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Training in the Adolescent Brain: An fMRI Training Study on
Divergent Thinking
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Prior research suggests that adolescence is atime of enhanced sensitivity for practice and learning. In this
study we tested the neura correlates of divergent thinking training in 15- to 16-year-old adolescents
relative to an age-matched active control group. All participants performed an alternative uses task, a
valid measure to test divergent thinking, while functional magnetic resonance imaging (fMRI) images
were acquired before and after a training program. In between the 2 scanning sessions the experimental
group completed 2 weeks of divergent thinking training (8 sessions) and the control group completed 2
weeks of rule switching training (8 session). A Group X Time interaction demonstrated stable divergent
thinking performance for the experimental group, whereas in the control group performance declined.
Generating alternative uses (experimental task condition) relative to generating ordinary characteristics
of objects (control task condition) was associated with increased activation in the supramarginal gyrus
(SMG), angular gyrus (AG), and middle temporal gyrus (MTG). Test—retest analyses showed that
within-individual s-activation in these regions was stable over time in both groups. Changes in aternative
uses fluency over time, however, were positively associated with changes in superior lateral PFC
activation over time. Together, the results indicate that core brain regions for creativity (SMG, AG, and
MTG) are consistently recruited in adolescence, and that changes in performance are associated with
changes in activation in lateral PFC.
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Some parents may wonder why adolescents have difficulty
planning their homework while at the same time they are experts
in switching between social media devices, designing clothes or
redecorating their rooms. Adolescence is the transition period
between childhood and adulthood during which individuals gain
their independence from their parents and rapidly adjust to new
social contexts (Crone & Dahl, 2012). Even though cognitive
control functions still increase between adolescence and adulthood
(Lunaet a., 2001), both animal (Johnson & Wilbrecht, 2011) and
human research (Kleibeuker et al., 2013a) has shown that adoles-
cence relative to adulthood is a period of increased potential for
flexible thinking. That is, adolescence seems to be a period of
increased flexibility that is well suited for novel insights and
creative problem solving, which is beneficia in a period which
asks for rapid adjustments to changing social demands and gaining
independence (Crone & Dahl, 2012).

Adolescence is aso a period of life that is identified by a
significant amount of time involved in training and education, both
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in- and outside school settings. As such, a better understanding of
learning mechanisms and training effects is especialy useful in
this age period. Prior research indicates that the adolescent brainis
indeed sensitive to the effects of training of different cognitive
functions including working memory and mathematical skills
(Jolles et al., 2010; Qin et a., 2004), showing increased activation
patterns in prefrontal and parietal regions after training. These
brain regions have previously been found to develop relatively late
in adolescence (Gogtay, 2004; Sowell, 1999; see Crone & Rid-
derinkhof, 2011; Blakemore & Choudhury, 2006). A question that
remains, is how the adolescent brain adapts to training of cognitive
functions that require flexible and divergent thinking rather than
controlled and convergent thinking. In the current study, we test
the benefits of training creativity in adolescents, by examining
neural responses to problems that require divergent thinking, be-
fore and after 2 weeks of divergent thinking training.

Divergent thinking is an important component of creativity and
it involves the ability to think of novel solutions for encountered
problems (Torrance, 1965). A well-known task to measure diver-
gent thinking is the Alternative Uses Task (AUT) where individ-
uals are asked to think of as many possible ways to use an object,
such as an umbrella (e.g., “storage place for stuffed animals’).
Solutions should be novel and appropriately useful (Guilford,
1967; Kim, 2008). The answers can be categorized in terms of
fluency (number of possible answers), flexibility (number of times
individuals switch between different categories; i.e., storage, pro-
tection, decoration, etc.), and originality (uniqueness of answers).
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Prior studies revealed that adults and adolescents perform equally
well on the AUT in terms of flexibility (Kleibeuker et al., 20133),
but adults outperform adolescents in baseline fluency (Kleibeuker
et al., 2013b) and originality (Kleibeuker et al., 2013b; Stevenson
et a., 2014).

Research has shown that divergent thinking performance can be
enhanced by 2 weeks of training, whereas longer duration has only
minimally positive effects on training outcomes (Fink et al., 2006;
Scott et a., 2004). These findings have been demonstrated in
adults (Kienitz et al., 2014), adolescents (Stevenson et al., 2014),
and children (Scott et al., 2004), although transfer effects to other
domains are debated (Kaufman & Baer, 2009). A recent develop-
mental study demonstrated training benefits after eight sessions
during 2 weeks of divergent thinking training for AUT fluency and
originality. Intriguingly, this study revealed larger changes for
adolescents aged 13-16 years than for adults for the domain of
originality, which transferred to a new divergent thinking task
(Stevenson et a., 2014). These findings led to the hypothesis that
adolescence is an important time window for creativity develop-
ment. A key question concerns which neural regions contribute to
these training related changes in adolescence; we utilize the same
training paradigm used by Stevenson et al. (2014) to investigate
this.

Recently, several studies have examined the neural correlates of
divergent thinking by examining neural activity while individuals
perform the AUT (Abraham et a. 2012; Cousijn et d.,
2014a,2014b; Fink et a., 2006, 2009, 2010; Kleibeuker et a.,
2013h). These findings have consistently shown activity in a
network of regions including the supramargina gyrus (SMG),
middle temporal gyrus (MTG), angular gyrus (AG), and prefrontal
cortex (PFC; Abraham et al., 2012; Dietrich, 2004; Fink et a.,
2009, 2010; Kleibeuker et a., 2013b). Prior studies related activity
in angular gyrus to insight (Aziz-Zadeh et al., 2009; Bechtereva et
a., 2004); MTG to imagination of object use (Beauchamp &
Martin, 2007; Johnson-Frey et a., 2005; Lewis, 2006) and PFC to
executive semantic control processes including processes that en-
able context appropriate semantic retrieval (Whitney et a., 2012).
The region that most strongly correlated with fluency performance
of the AUT isthelateral PFC, such that higher fluency scoreswere
associated with increased neural activation in the latera PFC
(Kleibeuker et a., 2013b). Developmental comparisons between
adolescents aged 15-17 years and adults showed that adolescents
recruited the same network as adults (Kleibeuker et al., 2013b).
However, adults had a relatively higher activation in the lateral
PFC than adolescents, which was accounted for by performance
differences. Intriguingly, a divergent thinking training study using
electroencephalogram (EEG) showed higher synchronization in
frontal alpha activity after 2 weeks of AUT training (Fink et al.,
2006), but it is not yet known how this relates to neural activation
changes in the different brain regions involved in divergent think-
ing. In a recent functional magnetic resonance imaging (fMRI)
study, in which adult participants were objected to an extensive
verbal creativity training for 3 weeks, activationsincreased mainly
in temporo-parietal regions including bilateral SMG and left (pos-
terior) MTG (Fink et al., 2015). These results were interpreted as
suggesting that training increased semantic control that is neces-
sary to effectively combine available semantic information to
produce novelty. A more commonly used approach to enhance
creative performance in neuroimaging research involves cognitive

stimulation by providing (moderately) creative ideas. Several stud-
ies have found this approach to be effective and training has been
associated with functional changes of the (left) temporo-parietal
cortex, including the left MTG and PFC regions (Fink et al., 2012;
Wei et al., 2014). An important question addressed in the current
study concerns how activity in these regions changes through
creative thinking training in adolescence. This will alow us to
have a better understanding of how training-related changes in
adol escents take place.

In this study we compared behavior and neura activity in 15- to
16-year-old adolescents while performing an AUT task in the
scanner before and after 2 weeks of divergent thinking training,
and we compared this to AUT activity in an active control group
who performed a rule switching training program (see also Ste-
venson et a., 2014). The control training was similar in terms of
effort and time investment. The use of such an active control group
diminishes possible confounding effects (see Klingberg, 2010 for
a discussion on this approach). This design allowed us to test the
following questions. First, given the small number of longitudinal
studies on creativity (Claxton et al., 2005; Scott et a., 2004), we
tested whether neural activity was stable within individuals over
time, which would inform us about whether creativity is a stable
person specific ability or varies within persons over time. Thiswas
done by computing the intraclass correlation coefficients (ICCs)
for regions which are commonly active during the AUT, which
include the SMG, MTG, and AG. This was found to be a valid
method for determining test—retest stability in prior research (Van
den Bulk et a., 2013). Second, we tested whether neural activity
was enhanced by training in these same regions. Finally, we tested
the hypothesis that the lateral PFC is sensitive to individual dif-
ferences in performance improvements, given that prior studies
showed that this region is most sensitive to individual differences
in AUT fluency (Kleibeuker et a., 2013b).

Method

Participants

In total, 32 adolescents (18 male) aged 15 to 16 years partici-
pated in this study. Participants were recruited through local ad-
vertisements. The sample size was based on prior studies using the
same task showing robust neural activity in adolescents using a
cross-sectional design (Kleibeuker et a., 2013) and on working
memory training studies with adults (Jolles et al., 2010; Olesen &
Klingberg, 2004). Power analyses using effect sizes based on
Kleibeuker et a. (2013) revealed that a total sample size of 32
participants would have enough power (.80 with « = .05) to
identify similar effects.

All participants were healthy, right-handed, and MRI compati-
ble (i.e., no braces or metal implants). None of the participants
reported a history of neurological or psychiatric disorders. Partic-
ipants were recruited from postal code areas with average to high
social economic backgrounds. However, no direct information on
socioeconomic status (SES) was obtained.

The participants were randomly divided into two groups
matched for gender; a Divergent Thinking training group (DT-
group) and a Rule Switching training group (RS-group). There was
asmall but significant difference in age between the two groups;
the DT-group was a few months younger than the RS-group
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(Mpy = 15.84, D = .11; Mg = 16.2, D = .14; t5, = 2.40,p =
.02). To check for group differences in intelligence, 1Q-scores
were estimated based on two subtests from the Wechsler Intelli-
gence Scale for Children (WISC; Wechdler et a., 2004): Similar-
ities and Digit Span. Groups did not significantly differ in 1Q-
scores (tzp = 1.16, p = .26).

All participants as well as their primary caregiver signed in-
formed consent before participation. Participants were financially
rewarded for their participation. The Medical Ethics Committee
from the Leiden University Medical Center (LUMC) approved the

study.

Cognitive Assessments During Pretest and Posttest

Participants completed a battery of tests for which some of the
results are presented elsewhere (Cousijn et a., 2014b). For this
study, we examined performance on the two training tasks during
the scan session and in between scan sessions. These tasks are
described in detail below.

AU/OC-scanner task. At pretest and posttest the participants
performed an adapted version of the AUT (Guilford, 1967) inside
the MRI scanner while neura activity was measured (see also
Kleibeuker et al., 2013b for a detailed task description). This task
measures divergent thinking in the verbal domain. The task con-
sisted of two conditions: (a) the free-association-related Alterna-
tive Uses (AU) condition during which participants had to think of
as many appropriate aternative and origina uses of common
objects as possible (i.e., use a shoe as a baseball bat); and (b) the
more general verbal-ability-related Object Characteristics (OC)
condition during which participants had to think of as many
ordinary characteristics of common objects as possible (i.e., a shoe
fitson afoot). Each trial started with a 3 sinstruction screen. Then,
a written item was presented in the middle of the screen for 15 s
with the text “Ordinary Characteristics” or “Alternative Uses’ on
the top of the screen during OC and AU trials, respectively, to
remind participants of the trial condition (see Figure 1). Immedi-
ately after the target screen, an evaluation screen appeared for 3 s.
Participants indicated how many solutions they had found by
pressing one of four buttons on a left/right button-box that was
attached to their left/right leg, respectively; the left middle finger

for O or 1 solution, the left index finger for 2 solutions, the right
index finger for 3 solutions and the right middle finger for 4 or
more solutions. Each trial was preceded by a fixation cross that
was presented for a variable duration (1.1-7.7 s) to optimize the
event.

The AU/OC-scanner task consisted of 60 trials (30 alternative
uses and 30 ordinary characteristics) divided over three blocks of
8.2 min, during which 30 unique words were presented (once in
the AU and once in the OC condition). Two sets of 30 words were
created, matched on word length, number of syllabi, and word
frequency. Participants saw different word sets during the pretest
and posttest. The order of the two word sets was counterbalanced
across participants. The total task time was 30 min.

The task was programmed in E-Prime (version 2.0). The per-
formance measures for both the AU and OC condition were the
number of times within a session that participants indicated (with
button press) that they generated O or 1 solution, 2 solutions, 3
solutions, and 4 or more solutions. A composite fluency score was
required to use as a regressor in data analysis; this was calculated
asfollows: 1" button_0/1 responses + 2 * button_2 + 3 * button_3
responses and 4 * button_4 responses (see also Kleibeuker et al.,
2013b). This was calculated for each condition (AU-score and
OC-score) for the pretest and the posttest session. This composite
score was correlated with the fluency score of a different AUT
administered outside of the scanner, r = .54, p < .01 (Cousijn et
al., 2014a).

Local global task (LGT). Rule switching was assessed be-
haviorally at pretest and posttest after scanning with the LGT
(adapted from Huizinga et al., 2006) that was used as the active
control task in the control training condition. During the task, the
target stimuli were large squares and rectangles (global figures)
consisting of small squares or rectangles (local figures). Partici-
pants were instructed to focus on either the global or local aspect
of the target shape (i.e., square or rectangle) given the presence of
a global or loca cue. The global cue consisted of a large square
and rectangle presented on the left and right side of the target,
respectively. The local cue consisted of a small square and rect-
angle presented on the sides of the target. Participants pressed a
right or left response button corresponding to the correct (global or

Think of as Alternative Uses | | How many uses?
many
\) alternative Umbrell
uses as morella
> possile for the EEE
following object 01 2 3 4+
. Ordinary
Think of as A How many
k many ordinary _Characteristics | characteristics?
C characteristics sh
- oe
as possible of
the following [ CEIEIE]
object o1 2 3 4+
Jitter (1.1-7.7 s) 3 sec 15 sec 3 sec

response — window

Figure 1. Examples of Alternative Uses (AU) and Ordinary Characteristics (OC) trials in the AU/OC

scanner task.
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local) shape of the target that coincided with the cue on the left or
right side of the target. Each trial started with a 500 ms presenta-
tion of the global or local cue, after which the target stimulus
appeared. Participants had 3,500 ms to respond to the target
stimulus (see also Huizinga et al., 2006).

The task consisted of a global and alocal block (each 50 trials,
presentation order counterbalanced over participants), followed by
a switch block (160 trials). From the switch block trials, median
response times (RTs) and proportion correct of local-global switch
and control trials were computed.

Training

During the 2 weeks between the pretest and posttest the DT-
group followed an 8-session AUT-training and the RS-group fol-
lowed an 8-session Local-Global Task switching (LGT); both
groups trained online from home.

The AUT-training task resembled the AU trials of the AU/OC-
scanner task; participants had to generate as many appropriate
alternative and original uses of common objects as possible. Nine
different objects were presented during each training session. The
objects were different from the AU trials from the AU/OC-scanner
task objects. Word length, number of syllabi, and word frequency
were matched across sessions. Participants were given 2 min to
enter their solutions for each object.

The RS-training was similar to the LGT at pretest and posttest.
Each training session consisted of eight blocks of 40 trials with
self-paced breaks in-between blocks. The blocks contained alter-
nating global and local mini blocks of four trials.

An online training schedule was created with the participants
and their primary caregivers. The experimenters monitored the
training progress using an online system. In case atraining session
was forgotten, a text-message was sent to the participant’s cell
phone to suggest another date to catch up. If a second training
session was missed, the participant was called to discuss a new
schedule. Each training session lasted approximately 20 min.

Four participants missed one AUT-training and two participants
missed one LGT-training. All participants completed at |east seven
training sessions.

MRI Data Collection

A 3T MRI scanner (Philips Intera, Best, The Netherlands) with
astandard whole-head coil was used for image acquisition. Resting
state fMRI datawere acquired at the start of the pretest and posttest
session. In total, 140 volumes were acquired resulting in a scan
time of 5 min. The results from the resting state scan have been
reported elsewhere (Cousijn et a., 2014b).

Next, participants completed three runs of the AU-OC task, each
lasting 8.3 min, during which 226 volumes per run were acquired.
Bold signal was measured with a T2* gradient-echo EPI sequence
(TR 2.2 s, TE 30 ms, 38 dlices, dice thickness 2.75 mm, FOV
220 X 220 mm, in-plane resolution 2.75 X 2.75 mm, flip angle
80°, sequential slice acquisition). The first two volumes of each
run were discarded to allow for equilibration of T1 saturation
effects. Finally, a high resolution T1 structural scan was acquired
for anatomical reference (T1 turbo field echo, TR 9.8 ms, TE 4.6
ms, 140 dlices, dice thickness 1.2 mm, FOV 224 X 178 mm,
in-plane resolution 0.88 X 0.88 mm, flip angle 8°). Head motion

was restricted by using foam inserts between the head and the head
coil. Visual stimuli were projected onto a screen in the magnet
bore that could be viewed through a mirror attached to the head
coil.

SPM8 software (www.fil.ion.ucl.ac.uk) was used for image
preprocessing and analyses. Images were corrected for dlice-time
differences, followed by rigid body motion correction. Functional
volumes were spatially normalized to individual T1 scans and
subsequently to T1 templates based on MNI305 stereotaxic space
(Cocosco et al., 1997) using a 12-parameter affine transformation
together with a nonlinear transformation involving cosine base
functions. Data were resampled to 3 mm cubic voxels. Functional
volumes were smoothed using an 8 mm full-width half-maximum
3D Gaussian kernel.

fMRI Data Analyses

SPM8 software was used for image analyses. For each partici-
pant, the functional time series were modeled by a series of events
convolved with a canonical hemodynamic response function
(HRF). Trials were modeled separately based on condition (AU or
OC), with the presentation as onset time and aduration of 15 s, and
entered in a general linear model along with a basic set of cosine
functions to high-pass filter the data, and a covariate for run
effects. In addition, the instruction screen preceding the AU and
OC trials and the evaluation screen after trials were modeled
separately (each with duration of 0 ms).

The least square parameter estimates of height of best fitting
canonica HRF for each condition were used in pairwise contrasts
(AU - OC). Reaulting first level contrast images, computed on a
subject-by-subject basis, were calculated for pretest (T1) and posttest
(T2) data separately. Additiona images were created for activation
changesfrom T1to T2 for the contrast AU - OC using the ImCalc tool
in SPM8. These cdculations resulted in another set of first level
contrast images ((AU+,-OC;,)-(AU+,-OC+,) which will be referred
to as AU > OC;,-1,). Thefirst level contrast images were submitted
to group anayses. At the group level, contrasts between conditions
were computed by performing one-tailed t tests on these contrasts,
treating participants as a random effect, and two-sample t tests to
compare training groups. Whole brain fMRI analyses were FWE
cluster corrected for multiple comparisons at an initiad threshold of
p < .001 uncorrected (following Woo et a., 2014). We further
conducted whole-brain regression analyses on the contrast AU > OC
and AU > OC,., to test for generd brain-behavior relations and
relations between brain activation and behaviord changes, respec-
tively. AU-scores at T1 were entered as covariate of interest to find
regions showing genera brain-behavior relations. Difference-scores
(AU-scorer,.1,) were entered as covariate of interest to find regions
showing relations between brain- and behaviora changes. We applied
the threshold of p < .001 uncorrected with at least 10 contiguous
voxels to overcome the relatively low power inherent to anayses of
individual differencesType 2 error. Results are reported in the
MNI305 stereotaxic space. Brain regions were determined based on
the SPM anatomy toolbox v1.8 (Eickhoff et al., 2005, 2006, 2007).

Region-of-Interest (ROI) analyses

Region-of-interest (ROI) analyses were performed with Mars-
BaR toolbox in SPM8 (Brett et al., 2002). The output “contrast
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estimates’ was used. Contrast estimates were derived for each
condition relative to baseline (i.e., OC-baseline, AU-baseline).
ROIs were analyzed to test for possible training related effects
within divergent thinking related brain regions. This ROI approach
was chosen in addition to the whole-brain analyses, because anal-
yses at the ROI level have more power to detect smaller differ-
ences in the task-related brain regions. These analyses included
Time (pretest T1, posttest T2) and Condition (AU, OC) as within-
subject variables and Training Group (DT, RS) as between-
subjects variable. We applied repeated measures analysis of vari-
ances (ANOVAs) on ROIs derived from the contrast AU > OC at
T1. If theregion spanned alarge area, the region was masked using
anatomical ROIs derived from the MarsBaR anatomical toolbox.

Results

Initial Comparisons

Initial comparisons comprised of tests for differences between
training conditions on each of the pretest tasks using ANOVAs
with Training as between-subjects factor. Descriptive statistics for
all measures per training condition are shown in Table 1. None of
the measures revealed differences between the two groups (al
main effects and interaction effects: ps > .05) showing that ran-
dom assignment was successful and that there were no differences
between the two groups before the training.

Pretest to Posttest Changes on Training Tasks

AU/OC scanner task. To examine the behavioral effects of
training on AU and OC retrieval, we examined whether the pattern
of responses (button choice) in Number Solutions (0/1, 2, 3, 4+),
differed between Training Groups (DT, RS) in the two Task
Conditions (AU, OC) over Time (T1, T2) with a repeated mea-
sures ANOVA (Huynh-Feldt estimates reported when sphericity
was violated). Results are depicted in Figure 2. Participants gen-
erated significantly more solutions for OC than AU trials (Number
Solutions X Task Condition: F(2.4, 90) = 48.77, p < .001, ng =
.62; Number Solutions; F(2.1, 90) = 4.64, p = .01, n3 = .13). In
addition, there was a tendency to provide fewer solutions at T2
than T1 for both AU and OC trials (Number Solutions X Time:
F(3, 90) = 2.50, p = .064, mp = .08; Number Solutions X Task

Table 1

Condition X Time: F(3, 90) = 2.64, p = .054, 13 = .08). Although
not significant, Figure 2 aso shows a margina difference in
performance change between Training groups from T1 to T2 that
appears to indicate relatively more stable performance for the DT
Training group compared with the RS Training group from T1 to
T2 (Training X Time: F(1, 90) = 2.06, p = .10, n3 = .09). No
other reliable Time or Training Group differences were found
(main and interaction effects, all ps > .05).

In addition to the analyses on button choices, we investigated
the Training and Time effects on the AU-composite scores, which
represent divergent thinking performances and are, as such, ap-
plied in the fMRI analyses. To this end, we conducted a repeated
measures ANOV As using AU-composite scores as dependent vari-
able with Time (T1, T2) as within-subject variable and Training
Group (DT, RS) as between-subjects variable. A significant main
effect of Time (F(1, 30) = 631, p = .02, ;> ~ .17), and an
interaction effect of Time X Training Group (F(1, 30) = 4.14,p =
.05, m,> ~ .12) were found (see Figure 3). Post hoc analyses of the
interaction effect show that performance in the RS group de-
creased from T1 to T2 (F(1, 30) = 13.49, p < .01, an - .47),
whereas results for the DT group remained stable (F(1, 30) = .09,
p=.77, npz = .01). Thus, rather than increases for the DT group,
we observed decreases for the RS group. This has also been
reported in other studies on creativity in adults (Fink et a., 2015;
De Dreu, Baas, & Nijstad, 2008; see discussion).

Local global task. To test for training related effects on LGT
accuracy (% correct) and RTSs, repeated measures ANOVAS were
performed with Condition (Switch, Control) and Time (T1, T2) as
within-subject variables and Training Group (DT, RS) as between-
subjects variable (see Table 1 for descriptive statistics) for RTsand
accuracy.

For RTs, there were main effects for Time (F(1, 30) = 30.3, p <
.001, npz = .50), showing ageneral decrease of RTsfrom T1to T2,
and for Condition (F(1, 30) = 38.02, p < .001, np2 = .56),
showing longer RTs for switch relative to control trials. In addi-
tion, there was a significant interaction effect of Time X Condition
(F(1,30) = 8.23, p< .01,7,” ~ .22), showing larger decreases for
switch than for control trials at T2 relative to T1. No main or
interaction effects were present for Training Group (all ps > .05).
For accuracy, no significant effects were observed for Condition or

Descriptive Satistics for the Behavioural Measures (AU/OC Scanner Task and Local Global

Task) by Training Group and Testing Session

DT-training group

RS-training group

Task Pretest M (D) Posttest M (SD) Pretest M (SD) Posttest M (SD)

AU/OC-scanner task

AU-score 2.13(.59) 2.09 (.68) 2.19(.38) 1.84(.36)

OC-score 3.00 (.46) 2.93(.52) 3.24(.32) 3.04 (.50)
Local global task

% correct control 94.04 (3.06) 96.19 (2.16) 90.55 (8.64) 90.85 (7.08)

% correct switch 94.41 (6.70) 94.67 (8.07) 89.95 (8.50) 90.85 (7.09)

RT ms control 443.75 (96.67) 385.50 (57.09) 416.41 (79.15) 329.03 (49.80)

RT ms wwitch 509.22 (129.11) 428.16 (69.26) 525.25 (211.31) 354.66 (47.23)

Note. DT = Divergent Thinking; RS = Rule Switching; AU = Alternative Uses, OC = Ordinary Charac-

teristics; RT = reaction time; ms = milliseconds.
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Figure 2. Performance on Alternative Uses/Ordinary Characteristics (AU/OC) scanner task for the Divergent
Thinking (DT) Training Group and Rule Switch (RS) Training Group at pretest (T1) and posttest (T2).
Participants indicated the number of solutions generated with a button press (Number Solutions: 0/1, 2, 3, 4+).
More OC than AU solutions were given and fewer solutions on the whole were indicated on posttest (T2) than
pretest (T1). Performance over Time for the DT Training Group appears more stable than that of the RS Training

Group - the Group X Time interaction was not significant (p = .10).

Time and no interactions with Training Group were observed (all
ps > .05).

Analyses focusing specifically on switch trial performance were
conducted with p values corrected for multiple comparisons.
ANCOVAs with posttest performance on switch trials as depen-
dent variable revealed significant effects for pretest performance
as covariate (reaction time (RT):F(1, 29) = 15.74, p < .001;
accuracy: F(1, 29) = 12.53, psor = -002) and a significant effect
for Training Group as between-subjects factor for RT, F(1, 29) =
19.94, p < .001, but not accuracy, F(1, 29) = 0.34, p = .57. This
indicates that participants were faster and generally more accurate
on the posttest switch trials; furthermore, the RS group was sig-
nificantly faster than the DT group on posttest switch trials after
correcting for pretest performance.

Performance AU trials

250 mTime 1
mTime 2
200 -

150 -

100 -

AU - score

DT RS

Figure 3. Performance on aternative uses trials for the Divergent Think-
ing (DT) Training Group and Rule Switch (RS) Training Group at pretest
(Time 1) and posttest (Time 2). Analyses of composite scores indicated a
decrease in provision of alternative uses (AU) solutions for the RS Training
Group and stable performance for the DT Training Group.

DT and RStraining and relations. Figure 4 shows how the
two training groups progressed in their respective tasks across the
eight sessions. Although there was some initial fluctuation in
performance there were no significant differences in performance
between the first and last sessions. The analyses of this data are
reported in Cousijn et al. (2014a).

To test for possible relations between AU and LGT perfor-
mance, bivariate correlation analyses were performed on AU flu-
ency scores and LGT switch cost accuracy and RT performances
at pretest. None of the correlations were significant (all ps > .05).

fMRI Results

T1 (pretest) analyses. To extract the neurd correlates of cre-
ative idea generation we conducted whole-brain voxel-wise t tests on
activation levels for the contrast AU > OC across al participants
(N = 32) at T1. Results revedled a number of regions including left
SMG, left and right MTG, and left AG (see Figure 5; Table 2), which

DT Training group RS Training Group
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Figure 4. Divergent thinking (DT) and Rule switching (RS) training
performance (see also Cousijn et a. (2014d)). (A) Mean (SE) fluency
scores for each AUT-training session in the DT group (n = 16). (B)

Median (SE) RT of local-global switch trials of each LGT-training session
in the RS group (n = 16). * p < .05. ™ p < .001.
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Figure 5. (A) Neura regions showing activity for Alternative Uses

(AU) > Ordinary Characteristics (OC) at Pretest (T1), averaged across al
participants (N = 32). This resulted in activation in left supramarginal
gyrus (SMG), bilateral middle temporal gyrus (MTG), and left angular
gyrus, thresholded at FWE cluster correction, p < .001. See Table 2 for
coordinates, and supplementary Figure 1 for analyses per training group.
(B) Regions of interest based on larger cluster presented in (A) and Table
2/3. Regions that spanned multiple areas were masked using the Marsbar
anatomical atlas. Regions are presented in the colors. Cluster 1. Left
fusiform gyrus in dark blue (masked: x = —27,y = —38, z = —16), left
inferior temporal gyrus in blue (masked: x = —38,y = —37, z = —15),
left precuneusin light blue (masked: x = —11,y = —54, z = 14). Cluster
2: left middle temporal gyrusin green (masked: X = —48,y = —64, z =
11), left angular gyrus in yellow (masked: X = —46,y = —70, z = 28),
left occipital gyrusin orange (masked: x = —42,y = —72, z= 20). Cluster
3: Right middle temporal gyrusin dark red (masked: x = 50,y = —60,z =
13). Region 4: left supramarginal gyrusinred (x = —63,y = —27, z= 36),
Region 5: Left superior media gyrusinseablue (x = —3,y = 63,z = 18).
Region 6: Parahippocampal gyrusis not displayed. (C) Contrast values for
ROI analyses of left MTG (anatomically masked, displayed in greenin B).
Separate analyses for each Training Group revealed a significant increase
in activation for T2 > T1 for the Divergent Thinking (DT) Training Group
for both conditions (AU and OC), but no Time effect for the Rule Switch
(RS) Training Group. * p < .05. See the online article for the color version
of this figure.

isin linewith prior studies (Fink et al., 2009, 2010; Kleibeuker et d.,
2013h).

To test for group differences in brain activation patterns during
the AU/OC scanner task at pretest, we performed whole-brain two

sample t tests on the contrasts AU > OC. No significant results
were observed for the contrasts AU > OC, reassuring that groups
did not differ at T1.

Test—retest stability. To determine whether the activations
related to AU > OC remained relatively stable over time after AU
and RS training, we performed test—retest reliability analyses on
the ROIs derived from the T1 AU > OC contrast. To this end, we
calculated ICCs for the contrast AU > OC for al participants
together aswell asfor the two training groups (DT, RS) separately.
Results are presented in Table 3 (all participants) and Table 4
(training groups separately). For regions that spanned clusters
encompassing different anatomical regions, the cluster was
masked with anatomical regions from the Marsbar AAL atlas
(reported separately in Table 3).

Anatomical masking was performed for threelarge clusters and this
resulted in the following subclusters. Cluster 1 (—24, —39, —15) was
separated in left fusiform gyrus, |eft inferior tempora gyrus, and left
precuneus. Clugter 2 (—51, —66, 3) was separated in left middle
temporal gyrus, left angular gyrus, and left occipital gyrus. Cluster 3
(57, —66, 15) was masked with right middle tempora gyrus. Three
other clusters that were active in this contrast fell within anatomical
boundaries and were therefore not masked. These included the left
medial superior frontal gyrus (—3, 63, 18), left supramarginal
gyrus (—63, —27, 36), and parahippcampal gyrus (21, —48, 9; see
Figure 5B).

Across al participants, ICCs ranged from 0 to .65 with highest
correlations for the right MTG (ICC = .60, p = .006), left AG
(ICC = .65, p = .003), and left SMG (ICC = .64, p = .003).

T2 > T1 analyses. Our analyses on brain activation training
effects were twofold. First, whole-brain analyses were applied on
the T2 > T1 contrast imagesfor the contrasts AU > OC and OC >
AU. No significant results were observed for the contrasts AU >
OC or for the opposite contrast OC > AU. Possibly, with the
current threshold and testing across the whole brain results in
underpowered analyses for detected subtle training effects.

Second, we analyzed possible training related effects within
divergent thinking related brain regions using ROl analyses.
Therefore we applied repeated measures ANOVAS on ROIs from
the contrast AU > OC at T1.

The Time (2) X Condition (2) X Training Group (2) repeated
measures ANOV A for the separate ROIs only showed atime effect
at trend level for left MTG/angular gyrus/occipital lobe cluster
(cluster with coordinates: —51 —66 3; F(1, 30) = 4.42, p = .058,
Mm% = .13) as well as a trend level Time X Training Group
interaction effect (F(1, 30) = 3.30, p = .08, n3 = .10). The
interaction showed a larger increase of activation over time for
the DT-training group relative to the RS-training group for both
the AU and OC trids. Post hoc analyses on the two groups
separately showed significant changes over time for the DT group,
F(1, 15) = 15.95, p = .001, but not for the RS group, F(1, 15) =
.027, p = .87. No Training effects or interactions were found for
the other regions. Given that the left MTG/AG/occipital |obe
cluster spanned several regions, separate analyses were performed
with masked regions with anatomical ROIs from Marsbar AAL to
separate these effects. These separate analyses showed that the
interaction effect was driven by the MTG (Time X Training Group
interaction; F(1, 30) = 3.89, p = .058, 3 = .12). Post hoc
analyses on the two groups separately showed significant changes
over timefor the DT group (F(1, 15) = 14.25, p = .002, n5 = .49),
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Coordinates for the Contrast Alternative Uses (AU) > Ordinary Characteristics (OC) at Time
Point 1 (T1) Across Participants (N = 32), Tresholded at p < .001 FWE Cluster Corrected

Brain regions

MNI

z-value coordinates

L/R K peak voxel x vy z

Cluster 1: Fusiform gyrus, precuneus, calcarine gyrus

Cluster 2: Middle temporal gyrus, angular gyrus, middle occipital lobe

Cluster 3: Middle temporal gyrus, precuneus, calcarine gyrus

Supramarginal gyrus
Media superior frontal gyrus
Parahippocampal gyrus

L 317 486 —24 -39 —-15
4.65 -9 =57 15
4.45 —-36 —36 —15
L 344 572 -51 -66 3
4.78 —-42 —78 33
4.21 —-42 -69 27
R 202 5.89 57 —66 15
L 141 522 —-63 -27 36
L 118 484 -3 63 18
R 96 436 21 —-48 9

Note. MNI = montreal neurological institute; L = left hemisphere; R = right hemisphere.

but not for the RS group (F(1, 15) = .003, p = .96, 3 = .00; see
Figure 5C).

T2 > T1analyses, relationswith performance change. Our
final aim was to test for brain activation patterns that were related
to changes in AUT performance over time. To this end, we
conducted whole brain regression analyses on the contrasts AU >
OC+,.11 With AU difference scores (T2-T1). The analyses did not
survive cluster corrections. Given that we had a priori hypothesis
about brain-behavior correlatesin the prefrontal cortex, the thresh-
old was lowered to p < .001, a minimum 10 contiguous voxels of
10. Using this threshold, a significant positive relation was ob-
served in the left cerebellum (peak coordinate: —30, —75, —21;

Table 3

Intraclass Correlations (ICC) for Regions-of-Interest (ROISs) to
Indicate Sability Over Time Derived From the Contrast
Alternative Uses (AU) > Ordinary Characteristics (OC) at Time
Point 1 (T1; Pretraining) Across All Participants

All participants

Brain regions ICC Significance

Cluster 1: | fusiform gyrus, | precuneus, | calcarine
46 .046

Cluster 2: | middle temporal gyrus, | angular gyrus,
| middle occipital lobe (—51 —66 3 .52

Cluster 3: r middle tempora gyrus, r precuneus, r

calcarine gyrus (57 —66 15 .60 .006
Region 4: | supramarginal gyrus (—63 —27 36) .64 .003
Region 5: | superior media gyrus (—3 63 18) .54 .02
Region 6: r parahippocampal gyrus (21 —48 9) .60 .006
Note. ICC = intraclass correlation; | = left; r = right; MNI coordinates

of peak activations are presented between parentheses, Grey = Anatomical
Masking.

2SubROI derived from ROI: masked with anatomical ROl from SPM
Anatomical Toolbox v1.8.

150 voxels) and left Middle Frontal Gyrus (MFG; peak coordinate:
—39, 24, 9; 14 voxels; see Figure 6A, B).

Post hoc ROI analyses on the left MFG showed that the effect
remained significant when controlling for Training Group, for
activation at T1 (AU > OC), and for AU fluency scores at T1.
These results indicate that the regression analyses outcomes are
not because of individual differencesat T1 or to group differences
in training related changes. The independence of training group is
also indicated by whole brain regression anayses for the two
training groups separately (p uncorr < .001; > 10 consecutive
voxels). For both groups the performance regression results
showed regions within the left MFG that overlapped with the
region found in the analyses that included all participants (see
Figure 6C; DT-training: peak voxel at —42, 51, 0; RS-training:
peak voxel at —33, 54, 12).

Additional testsfor lateral PFC performancerelations. To
test for commonalities with an earlier study on AUT neural re-
sponses using the same task in both adolescents and adults, bivari-
ate correlation analyses were performed on a predefined ROI in the
lateral PFC. This ROI was derived from a whole brain regression
analysis on the contrast AU > OC with AU-score as covariate (see
Kleibeuker et al., 2013b), which resulted in a cluster in right
middle frontal gyrus (coordinates: 42, 42, 21). Using the contrast
values of this ROI, correlations were estimated in the current study
between AU > OC changes from T1 to T2 and AU difference
scores (AU-score at T2 minus AU-score at T1). We found a
significant positive correlation between right middle frontal gyrus
and AU difference scores, r = .46, p = .008. These results support
the importance of right lateral frontal functioning in creative idea
generation.

Discussion

The aim of the study was to examine changes in neura activa
tions related to divergent thinking practice in adolescents. To this
end, 15- to 16-year-olds were scanned while performing an
adapted version of the AUT (Guilford, 1956, 1967; Kleibeuker et
al., 2013b) before and after 2-weeks of aternative uses training.
Behavioral and neural changes were compared with an age-
matched active control group who practiced with a rule-switching
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Table 4
Intraclass Correlations (ICC) for Regions-of-Interest (ROIS) to Indicate Sability Over Time
Derived From the Contrast Alternative Uses (AU) > Ordinary Characteristics (OC) at Time

361

Point 1 (T1; Pretraining) for the Training Groups Separately

Brain region

AU-training group
ICC Significance ICC

RS-training group

Significance

Cluster 1: | fusiform gyrus, | precuneus, | calcarine

Cluster 2: | middle tempora gyrus, | angular gyrus,
6 3

I middle occipital lobe

Cluster 3: r middle temporal gyrus (57 —66 15

Region 4: | supramarginal gyrus (—63 —27 36)

31 .24 .61 .04

.59 .048

.67 .02 .57 .
49 .10 .61 .04

Region 5: | superior medial gyrus (—3 63 18)
Region 6: r parahippocampal gyrus 40 a7 .67 .02
Note. ICC = intraclass correlation; | = left; r = right; MNI coordinates of peak activations are presented

between parentheses, Grey = Anatomical Masking.

2 SubROI derived from ROI: masked with anatomical ROI from SPM Anatomical Toolbox v1.8.

task for the same training period. Behavioral results showed a
decline in divergent thinking performance after training for the
control group (the rule switching training group). The divergent
thinking group showed no change in performance before and after
thetraining. The fMRI results yielded three important findings: (a)

Regression AU > OC_, .. with AU-score

T2-T1 T2-T1
150
*® DT-training
ARS—t(alnlng[ 00 ] .
Q}E 50 1 *
Ll
'g . : P * @
® 05 ;'/{2 05 1
A ‘]
2 " -50 4
< A AP A
-108 4

-150 -
Contrast estimate (AU-OC),, .,

Figure6. (A) Regression analysis for Alternative Uses (AU) > Ordinary
Characteristics (OC) Posttest (T2) > Pretest (T1) with AU test fluency
T2 > T1aspredictor, averaged across all participants (N = 32). Threshold:
p < .001, uncorrected for multiple comparisons, at least 10 contiguous
voxels. (B) Data of region-of-interest (ROI) analyses for the cluster in the
left Middle Frontal Gyrus (MFG) are presented with circles for DT Train-
ing Group and triangles for RS Training Group for illustration purposes.
(C) Resultsfor the regression analyses across all participants (N = 32; red),
for the DT training group (N = 16; yellow), and RS training group (N =
16; blue) separately. See the online article for the color version of this
figure.

activations of the creative ideation related network remained rel-
atively stable over time; (b) were not sensitive to training manip-
ulations, except for MTG at trend level; and (c) right lateral frontal
cortex activation changes were associated with changes in diver-
gent thinking over time. The discussion is organized in line with
these findings.

Training Effects of Divergent Thinking Training

The behavioral results showed a decrease for AU scores for the
rule switch group, whereas performances for the divergent think-
ing group remained stable over time. Similar findings have previ-
ously been reported in adults (Fink et a., 2015). The behavioral
outcomes could be interpreted as a negative effect of rule switch
training on divergent thinking performance. However, the lack of
significant correlations between AU scoresand LGT performances
from both the current and a previous study (Cousijn et a., 2014a)
is in contradiction with such an interpretation: If rule switch
training affects divergent thinking negatively, one might expect to
find negative correlations between rule switch performances and
divergent thinking performances. A second possible explanation
for the behavioral interaction effect is that the RS group lacked
motivation to perform during the second session. However, if this
was the case, one might have expected a similar negative effect for
other test performances. Results of additional tests administered
outside the scanner (results are described in Cousijn et a., 2014a)
do not support this explanation.

Alternatively, the results might be influenced by secondary
aspects such as the test environment. Indeed, MRI scanner
environment has been related to changes in cognitive function-
ing showing both increases and decreases in cognitive control
performances (Van Maanen, Forstmann, Keuken, Wagenmak-
ers, & Heathcote, 2016). Results have been interpreted for
example, in terms of stress-induced increase in attentional
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control (Hommel, Fischer, Colzato, van den Wildenberg, &
Cellini, 2012; see also Plessow, Fischer, Kirschbaum, & Gos-
chke, 2011) or arousal (Koten, Langner, Wood, & Willmes,
2013), and decreased attentional focus (Assecondi et al., 2010).
An interesting find was that both these interpretations (in-
creased arousal and decreased attentional focus) could account
for better divergent thinking performance during a first scanner
session relative to a second scanner session. Indeed, prior
studies have revealed positive effects of moderate levels of
arousal on creative fluency and originality (De Dreu, Baas, &
Nijstad, 2008; Byron et al., 2010), whereas attentional focusis
negatively associated with creativity performances (e.g., Wiley
& Jarosz, 2012; Ansburg & Hill, 2003). As such, it is reason-
able that potential training related increases in creative thinking
are hidden by negative session effects, and future research
should focus on possible environmental effects in training
studies.

Stability of Creative Ideation Network Activations

The stability ICC analyses showed that activations of the core
network related to creative ideation, represented by regionsthat are
more active during alternative uses generation than ordinary char-
acterigtics retrieval at T1, remain relatively stable over time. The
network is dominated by parietal-tempora regions including bi-
lateral MTG, left AG, and left SMG. Thus, the results are consis-
tent with prior research that indicates critical involvement of
parieto-temporal regions in verbal creative thinking (Fink et al.,
2010; see also Arden et a., 2010 for an overview). Several studies
have shown that the AG, SMG (posterior), and MTG are involved
during semantic tasks (e.g., Binder et a., 2009; Jung-Beeman,
2005; Vigneau et al., 2006). In part, the semantic information
processing might be focused specifically on tools. Indeed, the
MTG and SMG have repeatedly been related to tool use and action
knowledge, including semantic information of tools and imagina-
tive tool use (Beauchamp & Martin, 2007; Johnson-Frey, 2004,
Johnson-Frey et a., 2005; Lewis, 2006). Accordingly, processing
of these types of information are likely profitable when thinking
about aternative uses of objects. Recent experimental research
also indicates a specific function for the left posterior MTG to-
gether with the left inferior frontal gyrus (IFG) in semantic pro-
cessing. These regions have been related to executive mechanisms
that direct semantic retrieval according to the task or context at
hand (e.g., Howard-Jones et a ., 2005; Jung-Beeman, 2005; Whit-
ney et a., 2012). Possibly, semantic retrieval is demanded more
during thinking about alternative uses than thinking about ordinary
characteristics. Notably, especidly the MTG, AG, and SMG
showed strong stability within individuals over time in both train-
ing groups, suggesting that this is a core network that is engaged
for divergent thinking performance. The stability in this network
may also explain why training effects were limited. Future studies
should investigate if activation in this network is related to specific
individual traits.

Taken together, the within-individual consistency in neural ac-
tivity across the two measurements was highest in those areas that
are also most consistently reported in single session measurements,
including the AG, SMG, and (right) MTG, further confirming the
relevance of this network for divergent thinking (Abraham et a.,

2012; Bechtereva et al., 2004; Benedek et al., 2014; Fink et al.,
2009, 2010, 2014; Kleibeuker et al., 2013b).

Effects of Divergent Thinking Training on Left
MTG Activity

The comparison of neural activation before and after training
indicates that 2 weeks of divergent thinking training leads to a
relative increasein activity in the left MTG during idea generation.
These findings are consistent with prior research on verbal creative
thinking training. One possible interpretation is that the left MTG
is important for demanding executive semantic processes (Whit-
ney et a., 2012). The change in left MTG activity was found for
both the alternative uses and the ordinary characteristics trials,
suggesting a genera increase in a process that is demanded for
both types of trials, which was enhanced by 2 weeks of divergent
thinking training. The change in left MTG activity was not related
toindividua differences in performance change. It is possible that
these relations are because of small sample sizes and that relations
will be found in studies with larger samples. Y et, the absence of a
performance relation is consistent with the hypothesis that the
change represents a general ideation effect that is not specific to
thinking of aternative uses. Given that the interaction between
Training Group X Time was at trend level (p = .058), they should
be replicated in future studies.

PFC Activity and Performance Change

In separate comparisons for both training groups, performance
correlations were found for regions within the lateral PFC. These
findings are consistent with an earlier study that showed that
especially lateral PFC activity was associated with individual
differences in alternative uses fluency (Kleibeuker et al., 2013b).
In the current study, changein activity in aregion in theleft middle
lateral PFC, adjacent to (minimally overlapping) the region in
Kleibeuker et al., 2013b, wasrelated to achange in aternative uses
fluency. Thus, those individuals increasing in fluency over time
showed more activity in this region of lateral PFC over time,
whereas those individuals decreasing in fluency over time showed
less activity in lateral PFC over time. These change by change
correlations have aso been found in a prior study examining
longitudinal changes in performance monitoring in children, ado-
lescents and adults (Koolschijn et al., 2011).

An interesting find was that in a prior study thisregion of lateral
PFC was less active in adolescents than adults during divergent
thinking as measured with the AUT, which was accounted for by
differences in fluency performance (Kleibeuker et al., 2013b).
Although the exact function of the lateral PFC in the applied
paradigm and in divergent thinking in general is still under debate,
it has been related to working memory, monitoring, and inhibition
of common answers (Carlsson et al., 2000; Chavez et a., 2004;
Chavez-Eakle et al., 2007; Martindae, 1999; Zabelina & Robin-
son, 2010). It should be noted that divergent thinking benefits by
divergent thinking training were characterized by an absence of a
decrease in fluency, whereas the rule switch training group showed
a decrease in fluency over time. More studies are necessary to
better understand the dynamics of divergent thinking performance
across multiple measurements.
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Limitations

This study had severa limitations that should be addressed in
future research. First, the behavioral outcome fluency, that is,
number of ideas generated, was indicated in the scanner by a
button press; this did not allow us to validate the responses.
In-scanner fluency indicators are related to fluency scores on AU
tasks outside of the scanner (Kleibeuker et a., 2013b) and fluency
scores are by definition related to originality ratings (Silvia et al.,
2008). However, originality is another important AUT measure
and we recommend future studies to apply voice recording in the
scanner (e.g., Benedek et al., 2014) to enable originality scoring.
Second, the active control condition performed a rule switching
task that helped us control for the cognitive flexibility component
of the AU/OC task (e.g., Groborz & Necka, 2003); however, a
verbal fluency task is closer in nature to the AUT and may form an
aternative control condition. Third, the study only included ado-
lescents, and future studies should test if training effects are
different for children and adults (e.g., Stevenson et a., 2014).
Fourth, the study focused on practice, and future studies should use
other training designs as well, such as using feedback including
exposure to others' ideas (Dugosh & Paulus, 2005; Fink et a.,
2010; Paulus & Nijstad, 2003). Finally, this study examined effects
over a relatively short time period of 2 weeks, measuring neural
correlates before and after training. Future studies should examine
long term effects of training as well, for example across several
months (e.g., Bott et al., 2014; Scott et al., 2004), and incorporate
more measurements across time to increase the understanding of
the training process and account for possible session effects.

Conclusion

Taken together, this study was the first to show that over time,
thereis stability in the neural responses during divergent thinking,
as indicated by moderate to high ICCs. This result shows that
creativity can be reliably assessed and has some level of stability
that is difficult to show based on behavioral findings alone. Indi-
vidual differences in performance changes were most strongly
related to changes in lateral PFC activity. These findings are
interesting in relation to studies that have shown that especially
executive control processes, which rely heavily on PFC, develop
further during adolescence. Future studies should test the hypoth-
esis that adolescence is a sensitive period for training related
changes in neural activity by comparing adolescents and adults,
given that prior behavioral studies have suggested that training
benefits in the domain of divergent thinking are larger for adoles-
centsthan for adults (Stevenson et al., 2014). These training effects
may rely more on strategy use related to recruitment of PFC than
in recruitment of the temporal-parietal network, which seems more
reflective of differences between and not within individuals.
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