instructions. Thus, if
a subject consistently failed to solve the
problem, despite the use of the procedure, we
did not limit his reasoning. Third, we ensured
that the subjects produced relevant planning
steps and, in particular, intermediate planning
steps that were essential for solving the
problem. Finally, we developed the cognitive
flexibility of the subjects with regard to the use
of strategies. We encourage the subject to
review different solutions and to inhibit known
strategies that do not work to facilitate the
emergence of new strategies. Indeed, the
cognitive flexibility will allow us to get out of
the heuristics and to produce new solutions
adapted to the context. We believe it can
promote the use of frame breaking to facilitate
the production of new ideas and that it is
therefore a key element for the successful
resolution of a problem.

3.1.2.2 Crossword solving
French-language crosswords and arrow
words were extracted from specialized
crossword collections and used as crosswordsolving problems.
Not all the crosswords and arrow words
that we used were equally challenging. Indeed,
there was a hierarchy of challenges. We
designed a program that incorporated 50 arrow
words and 50 crosswords. We determined three
levels of difficulty (easy puzzle, mediumdifficulty puzzle, and truly difficult puzzle) for

both crossword and arrow word puzzles. We
classified puzzles from the easiest to the most
complicated. The subject was asked to follow
this classification when using the puzzles and to
solve puzzles twice a week for 1 hour. The
subjects were given additional instructions,
including not getting stuck on a puzzle if they
were unable to finish it, but rather starting
another puzzle and returning to the pending
puzzle later. We called the subjects by phone
every week to ensure that they were solving the
puzzles and to ask them to report back on any
issues or difficulties. This phone call was also
an opportunity to remind the participant to
move on to a higher level if the puzzles were
too easy or to a lower level if the puzzles were
too difficult.
3.1.3. Cognitive assessments
The cognitive assessment before
problem-solving training and crossword puzzle
activity corresponds to the one performed in the
first study. Four new insight and four new
noninsight problems were used. Three insight
problems (Appendix A of Schooler et al., 1993;
problem numbers 2, 5, and 6) and one insight
and four noninsight problems were selected
from websites. Unresolved problems during
preassessment were presented again at the post
assessment.
3.1.4. Experimental design
One month after the participants
completed the evaluation, which gave us time
to build and evaluate our model, the 31
participants began their respective training or
the activity. One month after the end of the
training or the activity, participants were
reassessed with the same cognitive tasks as
those used in the first assessment. The
experimental design is described in Figure 2.
3.1.5. Data analysis
For
data
analyses,
cognitive
performances of the 31 participants before and
after training were assessed using PLS-SEM
modeling. The measurement model was
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elaborated from the same indicator variables as
those of the experiment 1. Its validity was
assessed by internal consistency, convergent
validity and discriminant validity. Regarding
the structural model, the R2 metric and the
effect size f2 were computed. Statistical
comparisons of path coefficients were
performed using XLSTAT software.
3.2. Results
The results of the PLS SEM modeling
are shown in Table 3. The measurement model
was constructed from data that included the 31
participants and four reflective constructs:
inhibition, reasoning, cognitive flexibility, and
innovative thinking. The internal consistency
measures, as indexed by the composite
reliability, ranged from 0.78 to 0.94, exceeding
the recommended threshold value of 0.70. The
convergent validity was above 0.5 except for
the reasoning construct. Each item’s factor
loading was significant (p<0.05, data not
shown), and all but three were above 0.6.
Regarding the structural model of
pretraining data, similar to the results from all
83 subjects in study 1, the results showed that
the model was statistically significant for the 2
groups (F≥7.85, p≤0.002, with an R2 value
≥0.48). All the path coefficients were positive.
Only reasoning had a significant influence on
innovative thinking (β≥0.541, p≤0.007). The
relationships between innovative thinking and
cognitive flexibility or inhibition were weak
and nonsignificant (p≥0.179). The effect size
revealed a strong effect of reasoning on
innovative thinking (f2=0.41) and a weak effect
of the other 2 paths (f2≤0.03; Table 4).

The results of the multigroup t-test performed
on pretraining data yielded no significant
difference, indicating that the problem-solving
and cross-word groups performed similarly
before training and were similar to all 83
subjects. Thus, because the structural model
was similar in all groups, one may reasonably
postulate that any changes in path coefficients
were an effect of the training itself.
Regarding posttraining data, after
crossword puzzle activity, the structural model
was statistically significant (F=6.48, p=0.009;
R2=0.64). Only reasoning was significant, and
this factor was positively correlated with
innovative thinking (β=0.652, p=0.008) (Fig
3A). The effect size of each path is displayed in
Table 5.
After problem-solving training, the
model was statistically significant (F=11.33,
p=0.001) with substantial explained variance
(R2=0.74). Reasoning had a weak and
nonsignificant negative influence on innovative
thinking. In this model, only cognitive
flexibility was significant, and it was strongly
positively correlated with innovative thinking
(β=0.747, p=0.001) (Fig 3B). The effect size of
each path is displayed in Table 5.
Figure 2: Experimental design of training. The
subjects of problem-solving training group were
invited to take part in two training sessions per week
for a period of 12 weeks, i.e., 24 training sessions.
Each session lasted approximately 1 hour. The
subjects of crossword activity group were assigned
the same number, frequency, and duration of
sessions as the problem-solving group. The subjects
completed the evaluation 1 month before and after
the end of the training or the activity. The evaluation
lasted 2 weeks. The fMRI session was performed at
the end of the evaluation.
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Composite
reliability
Constructs
Inhibition

Outer loadings and cross loadings
Indicators

Innovative
thinking

0.922

0.028

0.385

-0.319

0.790
0.912

0.056
0.015

0.198
0.240

-0.191
-0.355

0.868

0.407

0.119

0.074

0.496

-0.031

0.223

0.188

0.852

-0.325

0.182

0.014

0.763

-0.337

0.312

0.138

0.624

-0.273

0.212

0.151

0.547

-0.114

0.045

0.955

0.120

-0.209

0.031

0.947

0.185

-0.193

0.949
Visuospatial focused
attention test,
Variant 3, time
Visuospatial focused
attention test,
Variant 4, time

Innovative
thinking

Reasoning

0.769

Wisconsin, number
of erroneous
answers
Wisconsin,
perseverative errors
Wisconsin, nonperseverative errors
Tower of London
test, 3 moves, time
Tower of London
test, 4 moves, time
Cognitive
flexibility

Cognitive
flexibility

0.911
Stroop, Color
naming
Stroop, Color name
reading
Stroop, Interference

Reasoning

Inhibition

AVE

0.783

0.904

0.538
Minnesota test
Insight problems
Noninsight
problems

-0.474

-0.068

-0.314

0.798

-0.090

-0.164

-0.192

0.585

-0.105

-0.265

-0.347

0.797

Table 3. Assessment of the measurement model: internal consistency (composite reliability), convergent
validity (loading and average variance extracted (AVE)), and discriminant validity (cross loading) on
pre-training data.
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Paths

f2

Magnitude of the effect

0.41
0.03
0.02

High
Low
Low

Model of pre-training groups
Reasoning on Innovative thinking
Cognitive flexibility on Innovative thinking
Inhibition on Innovative thinking

Table 4. Effects sizes of the structural model paths on pre-training data.

Figure 3: Structural model of the direct effects of reasoning, cognitive flexibility, and inhibition on
innovative thinking after crossword puzzles activity (A) and problem-solving training (B).

Paths

f2

Magnitude of the effect

Model of crosswords group
Reasoning on Innovative thinking
Cognitive flexibility on Innovative thinking
Inhibition on Innovative thinking

0.97
0.14
0.07

Substantial
Moderate
Low

Model of problem-solving training group
Reasoning on Innovative thinking
Cognitive flexibility on Innovative thinking
Inhibition on Innovative thinking

0.05
1.51
0.07

Low
Substantial
Low

Table 5. Effects sizes of the structural model paths on post-training data.

The results of the multigroup t-test
performed on posttraining data showed a
significant difference between the crossword
and problem-solving groups for the path

coefficient related to reasoning–innovative
thinking (t(29)=2.03; p=0.0).
In terms of the composite score calculated by
the PLS-SEM analysis for the latent variable

15

innovative thinking, Student’s t-test analysis
yielded that the two groups of participants
showed a nonsignificant effect on the
pretraining composite score (t(29)=0.61;
p=0.54) but a significant effect of group on the
posttraining composite score (t(29)=2.04;
p=0.04). Problem-solving-trained subjects had
higher scores than did the crossword group of
subjects.
4. Experiment 3: Resting state network
connectivity
Given our initial assumption that problemsolving training would improve innovative
thinking by changing the way executive
processes are involved, we conducted a pilot
study only on the 16 participants of the
problem-solving group. This pilot study aimed
to evaluate to what extent this type of training
could induce changes in resting-state functional
connectivity. Data in the literature has revealed
the important role of resting state functional
connectivity in assessing brain changes related
to the manifestation of neuronal plasticity
(Biswal et al., 2010). Indeed, evaluating this
connectivity appears to be a good indicator for
highlighting plastic changes following
cognitive training. Chapman et al (2015)
reported that the benefits of cognitive training
led to an increase in resting state brain
connectivity in healthy elderly subjects. Cao et
al. (2016) showed that following multidomain
cognitive training of 24 sessions over a period
of 3 months, an increase in resting-state
functional connectivity was observed in the
default mode network, the salience network,
and the central executive network. This
increase in connectivity in the healthy elderly
was associated with an improvement in
language and delayed memory. Similar increase
in resting state brain connectivity after
cognitive training have been also reported in
patients with mild cognitive impairment (MCI)
(Styliadis et al., 2014; Kim et al 2020) and after
stroke (Lin et al., 2014) suggesting that resting
state functional connectivity could be a good
marker of cognitive recovery in the clinic. We
have just seen in experiment 2 that in subjects
trained with problem solving, flexibility was
strongly positively correlated with innovative

thinking, whereas it was reasoning before
training. Given the data in the literature
showing changes in resting-state connectivity
after cognitive training, we expect here that the
change in the involvement of the executive
processes in trained subjects will lead to
changes in resting-state connectivity.
4.1. Methods
4.1.1. Participants
The 16 participants were right-handed.
Functional MRI acquisitions were completed
before and after problem-solving training 15
days after the cognitive assessment.
4.1.2. Magnetic resonance imaging data
The 16 subjects were scanned on a 3-Tesla
BRUKER MEDSPEC 30/80 MRI scanner
equipped with a circular polarized head coil at
the MRI Center of La Timone (Center IRMINT@CERIMED, UMR 7289, in Marseille).
Subjects were asked to rest with their eyes
closed during the scan but not fall asleep. T1
anatomical images and fMRI images were
acquired in the axial plane, parallel to the
anterior-posterior commissure axis, and
covered the whole brain. Whole-brain
anatomical MRI data were acquired using a
high-resolution structural T1-weighted image
(MPRAGE sequence, resolution 1x1x1 mm).
Resting-state fMRI scans were acquired using a
BOLD T2*-weighted echo planar imaging
(EPI) gradient-echo pulse sequence with
TR=2.4 sec, TE=30 msec, flip angle=78°,
FOV=192 mm, voxel size=3x3x3 mm,
matrix=64×64, slice thickness=3 mm, 0.75 mm
gap, and 36 slices. The total acquisition time for
the fMRI was 10 minutes. A total of 250
volumes were collected for each subject. The
first 5 images were discarded to allow for
stabilization of the MRI signal, leaving 245
volumes for analysis. The ethical committee of
the hospital approved the protocol. All
experiments were conducted in accordance
with the Declaration of Helsinki. Written
informed consent was obtained from all
individuals.
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4.1.3. Data analysis
The pre- and posttraining MR images were
preprocessed
using
SPM8
software
(http://www.fil.ion.ucl.ac.uk/spm/software/sp
m8/) running in a MATLAB 7.5 environment
(Mathworks, Inc., Sherbon, MA, USA). To
perform image analysis, the 245 images were
first slice-time corrected, realigned to the first
image, unwrapped, and then coregistered to
structural data. Four datasets that were affected
by head movements more than 3 mm in
translation or rotation were rejected.
Accordingly, the final population considered
for analysis included 12 individuals.
To identify the resting state networks
(RSNs) in our subjects, , the pre- and posttraining preprocessed data, of all 12 participants
were decomposed using the group spatial
independent component analysis (ICA) of the
Group ICA of fMRI Toolbox (GIFT v1.3i)
(http://icatb.sourceforge. net/) (Calhoun, et al.,
2001). This process allowed us to identify the
spatial sources of resting state signals. Each
independent component (IC) selected was
considered to reflect a functional RSN. The
Infomax algorithm was computed 10 times with
different initial conditions. Twenty spatial ICs
were then estimated by a minimum description
length criterion. ICAs were performed using the
ICASSO function and included 5 iterations.
The ICASSO results showed an average Iq of
0.97±0.007 SD, indicating a high stability of the
estimated components (Calhoun et al., 2001).
The components that were deemed to be
artifacts were excluded. Twelve components
were retained. To identify the functional
networks, the components were visually
inspected and compared to descriptions of
RSNs previously described in the literature. A
template matching procedure was performed
(correlation above 0.5), where ICs were
compared to templates from the study by Allen
et al. (2011). From each IC, the regions of
interest (ROIs) were extracted using the GIFT
stats utility. This tool allowed us to identify
which clusters were statistically significant for
each component (the threshold of the onesample t-test against zero was set at p<0.05,
with a false discovery rate (FDR) correction for
multiple comparisons) and extract the

coordinates of these ROIs that formed each
RSN. Using the MarsBar toolbox (Brett et al.,
2002), spherical ROIs were created with a
radius of 6 mm and centered on the Montreal
Neurological Institute coordinates of the cluster
peaks. These ROIs were then used for
functional connectivity and graph theoretical
analyses.
Functional connectivity analyses were
performed using the Functional Connectivity
(CONN v15 h) toolbox, which included an
ROI-based
correlation
analysis
(http://web.mit.edu/swg/software.htm;
Whitfield-Gabrieli and Nieto-Castanon, 2012).
Preprocessed images were bandpass filtered at
0.01 Hz-0.08 Hz to reduce the effect of lowfrequency drift and high-frequency noise.
Realignment parameters were defined as firstlevel covariate confounds. White matter,
cerebrospinal fluid motion, and Artifact
Detection Tools (ART) outliers were taken as
confounds (Behzadi et al., 2007). Correlation
coefficients were calculated between each pair
of ROIs in each network. The toolbox
performed the first-level general linear model
test to determine the correlation connectivity at
the individual level. Correlation coefficients
were then converted into z-scores, and a paired
t-test was used to determine significant
connections between pre- and postsessions in
the problem-solving trained participants, with a
threshold set at p<0.05 FDR-corrected.
Graph theoretical analysis was performed to
further evaluate the features of the RSNs using
the CONN v15 toolbox. According to graph
theory, brain networks can be described as
graphs composed of nodes (ROIs), with edges
(functional connections) among the nodes
(Watts and Strogatz, 1998). The time series of
the low-frequency BOLD signals were
extracted for each of the ROIs and averaged
over all voxels in each node. For each subject,
an undirected correlation matrix (Pearson) was
computed. To compare the groups, the CONN
default setting ‘cost’ (connection density) was
chosen and set at a threshold of 0.15 (Bassett
and Bullmore, 2006), meaning that 15% of all
the possible edges in the network were present.
Topological properties, which included
measures such as degree, local efficiency, and

17

global efficiency, were then evaluated. Degree
is a measure of the number of connections of a
node. Local efficiency measures how
efficiently the network exchanges the
information at the clustering level; it is
computed on node neighborhoods and is related
to the clustering coefficient, which is a measure
of the degree to which nodes in a graph form a
cluster. Global efficiency measures how
efficiently the network exchanges information
at the global level. This metric is inversely
related to the characteristic path length, which
describes the number of edges between one
node and any other node in a network and
provides an overview of the effectiveness of
information transfer (Bassett and Bullmore,

2006). Graph theoretical metrics were
thresholded at p-FDR<0.05 in a two-sided
analysis.
4.2. Results
The results of the ICA analyses on the
problem-solving group that showed a spatial
network structure are displayed in Fig. 4.
Table 6 provides details on the brain regions of
each IC. Of the 12 ICs selected, IC09, 18, and 20
were considered part of the DMN. IC07, 10, and
13 are related to AN. The visual network (VN) is
represented in two group-level ICs, IC01 and 06.
IC03, 05, 16, and 19 correspond to the SMN.

Figure 4. Depiction of the twelve Resting State Networks (RSN) identified by Independent Component Analysis (ICA).
The RSNs are grouped into four categories based on their relation to reference networks – default mode, attention,
visual, and sensorimotor networks. All images were thresholded at p<0.05 (FDR-corrected).
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RSN

Name

x

y

z

Maximal
voxel tvalue

-3
0
39
-45
36
12
24
-24
27

-57
57
-12
-66
18
-63
69
-3
27

30
21
54
33
39
30
9
57
51

15.20
25.98
5.23
30.12
7.60
25.43
7.97
10.57
12.23

-30
-45
-51
0

-12
24
-42
-33

-33
21
-15
33

8.91
21.84
10.02
9.98

51
42
63
0
-54
57
66
18
-36
-39
-27
-54
45
39

24
-51
-48
-3
-54
-51
-36
15
-36
3
39
-60
12
-12

27
45
-15
30
36
42
-9
-21
-18
3
36
-3
3
-21

5.56
16.95
14.74
10.88
11.78
39.07
8.41
7.14
7.76
8.19
7.27
12.01
12.73
6.81

-9
-12
-42
-39
-60
51

-93
-87
-27
-69
-33
-69

-15
3
36
6
6
6

16.44
17.19
7.75
6.99
8.95
12.90

DMN
IC09 Left Precuneus
Left Superior Medial Gyrus
Right Precentral Gyrus
IC18 Left Angular Gyrus
Right Middle Frontal Gyrus
Right Precuneus
Right Superior Frontal Gyrus
IC20 Left Superior Frontal Gyrus
Right Superior Frontal Gyrus
Attentional
Network
IC07 Left Fusiform Gyrus
Left Inferior Frontal Gyrus (p. Triangularis)
Left Inferior Temporal Gyrus
Left Posterior Cingulate Cortex
Right Inferior Frontal Gyrus (p.
Triangularis)
Right Inferior Parietal Lobule
Right Inferior Temporal Gyrus
Right Middle Cingulate Cortex
IC10 Left Inferior Parietal Lobule
Right Inferior Parietal Lobule
Right Middle Temporal Gyrus
Right Superior Orbital Gyrus
IC13 Left Fusiform Gyrus
Left Insula Lobe
Left Middle Frontal Gyrus
Left Middle Temporal Gyrus
Right Insula Lobe
Right Middle Frontal Gyrus
Visual
Network
IC01 Left Lingual Gyrus
IC06 Area 17
Left Inferior Parietal Lobule
Left Middle Occipital Gyrus
Left Middle Temporal Gyrus
Right Middle Temporal Gyrus
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Sensorimotor
network
IC03 Left Superior Parietal Lobule
Right Cerebellum
Right Superior Frontal Gyrus
Right Superior Medial Gyrus
Right Superior Temporal Gyrus
RightPrecentral Gyrus
IC05 Left Cerebellum
Left Inferior Temporal Gyrus
Left Rectal Gyrus
IC16 Left Cerebellum
Right sensorimotor area
IC19 Left Calcarine Gyrus
Left Olfactory cortex
Left Postcentral Gyrus

-21
24
33
3
54
60
-12
-42
-6
-18
3
-3
-6
-36

-69
-60
60
63
-30
6
-39
-36
15
-69
-18
-60
24
-42

51
-21
15
30
3
33
-27
-24
-21
-21
51
12
-6
60

14.80
22.90
6.01
6.96
6.32
5.73
9.57
6.32
10.00
8.74
11.84
4.95
20.22
5.83

Table 6. Independent component analysis (ICA) results. The table lists brain peak x, y, z coordinates in
MNI stereotaxic space for each separate brain region, anatomical labels, and t statistics from the one
sample t-tests that determined the spatial structure of each network. Results were thresholded at p<0.05
(FDR-corrected).

Figure 5. Mean and SEM values for nodal metrics in regions with statistically
significant group differences (p-FDR<0.05) between pre- and post-problem-solving training.
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Functional connectivity analyses
before and after problem-solving training
revealed significant changes in the AN and
VN (p-FDR≤0.05). Within the AN, functional
connectivity increased between the right
inferior frontal gyrus and the left fusiform
gyrus following training (t(11)=4.21; pFDR=0.024). Within the VN, the left middle
occipital gyrus demonstrated significantly
higher connectivity with the left lingual gyrus
(t(11)=3.67; p-FDR=0.018) and the left
middle temporal gyrus (t(11)=3.01; pFDR=0.03)
following
problem-solving
training. Within the DMN, functional
connectivity increased between the right
precentral gyrus and the right precuneus but
did not reach a significant p-FDR-corrected
threshold (t(11)=2.92; p-FDR=0.12 and puncorrected=0.014).
Similarly,
a
nonsignificant decrease in connectivity
strength between the right precentral gyrus
and the right middle frontal gyrus was noted
following problem-solving training (t(11)=2.30: p-FDR=0.23 and p-uncorrected=0.041).
Within the SMN, no significant connectivity
values were noted.
The results of the graph theoretical
analyses are shown in Fig. 5. Network
properties at the global level showed no
significant differences when compared before
and after problem-solving training. In
contrast, we found significant differences in
network properties at the nodal level. With the
FDR-corrected
significance
threshold,
differences in nodal metrics were found in
node degree and local and global efficiencies.
Following
problem-solving
training,
participants demonstrated increased node
degree (p-FDR=0.01) and global efficiency
(p-FDR=0.006) in the right precuneus, which
belongs to the DMN. Local efficiency values
for the left lingual gyrus, which belongs to the
VN (p-FDR=0.04), and the left insular lobe,
which belongs to the AN (p-FDR=0.03),
increased following problem-solving training.
5. Discussion

This study examined whether
problem-solving training modifies cognitive
functioning and relates to resting-state
functional connectivity changes in healthy
adult subjects. Data analyses of cognitive
measures using PLS-SEM showed that
innovative thinking was influenced by
reasoning in nontrained subjects, whereas
innovative thinking was influenced by
cognitive flexibility following problemsolving training. Thus, we argue that a
cognitive intervention based on problem
solving promotes innovative thinking by
changing the way subjects recruit and use
relevant cognitive processes to cope with the
demand.
5.1. Effect of problem solving training on
innovative thinking
The PLS-SEM modeling used in the
present study emphasized insight and
noninsight problems, both of which are
associated with the same latent variable of
innovative thinking. Insight is often defined as
a subjective feeling of a sudden understanding
that accompanies problem solving (Webb,
Little & Cropper., 2016; Weisberg, 2014).
This feeling could be due to the existence of
unconscious processes, which suggests that
critical steps in insight solutions are not
reported (Kaplan & Simon, 1990). Work by
Schooler et al. (1993) showing evidence that
processes associated with insight problem
solving are not available in a verbal report
agrees with this interpretation. In contrast,
according to Bowden (1997), noninsight
problems are solved through the use of
knowledge and logical deductions. However,
Metcalfe and Wiebe (1987) believe there is a
very fine distinction between insight and
noninsight problems and this view is
confirmed by Weisberg (2014), reporting that
insight and noninsight problems can be solved
with both processes (i.e., insightful or
analytic). Therefore, it is essential to receive
feedback from the problem solver on the
processes used to solve a problem to better
understand the underlying processes.
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A single problem task can be used as
an indicator of both insightful and
noninsightful problem solving. In these cases,
the feelings of the subject determine how the
problem is solved (i.e., insightful or analytic).
Considering these issues, in the present study,
we systematically asked the subjects how they
resolved the problem and what their feedback
was regarding feeling or the occurrence of
insights. This is an important point to consider
when interpreting the effects of our training,
i.e., which aspects have been influenced by
changes in the recruitment of cognitive
functions and their involvement in innovative
thinking. Note that only noninsight problems
were used in our training. Having trained the
subjects with these problems, we know that
these problems were resolved through the
generation and use of routines, as well as
through the use of conscious strategies.
However, toward the end of the training, we
noted that subjects showed greater abilities to
use particular strategies spontaneously and
therefore without necessarily being aware of
their choice.
Thus, training with complex closedended problems appeared to facilitate problem
solving through the experience of insight. We
believe that this facilitation was possible via
the strengthening of cognitive flexibility,
which played a leading role during training.
The problems used in our training program
were chosen to be sufficiently complex to
cause the subject serious difficulty, such that
they failed. We then increased subjects’
practice in many areas of problem solving,
with a focus on nonroutine areas. We insisted
on the advantages of not limiting reasoning
and using frame breaking to facilitate the
production of new solutions. Moreover, the
use of a large number of problems allowed us
to emphasize fluency in strategies. Finally,
care was taken to ensure that the subject was
aware of the decisions they made and the
reasons behind them. The goal was for the
subject to memorize as many strategies as
possible such that they created a library from
which they could draw ideas or processes to
solve future problems. Once this library was

created, we trained subjects on the flexible
implementation of various strategies.
This procedure may have facilitated
the elaboration of unconscious inference
processes that produced insight solutions. Our
training procedure could contribute to the
unconscious activation of critical steps by
strengthening
processes
involved
in
innovative thinking, such as juggling
opposing thoughts (induction and deduction),
reversal
(flipping
assumptions),
recombination and rearrangement, and reencoding, which involve changes in
perceptual interpretations and facilitate frame
breaking.
In contrast to the problem-solving
training, the crossword puzzles activity did
not modify the way the subjects worked,
since, after crossword puzzles activity,
reasoning is still the most important factor in
influencing innovative thinking. Thus, the
practice of this leisure activity, whose
controlled parameters are similar to problemsolving training, are frequency, duration and
increase in the level of difficulty to maintain
the challenging aspect, is not sufficient to
promote innovative thinking.
5.2. Effect of problem solving training on
resting state functional connectivity
Successful problem-solving training
seemed to have an effect on regional
functional connectivity in brain networks
involving the DMN, the AN, and the VN.
Changes in the connectivity of resting statenetworks following problem-solving-based
training corroborate studies using different
cognitive training programs (Jolles et al.,
2013; Cao et al., 2016; Chatman et al., 2017;
Fink et al., 2015; 2018). In studies conducted
by Fink et al., these brain changes occurred
after 3 weeks of verbal divergent thinking
training consisting of 144 exercises organized
in 18 training modules of 20 minutes each. For
these authors, as exposures occur, the subject
will refine his strategy until his potential is
fully optimized, which will lead to changes in
brain function. These modifications could
reflect changes in the brain assessed by
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resting-state functional connectivity. We used
a similar number of exercises (between 120
and 150 closed-ended problems) and training
sessions (24 training sessions). However, our
training was more widely distributed, with
two sessions per week compared to six
sessions per week in the study by Fink et al.
Although the nature of the training was
different between the two studies, our results
support the idea that training must be long
enough to cause changes in the resting state
connectivity. We observe these changes 6
weeks after training indicating that they can be
maintained over time. This result is in
agreement with data from Cao et al. (2016)
showing changes in brain connectivity up to 1
year after training.
5.2.1. Default mode network
Graph theory analysis highlighted the
right precuneus within the DMN as having an
increased degree and global efficiency in
participants who underwent problem-solving
training. These results indicate that in
problem-solving-trained subjects, the right
precuneus is more connected to the rest of the
network. Since global efficiency is mainly
influenced by short paths (Rubinov and
Sporns, 2010), the connections of the right
precuneus are intended to be with its closest
regions. Such short path lengths are believed
to promote functional integration since they
allow communication with few intermediate
steps and thus minimize the effects of noise
(Sporns and Honey, 2013). The right
precuneus is a major node in the main
functional and structural networks of the
human brain (Hagmann et al., 2008) with a
relevant role within the DMN (Utevsky et al.,
2014). The precuneus is primarily involved in
the retrieval of information from working
memory or episodic memory, especially the
retrieval and processing of spatial images,
visuospatial imagery, and self-processing
operations (Cavanna and Trimble 2006). The
precuneus is also a critical brain region in
insight processing. Luo (2004) demonstrated
that answers requiring the breaking of mental
sets and the transformation of conventional
thinking significantly activated the right
precuneus. Based on this literature, we can

reasonably believe that the change in
precuneus connectivity may be due to the
work done during our training.
5.2.2. Attentional network
With respect to the attentional
network, we showed increased functional
connectivity between the left fusiform gyri
and the right lower frontal gyri. The fusiform
gyrus is an integral part of the ventral
occipitotemporal junction, a region that is
widely involved in cognitive processes such
as the perception of faces, objects, places, or
words. Interestingly, many studies have
shown that activation in the fusiform gyrus is
associated with insight tasks (Qiu et al., 2010;
Zhang et al., 2011). Shen et al. (2013) argued
that the fusiform gyrus is involved in the
formation of new images and remote
associations based on visual imagery. Based
on these findings, the modification of the
connectivity of the left fusiform gyrus after
problem-solving training could reflect a shift
toward a new way of thinking that is less
governed by language and more focused on
images and mental imagery. Some studies
attribute mental imagery to a potentially
influential role in creativity (Martindale,
1990; Leboutillier and Marks, 2003;
Kozhevnikov et al., 2013). It could therefore
be that problem-solving training has promoted
this shift toward mental imagery, which in
turn has fostered innovative thinking in
trained subjects by making them more
flexible. In line with this hypothesis, after
training, the problem-solving group showed
an improved score on the Minnesota task, a
measure of the latent factor of innovative
thinking, thus favoring this hypothesis.
Indeed, this task mainly requires imagery
capacity, spatial observation, mental
visualization skill, and the ability to visualize
and manipulate objects in space. The inferior
frontal gyrus is reported to play a diverse role
in evaluating the potential relevance of
sensory stimuli and in inhibiting inappropriate
responses (Konishi et al., 1999). Aron et al.
(2004) indicated that only the right inferior
frontal gyrus is involved in the inhibition of
inappropriate responses. Evidence exists to
show that inhibitory control can support
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creativity (Storm and Angello, 2010; Cassotti
et al., 2016). Kleibeuker et al. (2013) reported
activation of the inferior frontal gyrus in
subjects who provided optimal solutions to
creative problems, and Shen et al. (2016)
reported strong activation of the right inferior
frontal gyrus during a compound remote
association task related to creative thinking.
Thinking about something new and original
requires inhibiting the first solutions that
come to mind to be able to explore new ideas
later on. Our problem-solving training
involved complex closed-ended problems that
require several methods and strategies to be
resolved. The variety of the problems used
during the training makes the subject regularly
find new strategies and thus get off the beaten
track to solve the problem correctly, which
implies regularly inhibiting spontaneous
strategies that first come to mind. Thus, the
increased connectivity between the left
fusiform gyrus and the right inferior frontal
gyrus during the resting state supports the idea
that the greater ability of trained subjects to
develop innovative thinking relies on the
relevance of the stimuli and the inhibition of
inappropriate responses, on the breaking of
mental sets and restructuring, and on the
facilitation of the original images and remote
associations based on visual imagery.
Graph theory analyses performed
within the AN indicated an increase in local
efficiency in the left insular lobe after
problem-solving training. The insula is a brain
structure involved in disparate cognitive,
affective, and regulatory functions that is
involved in the psychological processes that
underlie emotional experience, working
memory, and attentional shift. In the model
developed by Menon and Uddin (2010), the
insula facilitates bottom-up access to the
brain’s attentional and working memory
resources. The left insula is also involved in
serial processing; it is sensitive to salient
environmental events and marks such events
in time and space for further processing. The
role of the insula may be associated with the
“Aha!” experience and the interactions
between cognition and emotion in insight
problem solving (Luo et al., 2004); however,

Aziz-Zadeh et al. (2009) reported that the left
insula was also activated during routine
problem solving. Increases in insular local
efficiency, a measure of integration among
neighbors of a node, suggest that in
participants trained for problem solving, the
insula is embedded within a richly connected
environment. In other words, the cognitive
processes associated with training have
allowed the insula to take a more central
position in the network. The involvement of
the attention network, with an emphasis on the
left fusiform gyrus, the right inferior frontal
gyrus, and the left insular lobe, can explain the
cognitive results found in the PLS-SEM
analysis, which showed changes in cognitive
functioning in favor of cognitive flexibility in
the promotion of innovative thinking.
5.2.3. Visual network
The visual network includes regions of
the occipital lobe (lingual and middle occipital
gyri and area 17), inferior parietal lobule, and
middle temporal gyrus bilaterally. The
functional connectivity analysis revealed an
increase in connectivity between the left
middle occipital gyrus, the left middle
temporal gyrus and the left lingual gyrus as a
result of problem-solving training. The
occipitotemporal
functional
connection
indicates involvement of the ventral visual
pathway (Goodale, 2011). As argued by
Kravitz et al. (2013), the ventral pathway is
implicated in the formation of specific
representations or associations involving
stable stimuli from visual information.
Consistent with this hypothesis, it can be
proposed that the processes associated with
our training program stimulated many stable
visual configurations from complex closedended problems. The lingual gyrus is located
near the ventral visual pathway, and it plays a
vital role in vision and dreaming (Dresler et
al., 2015; Luo et al., 2013). This region also
stimulates and redirects problem space when
there is a need to link original connections
between different representations of a
heuristic prototype and a target problem.
More specifically, research has shown that the
lingual gyrus is associated with visual
memory (Bogousslavsky et al., 1987), vivid
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visual imagery (Belardinelli et al., 2009), and
motion imagery (Malouin et al., 2003). In
addition, the lingual gyrus works with the
cuneus in visuospatial ability, somatosensory
stimulation, and perception of sensory stimuli
(Kong et al., 2009). Graph theory analysis
reinforced the involvement of the lingual
gyrus within the visual network. Indeed, we
have shown that the local efficiency of this
region increased as a result of problemsolving training, suggesting that among the
trained participants, the neighboring regions
of the left lingual gyrus were highly
interconnected. Thus, the activation of the
lingual gyrus may help recover heuristic
knowledge that facilitates the formation of
new nonverbal information. The left middle
temporal gyrus is involved in declarative
memory (Squire et al., 2004) and belongs to
the semantic system involved in storage and
retrieval
of
semantic
information.
Interestingly, Fink et al. (2015) reported an
activation of the left middle temporal gyrus
during the practice of the instance task that
consisted of fluently generating common and
typical conditions or facts applied to a given
adjective without originality instruction after
training of verbal creativity. In contrast, low
activation in the left middle temporal gyrus is
associated with the Alternative Uses Task
(AUT) after the same training. In view of
these data, one possible interpretation of our
results would be that the increased
connectivity between the left middle occipital
gyrus, the left middle temporal gyrus and the
left lingual gyrus as a result of problemsolving training may reflect improved
retrieval from declarative memory, which
fosters a more effective use of generation
strategies from semantic, visual, and
visuospatial information.
5.3. Limitations
There are some methodological
limitations to the interpretation of our data.
First, although the protocol of the trained
group and the control group was similar in
terms of the number of sessions, duration, etc.,
these two groups differed in terms of contact

with the experimenter. This is a choice we
made because we wanted to compare our
problem-solving training with leisure activity
training in an ecological context, but it is
likely that this difference influenced our
results. If this is the case, we are not able to
assess the impact of this difference. Second,
we did not have a control group to compare
the fMRI data we obtained in trained subjects.
Therefore, we cannot argue that the brain
changes obtained are specific to our problem
solving training. Finally, the size of our
trained group is small. The interpretation of
our data must therefore be considered with
caution because our results will have to be
confirmed with a larger population.
5.4 Conclusion and future directions
Overall, we reported that a cognitive
intervention based on complex closed-ended
problem solving improved innovative
thinking by changing the way the subjects
recruit and use relevant cognitive processes to
cope with the demand. Improved innovative
thinking was reflected in trained subjects by a
strengthening of mental flexibility. Our fMRI
data showed that this change was underpinned
by a modification in the regional connectivity
of brain networks at rest that are involved in
creative processes. These connectivity
modifications indicate that changes in the way
of thinking of trained subjects would occur
through nonverbal information, including
visual and visuospatial information and
mental imagery. These results are promising
for the development of new interventions that
can help healthy or pathological individuals
cope with the challenges of their daily lives.
These results may even have applications in
education. Future studies should confirm the
effectiveness of this type of training in an
ecological environment and determine how it
can be judiciously integrated into holistic
rehabilitation in patients with pathologies to
promote a transfer of rehabilitation into
everyday life. The study of cerebral
connectivity at rest will be quite helpful in
understanding how brain networks are
restructured after cognitive functioning
reorganization. Assessing whether this
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restructuring of networks is sustainable for a
long period of time will then be essential. It
will also be necessary in the future to assess
the specificity of changes in brain
connectivity at rest. Indeed, while there is no
doubt that these changes are due to problemsolving training, we do not know whether
these changes, some of them or others would
occur after crossword solving activity. It
would then be interesting to evaluate the
effects of crossword puzzle training with the
same coaching done by the experimenter as
the one we tested in the problem-solving
training. Answering this question would allow
us to distinguish cognitive processes and
related brain changes common to both
trainings from those specific to each of them.
Perhaps this would also allow us to highlight
an effective training method that would
stimulate innovative thinking using various
types of content.
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Supplemental material

Experiment 1: Attention task

Attention task: T = Target; D = Distractor (or lure)

Experiment 2: problem solving training

Subjects were trained on approximately 120 problems selected from a library of 400 problems.
These problems were listed according to their predominant modality: semantic, mathematical,
visual, visuospatial, etc., and according to their difficulty. It should be noted that the
classification of certain problems as easy or difficult was questioned because it depended on
the subject. This was especially the case for problems that were solved in the insight mode by

33

the subjects compared to subjects who had difficulties expressing this mode of resolution,
particularly at the beginning of the training. The choice of problems and their level was
therefore made for each subject according to their abilities and difficulties. This procedure was
adjusted throughout the training.

•

simple closed-ended problems

-In math, how many times can you subtract 5 from 25?
Answer: 1 time because after the first step you subtract 5 to 20, etc.

-How many drops of water can you put in an empty glass?
Answer: 1 only because after it is not empty anymore

-Two gardeners rake a park, one of them makes 3 piles and the other makes 7.
When they put the results of their work together, how many piles will they have in front of
them?
Answer: One pile

-In total, how many fully drawn squares can you count?

Answer: 11
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•

complex closed-ended problems

-In one line, without ever lifting the pencil and without going over the same place twice, try to
reproduce this drawing.

Answers:

-Find a way through this maze, knowing that:
You cannot pass through the same square more than once,
The sum of the numbers of the chosen squares must be equal to 13.

There are other paths, try to find them.
Answers:
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-How do you arrange these ten pieces so that there are five rows of four pieces each?
Answer:

-A tourist walks in the middle of the sand dunes. He was with a group of travelers, but he got
lost. Desperate, he walks northwards hoping to find the others. His only luggage is a digital
camera and a pair of binoculars. He is exhausted and thirsty. At the top of a sandy mountain, a
miracle happens. He sees an oasis. A vast watering place, palm trees and even animals. Taking
hope again, he goes down the slope in the direction of what he hopes is not a mirage. A few
hundred meters from the source, he crosses a caravan of travelers. It counts 3 camels and 2
dogs. The camels each carry 1 man and 2 cages containing 3 birds each. One of the men carries
a wounded dog in his arms. The dogs are dirty and seem to be covered with fleas.
The tourist then asks himself the question: how many living creatures are going to the watering
hole?
Answer: Only one person still alive goes to the watering hole...

- Two cities 1,000 km distant are connected by a double track railroad. At one point, two
trains traveling at 100 km/h leave each city and head for the other.
A fly traveling at 150 km/h begins a continuous round trip between the two trains.
How far will the fly have traveled by the time the two trains pass each other?
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Answer: The fly will have traveled 750 km.
Explanation:
First, we look at the trains:
Since the trains are traveling at 100 km/h and the distance between them is 1000 km, they will
meet halfway, so after 5 hours.
We are then interested in the fly:
Since the fly flies at 150 km/h, it will have flown for 5 hours, so it will have traveled 5 x 150
= 750 km.

- You must give 4 Liters of water.
For this, you have only 2 jars: the first one of 5 Liters and the second of 3 Liters.
How are you going to do it?

Solution 1:
Fill the 5 L jar and empty it into the 3 L jar.
Empty the 3 L jar and transfer the remaining 2 L into the 5 L jar.
Fill the 5 L jar and then transfer the liter needed to finish filling the 3 L jar.

Solution 2:
Fill the 3 L jar and empty it into the 5 L jar
Fill the 3 L jar and empty it into the 5 L jar until it is full.
Empty the 5 L jar and refill it with the remaining 1 L from the 3 L jar.
Fill the 3 L container and empty it into the 5 L container.
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-A room measures 12 by 9 meters; in its middle, there is a wall 8 meters long and 1 meter
thick. This room therefore has a living area of 100 square meters. It is represented on the
figure below:
We have a 10 x 10 meter piece of carpet:

How can the room be covered with the carpet by cutting it into 2 equal and overlapping
pieces?
Answer:
Here is the carpet

And here is the room thus covered

