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Brain morphometry predictsindividual creative potential and the ability to

combineremoteideas

Abstract

For complex mental functions such as creative thokinter-individual variability is useful
to better understand the underlying cognitive congmbs and brain anatomy. Associative
theories propose that creative individuals havgilfle semantic associations, which allows
remote elements to be formed into new combinatidiswever, the structural brain
variability associated with the ability to combir@mote associates has not been explored. To
address this question, we performed a voxel-basephometry study and explored the
anatomical connectivity of significant regions. Wieveloped a Remote Combination
Association Task adapted from Mednick’s test, inoktsubjects had to find a solution word
related to three cue words presented to them. tnadaptation of the task, we used free
association norms to quantify the associative digtabetween the cue words and solution
words, and we varied this distance. The tendensphee the task with insight and the ability
to evaluate the appropriateness of a proposedi@oluiere also analysed. Fifty-four healthy
volunteers performed this task and underwent actstral MRI. Structure-function
relationships were analysed using regression mduidiseen grey matter volume and task
performance. Significant clusters were mapped @toatlas of white matter tracts. The
ability to solve the task, which depended on tlseistive distance of the solution word, was
associated with structural variation in the lefstrolateral prefrontal and posterior parietal
regions; the left rostral prefrontal region was mected to distant regions through long-range
pathways. By using a creative combination task Hmctv the semantic distance between
words varied, we revealed a brain network centnedhe left frontal pole that appears to
support the ability to combine information in nevays by bridging the semantic distance

between pieces of information.
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I ntroduction

Complex mental functions may be difficult to stublgcause they often rely on ill-defined
cognitive components and are associated with mgd-individual variability in performance
on tasks assessing such functions. Creative alsligne of these complex functions. Inter-
individual variability can nevertheless be a useflirce of information to better understand
the cognitive components of complex functions arel underlying brain anatomy (Kanai &
Rees, 2011). Mednick proposed that creativity testdlom “the forming of associative
elements into new combinations which either meeti$igd requirements or are in some way
useful. The more mutually remote the elements efnew combination, the more creative the
process or solution” (Mednick, 1962). Mednick deysld the Remote Associates Test
(RAT), to test this theory. In this task, three elated cue words are presented, and the
subject has to provide a fourth word related totlaike cue words (e.g., “rat, cottage, blue”
leads to the solution word “cheese”). The constuaidity and reliability of this task has
been shown in previous studies (Chermahini, Hickeifid& Hommel, 2012; Mednick,
Mednick, & Jung, 1964; Mednick, 1962). Mednick h¥ipesized that creative people have
broader and more flexible semantic associatiormsvallg them to generate more original and
numerous responses and to connect remote conddgdsick, Mednick, & Jung 1964). This
hypothesis - or more generally, the role of assimeaprocessing in creativity - has been
supported by several studies (Benedek, Konen, &boleer, 2012; Brown, 1973; Mednick, et
al., 1964) and partly by Benedek and Neubauer (8=né& Neubauer, 2013), who indicated
that creative people may not have a particular aaee hierarchy but have higher
associative fluency and produce more uncommon wasdociations in a continuous
association task than less creative people. Fisdirgm a computational approach (Kenett,
Anaki, & Faust, 2014) confirmed that creative indials have a richer and more flexible
associative network than less creative individuther words, creative abilities appear to
be related to particular cognitive traits, allowimgmote semantic associations. This
variability in cognitive traits may be supported $tyuctural differences that can be revealed
by neuroimaging morphometry methods (Fink et &13).

A few voxel-based morphometry (VBM) studies haveniified a set of brain regions
whose structure varied positively or negativelyhaéteative achievement and with creativity
assessments (Abraham, 2013; Benedek et al., 2018y €t al., 2014; Fink et al., 2013;
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Benedek, 2015; Jung, Segall, et al., 2010; JungziGplene, Caprihan, Chavez, & Haier,
2010; Jung & Haier, 2013; Kuhn, Ritter, Muller, Bam, Brass, & Dijksterhuis, 2014; Li et
al., 2015; Takeuchi et al.,, 2010a, 2010b; Zhu, ghat Qiu, 2013). The most explored
category of creativity tasks is probably divergémhking tasks (Guilford, 1950; Torrance,
1972). Divergent thinking is an open-ended approelcaracterized by the generation of
unusual ideas through the exploration of many gmistwith no goal of finding the “correct”
one. However, to the best of our knowledge, thecsral brain variability associated with
the individual ability to generate and combine v&rals examined by the RAT, has not been
explored.

The RAT has been employed in a few studies that aieer neuroimaging techniques
such as functional MRI and EEG, and its cerebraletates remain poorly understood. Brain
activation associated with the RAT has been regomeright anterior temporal regions,
temporo-parietal junction and other posterior terapoegions (Jung-Beeman et al., 2004;
Kounios et al., 2006; Kounios & Beeman, 2014) andiiathe anterior cingulate, prefrontal,
inferior parietal, and parieto-occipital regionsn@erson, Anderson, Ferris, Fincham, & Jung,
2009; Jung-Beeman et al., 2004; Kounios et al.62@azumnikova, 2007; Sandkihler &
Bhattacharya, 2008; Subramaniam, Kounios, Pari#sh]Jung-Beeman, 2011) and share
similarities with the brain regions recruited dgyiother creativity tasks (Arden, Chavez,
Grazioplene, & Jung, 2010; Aziz-Zadeh, Kaplan, &daoni, 2009; Gonen-Yaacovi, de
Souza, Levy, Urbanski, Josse, & Volle, 2013; J@14,3; Sawyer, 2011). Most neuroimaging
studies have focused on the brain correlates oingight phenomenon that is elicited by the
RAT (Aziz-Zadeh et al., 2009; Dietrich & Kanso, 2)TJung-Beeman et al., 2004; Kounios et
al., 2006; Martindale & Mines, 1975; Subramanianalet2011). Insight refers to the sudden
awareness of the solution to a problem (i.e., thka!” or “Eureka!” phenomenon) and is
accompanied by little or no conscious access toptbeessing leading up to that solution
(Bowden, Jung-Beeman, Fleck, & Kounios, 2005; Kosng. Beeman, 2014; Topolinski &
Reber, 2010; Weisberg, 2013). Functional imagingliss using the RAT and comparing
insight vs. non-insight solving (Aziz-Zadeh et 2009; Jung-Beeman et al., 2004; Kounios et
al., 2006) showed different brain correlates thaotlaer study (Anderson et al., 2009), which
compared successful to unsuccessful trials. Thexeitoremains difficult to draw a clear
picture of the cerebral correlates associated Wighcognitive components of the RAT. In
particular, the brain correlates associated witthividual abilities to solve the RAT are

unknown.



In a broader context of creative performance, &nmeaneta-analysis of functional
imaging studies revealed that various creativityk¢éawere associated with shared brain
networks (Gonen-Yaacovi et al., 2013). Creativétlated regions included the caudal lateral
prefrontal cortex (PFC), the rostral PFC, the dorsdial PFC and the inferior parietal cortex.
These findings were replicated and extended byrotheta-analyses (Boccia, Piccardi,
Palermo, Nori, & Palmiero, 2015; Wu et al., 201B¥ychological studies have shown that
individuals vary in the ability to generate and d¢one ideas, and to solve the RAT (Benedek
& Neuebauer, 2013; Kenett et al., 2014; Mednick62)9 Whether the regions or networks
active during creative task performance in funalamaging also have structural properties
that support individual creative abilities is anpiontant unaddressed question. A qualitative
divergence in the results obtained from morphometnid functional imaging approaches was
highlighted in a recent meta-analysis on creatiiu et al., 2015), and can be explained by
several factors. For instance, functional neuroin@pgf creativity typically have explored
brain regions shared by all participants, whilehboteative abilities and the strategies used to
perform creativity tasks vary between people. Honal imaging studies have classically
relied on the subtraction approach, in which theiad of the control condition may have
impacted the results. However, when it occursctirerergence of the results from functional
imaging and morphometry approaches may strengthenconclusions that can be drawn
about the brain regions involved in creativity.

To test the hypothesis that brain networks involdadng creative performance may
also support and relate to individual creativeiaéd, we performed a VBM study with an
anatomicak priori based on functional imaging findings. Ta@riori volume of interest was
defined from a meta-analysis of functional neura@mg studies that reported the brain
correlates of creativity tasks (Gonen-Yaacovi et2013). The meta-analysis included studies
that used various creativity tasks, as the funefioreuroimaging studies that used the RAT
were not numerous enough to be analysed alonereBaéting map showed the set of regions
associated with the cognitive processes sharedveyse creativity tasks and was used as a
volume of interest. In this volume of interest, VBiMalyses correlated regional brain volume
to performance on a new creative combination t&kr(bination association task or CAT)
adapted from Mednick’s task. In the CAT task, wamjuatively varied the semantic distance
between the cue words and the solution word. Tds& manipulation allowed us to better
estimate the ability of the participants to gerematd combine word associates as a function

of their semantic distance. In addition, we explloenatomical connectivity between the



significant VBM clusters using a track-wise anadylsased on a diffusion-based atlas of brain
connections (Rojkova, Volle, Urbanski, Humbert, Iaqua, & Thiebaut de Schotten,
2015).

M ethods

Participants

Fifty-seven right-handed native French speakers &gen 22 to 75 years old were recruited
by online announcement via a research platfornp:(fexpesciences.risc.cnrs.fr/). A large age
range was chosen for this study to include a gupnselected participants with sufficient
variability to represent the general populatione Tddvantages of this approach have been
previously discussed (Aichelburg, Urbanski, Thidbdel Schotten, Humbert, Levy, & Volle,
2016; Colom, Jung, & Haier, 2007; Goh, Bansal, Map, Liu, & Peterson, 2011; Grogan,
Green, Ali, Crinion, & Price, 2009; Haier, Jung,ofdlead, & Alkire, 2004). The participants
were healthy adults with no history of neurologioalpsychiatric disorders and no cognitive
complaints. The inclusion criteria required theeatt® of neurological or psychiatric medical
history, psychoactive substance abuse and MRI @eéntlications. The exclusion criteria
included the presence of cognitive impairmentsassessed using a translated version of the
Mini Mental State Examination (Folstein, Folstei&, McHugh, 1975), the presence of
semantic disorders as assessed by short Frendbngeof a drawing naming task and of the
Pyramid and Palm Tree test (Merck et al., 2011} #re presence of MRI abnormalities
suggestive of small vessel disease or an evolviegratogical disease. Millimetric T1-
weighted and diffusion weighted images were exathifiyy a neuroradiologist. The
neuropsychological and radiological data were cdlsefscreened to exclude pathologies.
Subjects with cognitive impairments or MRI pathotad abnormalities were excluded. One
participant was excluded because of impaired saempatformance and two because of MRI
abnormalities. Fifty-four individuals (27 femaleajere therefore included in the analyses.
The participants’ characteristics are reported mbl& 1. All subjects provided written

informed consent and were paid for their time. Tdoal ethics committee approved the study.

Cognitive assessment: the Combined Associative Task (CAT)



Conception of the task

We built a new verbal task adapted from Mednick’sTRMednick, 1962), in which subjects
were required to find a word related to all three gvords that were presented to them when
there was no obvious link between these cue wdrdour adaptation of the task, we
introduced three main novelties. 1) We used frese@ation norms to quantify the between-
word associative distance (association strengthg.uaed these association norms to verify
that the cue words used in each trial were notedlaand we quantified the mean associative
distance between the cue words and the solutiord(ajpffor each trial; 2) Based on the
hypothesis that the more remote the elements tdbicmnthe more creative the process
(Mednick, 1962), we varied the semantic distancevéen the written cue words and the
solution word(s) and measured this variation basedhe association norms (Debrenne,
2011); 3) To complement the classic solving phdsaetask, we introduced an “evaluation”
phase. In the evaluation phase, a test word wgsopea to the participant, who was asked
whether this test word was a correct solution ® ghoblem. This evaluation phase assessed
the ability to recognize if a given word met the@sative and combinatorial requirements of
the task. The ability to recognize relatedness eetwdistant words is thought to be linked
with creative abilities (Mednick, Mednick, & Jund,964; Vartanian, Martindale, &
Matthews, 2009). Finally, because this task is atswsidered an insight problem solving task,
the individual tendency to solve the task with gingi(solution coming to mind suddenly and
without effort) was estimated by collecting subjeetreports of these “eureka moments” on a
trial-by-trial basis, as has been done previouslg.( Kounios & Beeman, 2014).

Overall, each trial of our experimental CAT taskswaomposed of three phases: a
solving phase during which the participants triedsblve the trial and generate a possible
solution; an insight phase during which insighbiagureka moment was subjectively reported
for each trial; and an evaluation phase during Wwhite participants evaluated the relevance

and correctness of a given test word as a solution.

Construction of the material based on measures effiantic distance/strength

Triplets of cue words of variable semantic distanith their solution were created based on
free association norms in French. We used the mds@cfrequency between two words as a
measure of semantic distance, and we refer tonleigsure as “association strength”. Free
association norms in the French population werdlaa through a published database

(Debrenne, 2011) available online (http://dictavesfi.ru/). The measured association

strength (or frequency) quantifies the proportidrsubjects who produced the word B when



they were given the word A in a free word assoeiatiask (for instance, if 383 of 538
participants responded “cat” when they were presktite word “dog”, then the association
strength was 383 / 538 *100 = 71). We selected ftbendatabase measures of association
strengths obtained from at least 450 adult natrené&h speakers. Ambiguous words such as
words corresponding either to an adjective or tmjugated form of a verb were avoided.
We used association norms measured from free gemertasks instead of word co-
occurrences in text corpus (such as latent semanttysis, which has been used before;
Green, Cohen, Raab, Yedibalian, & Gray, 2015; Smithber, & Vul, 2013) because this
type of measurement appeared closer to our tasfitcmm in which the participants were
required to generate a word based on its assatsatuith cue words, and may better capture
free word associations (De Deyne, Kenett, AnakiusEa% Navarro, In Press).

Based on this normative associative strength, wit B2 cue word triads, providing
72 trials in the CAT. Each triad was built so ttie# cue words were not related to each other
but shared one (or a few) semantic associate(spr@iag to the free association norms. We
computed the average association strength betveghitee cue words and the solution word.
Some triads had several possible solution wordstrf@as had 2 solution words, 17 had 3
solution words, 8 had 4 solution words, 4 had bitsmh words, 3 had 6 solution words and 1
had 7 solution words). In these cases, the measciaion strength between the cue words
and the solution words were summed because eagtiosolvord was considered a correct
response. The mean association strength of theal was 9.13 (SD = 7.49), and the median
was 7.

We classified the trials according to the mediathefassociation strength; trials with
mean association strength greater than the medidi \{ere classified as “close CAT” trials
(n = 36), while those with a mean association gfitefess than the median were classified as
“distant CAT” trials (n = 36). For instance, a @dSAT trial was “rue” (street) — “campagne”
(countryside) - “centre” (centre), the solution which was “ville” (city), the mean
association strength was 16.65 (averaging 20.38efstity), 19.77 (countryside-city) and
9.80 (centre — city). A distant CAT trial was “pbibridge) — “social” (social) — “attacher”
(to tie), the solution of which was “lien” (linkgnd the mean associative strength was 3.32.
The characteristics of the close and distant CAdlIstrare provided in Table 2. As expected,
close and distant CAT trials differed significantlyith respect to the mean association
strength between the cue words and the solutiodsvor

The close and distant CAT solution words did ndtedisignificantly in their mean

written lexical frequency computed with Lexique @.8http://www.lexique.org) (New,




Pallier, Ferrand, & Matos, 2001; New, Pallier, Brgert, & Ferrand, 2004) (Table 2). This
open French database is based on a large corpasenft written literature and film subtitles
and has been used in many publications. We averdmgetexical frequency of words and
corresponding lemmas found in this database fosthégtion words, response words and test
words.

Because it has been shown that individuals perfasorly on the RAT when they are
biased to consider high-frequency candidate ans{@irpta, Jang, Mednick, & Huber, 2012),
we examined the mean lexical frequency of the immbrresponsesf the participants and
compared it with the lexical frequency of correzsponses (i.e., the solution words).

As associative steepness may play a role in wongrgéion and in CAT solving, we
controlled for the average steepness of the cuesvior each triad. Steepness describes the
property of a word to evoke one associate much nficguently than any other one.
Steepness was calculated as the ratio betweerssogiation strength of the second and the
first associates of each cue word. For instanaentbst frequent associate of “dog” is “cat”
with an associative frequency of 71, the secondt finequent associate of “dog” is “animal”
with an associative frequency of 4.8. The steepiset® ratio between these two associative
frequencies and equals 71/4.8 = 14.8. The steemidhe cue words did not differ between
close and distant CAT trials (Table 2).

Additional material was elaborated for the evalmatiask, which required a test word
that was evaluated by the participants as a cosauation or not. The test words were equally
distributed between valid (36 valid trials in whi¢he test word was a solution word
associated with all three cue words) and invali@ {3als in which the test word was not
related to all three cue words). Mean lexical figey did not differ significantly between
valid and invalid test words (respectively, 17430%.7 and 136.2 £147.9 occurrences per
million; U = 607.0, ns).

Experimental procedure (Figure 1)

The participants were seated comfortably in frohtaocomputer screen. The examiner
explained the general design and the instructionshie three phases of the task: the solving,
eureka and evaluation phases. At the beginningeotask, the instructions were displayed on
the screen without a time limit. To ensure the satsj understood the instructions correctly,
they completed 10 practice trials, and repetitiohghe instructions were provided when

needed. Each trial was composed of three phagks following order.



Solving phaseThe participants were presented with a set okthregelated cue words
that were arranged in a triangle on the screeru(€id). They were asked to give a unique
word that was related to all three cue words. Tligexts were aware that the response could
be a noun, a verb or an adjective but not a prapen or a compound word. The triad was
displayed on the screen until the participants peced a response, within a time limit of 30
seconds. A darker background appeared 2 secondselibe end of the display to warn the
participants that time was up. Response times vem@ded on the computer by button press,
and response words were given orally. The examimneie down the subjects’ answers.

Eureka phaseFive hundred milliseconds after the participantegais/her answer, a
new screen appeared and displayed the word “Euteka@ subjects pressed the keyboard
letter “V” if their previous response word had comeemind spontaneously and suddenly
indicating a subjective “Aha” experience. They gexb the keyboard letter “N” otherwise.
The participants had 5 seconds to respond. Respypes and reaction times were registered.

Evaluation phaseFive hundred milliseconds after the subject hadwamed the
Eureka question, a new screen appeared. The sameacd triad was displayed again, along
with a test word in the centre of the triangle. Hagticipant was asked to determine whether
the test word was valid (i.e., related to eachhefdue words) or invalid (i.e., not a possible
solution to the trial). The subject had 10 secotwdsespond by pressing distinct keyboard
letters: “V” for valid or “N” for non-valid. Respae types and reaction times were recorded.

After a two second inter-trial interval, a new triavas displayed, and the same
sequence of solving, eureka, and evaluation phasesrred until the 72 trials were
completed. Close and distant trials were mixednduthe testing session, and the order of all
trials was randomized between participants.

The CAT was programmed using MeyeParadigm versidr{e(ye)Brain Inc., 2009) running
on a PC.

Measured variables

Solving phaseThe percentage of correct responses (i.e., theepege of trials
solved) was measured and analysed (CAT-solving).mMiaasure creative ability as an
associative process depending on the semantimdes&ssociation strength, an index (CAT-
index) was calculated as the difference betweefopeance on close and distant trials,
divided by the mean performance in both conditiombe CAT-index represents the

difference between close and distant trials in teofnthe percentage of the total performance



and reflects the ability of a participant to soblistant trials as well as close trials. A lower
index thus reflects better associative combinadioa creative abilities.

Eureka phaseThe percentage of trials correctly solved withubjsctive “Eureka”
feeling was also analysed (CAT-eureka).

Evaluation phaseOnly trials that were unsolved in the precedinlyisg phase were
considered in the evaluation phase so that the €#\Wing score would not bias the CAT-
eval score. In other words, CAT-eval measured tbgect evaluation of a test word
(percentage of correct validation of a valid wosdtlae solution or of correct rejection of an
invalid word) as a percentage of the number ofstilaat had not been spontaneously solved
during the solving phase.

Reaction times for correct responses in the solaimg) evaluation phases were also analysed
(CAT-solving-RT and CAT-eval-RT).

Other creative thinking assessments
All participants completed the Abbreviated Torrafiest for Adults (ATTA) as an evaluation
of divergent thinking (Goff & Torrance, 2002). THWeI'TA includes one verbal and two
figural activities. Two independent raters (MU dbB) evaluated the test according to the
Torrance manual instructions. High inter-ratergatelity was observed (intraclass correlation
(ICC) = .920; p < .001) for the total score. The@rss from both raters were averaged to
obtain the final score. The total score (ATTA injlethe originality subscore (measuring the
unusualness of the production of each participant) the fluency subscore (measuring the
quantity of production of each participant) weralgsed.

The subjects also completed the Creative Achievénq@estionnaire (CAQ) to

estimate real-life creative production (CarsonePsein, & Higgins, 2005).

Neur opsychological assessment

All participants underwent a neuropsychological reixeation. Executive functions were
assessed by the Frontal Assessment Battery; FABbdIS, Slachevsky, Litvan, & Pillon,
2000), the Stroop word-colour test (Stroop, 1926) semantic and lexical fluency tasks
(Cardebat, Doyon, Puel, Goulet, & Joanette, 1988nantic knowledge was assessed using

short French versions of a naming test and a secnaatching test (Merck et al., 2011).

VBM Study: Image Acquisition and Analysis
MRI Acquisition

10



The subjects underwent a high-resolution T1-wegjtsiieuctural MRI on a Siemens 3-Tesla
VERIO TIM system equipped with a 32-channel heall ém axial 3-dimensional MPRAGE
dataset covering the whole head was acquired foh gmarticipant with the following
parameters: 176 slices, voxel resolution = 1 xIL.mm, TE = 2.98 ms, TR = 2300 ms, and

flip angle = 9°.

Preprocessing

We used the VBMS8 toolbox (http://dbm.neuro.uni-jeledvbm/) running on SPMS8

(Wellcome Department of Imaging Neuroscience, LanddK) for MRI data preprocessing

(http://dbm.neuro.uni-jena.de/vbm8/vbm8-manual.pdfata processing was similar to the
procedures used in Aichelburg et al., (2016) orstimee sample of participants.

Spatial normalization to the Montreal National inge template (MNI152) was
performed using the high-dimensional Dartel normaion (Ashburner, 2007). The MRI
images were segmented into grey matter (GM), wigtter (WM) and cerebrospinal fluid
(CSF) according to the new version of the unifieyresentation method (Ashburner &
Friston, 2005). Normalized and modulated GM imagese computed with an isotropic
voxel size of 1.5 x 1.5 x 1.5 mhand using the default estimation parameters, serithed in
the VBM8 Toolbox Manual. Modulation compensatesr&gional volume changes caused by
normalization. The “normalized non-linear modulatimnly” option was used, allowing us to
analyse relative differences in regional GM volue@rected for individual brain size.
Evaluation of the homogeneity of covariance betwadividuals served as a quality check.

Images with less than -2 standard deviations wisteally examined, but none of them
had to be excluded. In addition, all normalizedgemwere visually inspected and compared
with the template using frontal anatomical landmsdrl an expert neurologist (E.V.). Finally,
smoothing using a Gaussian kernel of 8 mm full-tviialf maximum was applied to the
normalized and modulated images to account forhsligariations between individual
normalizations and to allow for parametric statstiThe resulting smoothed, modulated, and

normalized GM datasets were used for statisticalyases.

VBM Statistical Analysis

We ran multiple regression analyses in SPM8 betwghvolume and the CAT variables.

Separate models were utilized for CAT-solving, C&Jal and CAT-eureka. Age, years of
education, gender, and individual total GM volumerevincluded as covariates in the linear

regression models. Global values of total GM volumege extracted and calculated from the
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get_totals script (available on http://wwwO.cs.acluk/staff/g.ridgway/vbm/get_totals.m).
Threshold masking was set to .2 to include in theyasis only voxels with sufficient signal.
For each regression analysis, we applied a Smadlirive Correction (SVC) for multiple
comparisons (Ridgway, Henley, Rohrer, Scahill, Wayr& Fox, 2008). For the SVC
analyses, we used a priori-defined volumes corredipg to the results identified in a
previous meta-analysis of functional imaging stadon creativity (Gonen-Yaacovi et al.,
2013). This coordinate-based meta-analysis evaluhte “inter-experiment” reliability of the
involvement of brain regions in creativity task@ @nsure an optimal result, the main meta-
analysis map was re-ran with the last update oAtttevation Likelihood Estimation software
(ALE v2.3.6; http://brainmap.org/ale/cli.html; Eiotff, Bzdok, Laird, Kurth, & Fox, 2012;
Eickhoff, Laird, Grefkes, Wang, Zilles, & Fox, 200%aird et al., 2005; Turkeltaub, Eickhoff,
Laird, Fox, Wiener, & Fox, 2012), with a clusterr@etion for multiple comparisons (p <
.05), as used in Gonen-Yaacovi et al., 2013. Thkaltiag map is shown on Figure 2 and is
very similar to the one obtained previously; all rremt significant clusters were
superimposable to those published using an oldesiore of the software (Gonen-Yaacovi et
al., 2013).

To placea priori results in context, exploratory whole-brain VBMalyses were also
performed at a more permissive uncorrected threslaold are provided in the supplementary

material.

Track-wise analysis

We mapped the significant VBM clusters onto tracaplpy reconstructions of white matter
pathways obtained from a group of healthy cont{Blgjkova et al., 2015). We measured the
probability that the tract would connect each VBMster (Thiebaut de Schotten et al., 2014)
using Tractotron software, which is part of the BCB toolkit
(http://.brainconnectivitybehaviour.eu). Tractotr@automatically computes the overlap of
each cluster with the atlas tracts and providesptiobability for each voxel to belong to a
specific tract in the MNI referential. We only castered tracts that intersected each cluster

with a probability above the chance level (prolgbit .5).

Statistical analysis
Statistical analyses were performed using SPSSioverg2.0 (IBM Corp., 2010) for
behavioural statistics and post-hoc correlatioryaes. Non-parametric tests were used when

the assumption of normality was not met.
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Results

Behavioural analysis (Tables 1 and 2)
Mean accuracy and RTs for the psychometric measueseported in Tables 1 and 2.
Effects of CAT characteristics
CAT-solving was significantly positively correlatedith the mean association strength
between the cue words and the solution waoye (407, p < .001), as was CAT-eureka<r
257, p =.029) but not CAT-evak@ .044, p = .712). CAT-solving did not correlatéhnthe
steepness of the cue words £r-.014, p = .904) or with the mean lexical fregexe of the
solution words @ = .020, p = .870), indicating that the steepndshi® cues and the lexical
frequency of the word to be found did not bias thsults. In addition, the mean lexical
frequency of the correct and incorrect responsethefparticipants did not meaningfully
differ (137.9 £24.3 and 139.6 £106.3 occurrencasmpiéion, respectively, Wilcoxon Z = -
1.950), indicating that the error response wordsewst more frequent words than the

solution words, i.e., that errors were not biasedards more frequent words.

Subjects’ performance

In the solving phase, the participants had sigaifity lower CAT-solving
performance and slower CAT-solving-RTs for the atistcompared to the close trials (Table
2) and less accurately evaluated the test wordkenevaluation phase (CAT-eval score).
Close CAT trials elicited more “Eureka” reportsiitae distant CAT trials.

Correlations within and between the creativity ®gires are shown in Supplementary
Table 1. CAT-solving correlated significantly wi@AT-eval but not with CAT-eureka. The
subject group had a mean ATTA index score of 66dtresponding to a lower-middle
creative ability. We observed significant partiatrelations between the CAT-index and the
CAQ score (p = .006) and between the CAT-index #nedATTA originality subscore (p =
.045) when controlling for education, age and gen@errelations between the CAT-index
and the ATTA index and ATTA fluency score were mggnificant. No significant
correlations were found between CAT-solving, CATeka or CAT-eval and the other

creativity scores.
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VBM analysis (Table 3; Figure 3)

The VBM analysis revealed correlations between Galving and the GM volume of brain
structures, as indicated in Table 3. The SVC amalyased on the meta-analysis of functional
imaging findings showed negative correlations betw€AT-solving and GM volume in the
left rostrolateral prefrontal cortex (rIPFC) andtlive left inferior parietal lobule (IPL) (Figure
3). No significant SVC corrected results were fofmdCAT-eureka and CAT-eval scores. In
other words, the tendency to solve the task wisiigint, and the ability to recognize conjoint
associative relatedness between words, i.e., to@&eathe appropriateness of a given word to
meet the requirements of each problem, were nabceged with a regional structural
variability. Exploratory and uncorrected results provided in supplementary material.

To better characterize the functional profile o tBAT-solving related regions, and explore
whether they are related to the semantic distdmtevias manipulated in our experiment, we
regressed the GM volume in both regions against -@&€&x. CAT-index measures the
ability to solve more creative (distant) trials atmlengage into a more creative process.
Entering both rIPFC and IPL regions into the sanoel@h allowed to examine which of these
structures may be particularly related to creasdities. The mean GM volume within the
rIPFC and IPL clusters was extracted using FSLp(#tsl.fmrib.ox.ac.uk/fsl/fslwiki/) and
entered in a multiple regression analysis with dAdex as the dependent variable, and mean
GM volume of the rIPFC cluster, mean GM volume loé tPL clusters, as well as age,
education, and gender as independent variablespidutictors accounted for approximately
22.4% of the variance (F(5,48) = 2.77, p = .02&Tandex was predicted by GM volume in
the left rIPFC region (Beta = .391, p = .018) wiasréhe other predictors made no significant
contribution to the model.

Track-wise analysis (Table 4)

The probabilities of the white matter tracts (comeplwith the BCB toolkit) to connect to the
VBM clusters identified in the previous analyses provided in Table 4. Among the clusters
associated with CAT-solving performance, the IdRFC was the most anatomically
connected region, with a high probability of cormat to six different tracts within the left

hemisphere, including the anterior thalamic radra the fronto-marginal tract, the
frontostriatal projections, the Inferior Fronto-Qutal fasciculus, the Uncinate Fasciculus,
the Superior Longitudinal fasciculus branch 3 ()F The rIPFC and IPL clusters shared

some connections with the SLF3.
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Discussion

We built a new experimental paradigm, CAT, basedMednick’'s task and theory of
association, and varied the semantic distance leetw®rds to better capture creative ability.
Our behavioural findings showed that the abilitystdve distant as well as close trials (CAT-
index) correlated significantly with scores on atlegeativity tools measuring divergent
thinking (ATTA) and creative production in realdi{CAQ). To the best of our knowledge,
this is the first adaptation of the RAT in whichreamtic distances were controlled and varied
to study the ability to combine distant elementkobwledge. Despite the relatively small
sample size and Pearson r coefficients, the idedtdorrelations indicate a correct construct
validity of the CAT-index relative to other creativmeasures. These findings suggest that
the creative potential measured by the CAT-indexretated to real-life creativity.
Implementing this task manipulation and measuresiture uses of the RAT may refine its
value for assessing creativity. In our French \wrsf the task - as in the German version
(Abraham, Beudt, Ott, & Yves von Cramon, 2012)eréthwere several correct solutions for
some of the trials. This differs from the Englistrsion and from Bowden’s compound-RAT
(Bowden & Jung-Beeman, 2003), in which only oneusoh is expected. How language
impacts the solving of remote association tasks thedeffect of semantic distance on the
solving of these problems remain open questions.

The current VBM analyses revealed that performancsolving the CAT (CAT-
solving) according to word remoteness dependechemtorphometry of brain structures in
prefrontal and parietal regions that have beencist®al with creative performance in a meta-
analysis of functional imaging results (Gonen-Yaaa al., 2013). Variation in individual
performance was associated with variation in GMuk@é in left-lateralized regions in the
rIPFC and IPL. Our SVC approach does not allow aogclusion outside the regions
identified as reliably involved in creativity tasks functional neuroimaging, according to
Gonen-Yaacovi et al.,, (2013). Nevertheless, theionsgwe observed have also been
highlighted in previous morphometry studies on tivég that used divergent thinking or
creative achievement measures (Chen et al., 20i4j, Segal, et al., 2010; Jung, 2013). The
current results are also in agreement with pasamdies that showed significant impairments

on creativity tasks in patients with damage to topolar or parietal regions (Abraham,
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Beudt, et al., 2012; de Souza et al., 2010; 20hdntay-Tsoory, Adler, Aharon-Peretz, Perry,
& Mayseless, 2011).

The tractography results showed that the left rIlPfight be connected to the left IPL
via the SLF 3, suggesting a role for a fronto-gafieetwork in creative abilities, as suggested
by previous findings (Abraham, Pieritz, et al., 20Abraham, Beudt, et al., 2012; Benedek et
al., 2013; Chavez-Eakle, Graff-Guerrero, GarciarReywaugier, & Cruz-Fuentes, 2007;
Cousijn, Zanolie, Munsters, Kleibeuker, & Crone120Jung, 2013; Fink et al., 2009; Fink,
Grabner, Gebauer, Reishofer, Koschutnig, & Ebn&102 Fink et al., 2015), including
findings that related creative abilities to whiteatter structures (Jung, Grazioplene, et al.,
2010; Takeuchi et al., 2010b). The current resadiditionally suggest that the left rIPFC may
have a unigue status among the creativity-relatgobns captured by the Gonen-Yaacovi et al
meta-analysis, which were mostly left-sided. Fi3l volume in the left rIPFC (but not in
the IPL) predicted more creative task solving (CiAdiex). Second, Tractotron analysis
identified several tracts connecting this regiorvémious other posterior parietal, temporal
and subcortical regions, suggesting high connecpveperties. These anatomical and
functional properties put the rIPFC in a stratggisition to combine and integrate distinct
and disparate elements of information. The CAT tasjuires the subjects to consider and
integrate several conceptual associations to fiedsolution, which likely involves relational
comparisons and integration, as in analogical r@agoGreen et al., 2010; Green, Kraemer,
Fugelsang, Gray, & Dunbar, 2012; Krawczyk, 2012)e Dbserved connective properties of
the left rIPFC may indeed suggest that its conasstiwith regions involved in semantic
memory (including the IPL; Abraham, 2014; Benedekle 2013; Binder, Desai, Graves, &
Conant, 2009; Price, Bonner, Peelle, & Grossmani52Wigneau et al., 2010) and with
posterior association cortices may allow the irdégn of distant elements of information as
required in the CAT task (Benedek et al., 2013;i€tbif et al., 2001; Genovesio, Wise, &
Passingham, 2014; Green et al., 2012; Hobeika .et28l6; Parkin, Hellyer, Leech, &
Hampshire, 2015; Ramnani & Owen, 2004; Reynoldsalet 2006). Furthermore, our
structural findings can also be compared to fumetioconnectivity findings. Recent
functional connectivity studies have shown thatesalvbrain networks, including the fronto-
parietal control network, interact during creatihnking (Beaty, Benedek, Wilkins, et al.,
2014; Beaty et al., 2015, Beaty, Benedek, SilvidcGéhacter, 2016; Chen et al., 2014; 2015;
Takeuchi et al.,, 2012; Wei et al., 2012), and ttheg left IPFC may be an important

connective node within and between networks. Thacgtral and functional connective
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properties of this region underlying creative digifi are an interesting avenue for future
research.

It is notable that while the current results cogeewith a set of functional imaging
and morphometry findings that used various cregtitasks, they only partially cover the
regions previously reported in the few functionadaging that used the RAT. The brain
correlates of the CAT-solving score included othe¥as previously observed in functional
imaging of the RAT, including the posterior parletagion (Anderson et al., 2009; Aziz-
Zadeh et al., 2009; Subramanian et al., 2011). Mewealue to our SVC approach, some of
the regions that have previously been associatdd imsight during RAT performance were
not explored in the current study, i.e., the righterior temporal, parieto-temporal (Jung-
Beeman et al., 2004, Kounios et al., 2006; Azizetaét al., 2009), and anterior cingulate
regions (Anderson et al., 2009).

Finally, the physiological bases underlying theioagl variations in GM volume that
we observed remain to be clarified. Our findingswghthat the macroscopic correlates of
creative abilities showed negative correlationsvieen GM volume and performance. Despite
the large age range of the participants, it isketyi that aging may have biased the results, as
our analyses were corrected for age and total GNunve, and CAT-solving did not
significantly correlate with age. Furthermore, liete were an effect of age, a lower GM
volume would be associated with poorer CAT perfaraga(a positive correlation). Negative
correlations (or both negative and positive cotiets) between performance and GM
volume or thickness have been reported in manyiegu@anai & Rees, 2011), including
studies exploring creative abilities (Chen et 2014; Jauk et al., 2014; Jung, 2013; Jung,
Grazioplene, et al., 2010; Jung, Segall, et all020ung, Wertz, Meadows, Ryman, Vakhtin,
& Flores, 2015). Yet, the microscopic variabilityat underlies macroscopic variations in GM
volume is not clearly understood (Kanai & Rees, 20#riksson et al., 2009). A possible
interpretation of the current results may be thabdyperformers may have experienced a
more efficient synaptic pruning or cortical myelioa in fronto-parietal regions
(Dumontheil, Houlton, Christoff, & Blakemore, 201Krawczyk et al., 2010).

Conclusions

In this study, we related creative potential, afected by the ability to combine

remote elements of information, with brain morphtnmeBased on Mednick’s theories, our
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CAT task allowed us to explore individual variatyilin the ability to bridge associative
distances in an integrated manner to generate &inechsolution. CAT-index assessed the
effect of the remoteness of the elements to comantkappeared to be a valid measure of
creativity. Within ana priori volume of interest defined by previous functiomalaging
results, the ability to combine remote elements aga®ciated with structural variations in left
rostral frontal and posterior parietal regions. Tle& rIPFC region was found highly
connected to other cortical and subcortical regitm®ugh long-range pathways. This
network may support the ability to combine inforraatin new ways, by bridging semantic
distances between individual pieces of informatiimese results suggest a structural network
supporting creative abilities in which the left @ may act like an “integration core” for the
integration and combination of various types obmiation from distributed systems in the
brain. The current study adds a novel finding te #xisting literature by showing inter-
individual structural variations in specific nodekthe functional networks that have been
associated with creative performance.

Further studies are needed to clarify the specdie of these regions and how they
interact when an individual is engaged in this tgpereativity task and when the problem is
solved through insight versus when it is not.

Finally, if the CAT task captures several cognitigemponents, creativity is a
multidimensional capacity that is unlikely to bélfucaptured by a single test. For instance,
creative abilities may vary due to individual vaildy in cognitive control, attention
capacities, personality, cognitive style, and difectraits or states, which may also influence
CAT problem solving performance and could be relate individual variation in brain

structures in future studies.
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Figurelegends

Figure 1. Time course of a CAT trial. In the resolution ph4a), the subjects were asked to
find a fourth word related to all three cue worbtsthis example, the solution word is “air”.

Once the subjects gave their response, they were dsked if the answer came to mind
spontaneously without effort in the Eureka phage Kmally, in the evaluation phase, a test
word was displayed together with the cue words, #red subjects were asked to decide
whether the test word was a solution word (i.es vedated to all of the cue words) (c). In this

example, the test word is invalid with no assoeetelation with the cue words.

Figure 2: Creativity map resulting from the meta-analysis of functional imaging studies
and used as volume of interest in the SVC analysis. The creativity map results from a
previous coordinate-based meta-analysis of funationaging (Gonen-Yaacovi et al., 2013)

based on 44 experiments that used creativity tasks.

Figure 3: Significant clusters associated with CAT-solvirggfprmance in the VBM analysis

are shown in green.
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Table 1. Main characteristics, general psychometric, and creativity scores of the

participants (n = 54; 27 females). Only RTsfor correct responses were considered.

Mean (SD) Min - Max
Age (years) 45.8 (14.4) 2 - 71
Educational level (years) 154 (3.0) 10 - 26
FAB (/18) 16.7 (1.2 13 - 18
Categorical fluency 38.1 (8.8) 21 - 62
Litera fluency 26.9 (8.2) 12 - 42
Stroop interference 4.5 (8.0) -17.3 - 209
CAT-solving (%) 48.3 (8.9 29.2 - 66.7
CAT-solving-RT (sec.) 6.5 (1.6) 36 - 109
CAT-solving-RT in Eurekatrials (sec.) 5.8 (1.4) 31 - 93
CAT-solving-RT in non-Eurekatrials (sec.) 13.1 4.9) 55 - 279
CAT-index 21 (11.8) -3 - 50
CAT-eureka (%) 88.7 9.1) 59.1 - 100
CAT-eva (%) 79.4 (9.4) 558 - 97.1
CAT-eva-RT (sec.) 3.3 (.9 19 - 58
ATTA index 66.2 (8.6) 47 - 86
ATTA originality (raw) 7.8 (3.6) 1 - 15
ATTA fluency (raw) 11.8 (5.3) 1 - 31

CAQ score 9 (12.4) 0o - 72




Table 2. Main characteristics and comparison of Close and Distant CAT trials.

*Mean lexical frequencies represent the average number of occurrences per million in Lexique

COrpuSEsS.

Close CAT Distant CAT  Statistical comparison between
Mean (SD) Mean (SD) close and distant

CAT properties
Number of trials 36 36 -
M ean association strength 14.74 (6.82) 3.52 (1.66) Uu=0
(between cue-words and solution P<.001
word)
Mean steepness of the cue-words  2.55 (1.14) 2.67 (1.76) U =6275

P=.817
Nb of noun/verb/adjectives 5714417 70/30/8 -
among cue-words
Mean lexical frequency of 120.5(118.4) 111.1(114.7)  U=636.0
solution words* P=.892
Mean lexical frequency of the 190.7 (311.1) 120.1(129.4) U=575.0
evaluation test words* P=.411
Perfor mance of the participants
CAT-solving 58.2 (10.6) 38.4 (9.9) t(53) = 14.4
(Accuracy in %) P<.001
CAT-solving-RT (sec.) 6.1 (1.4) 7.2(2.2) t(53) =-4.8
for correct solving P<.001
CAT-eurekaif correct solving 91.3(8.5) 84.7 (12.8) t(53) =4.6
(Accuracy in %) P<.001
CAT-evad if incorrect solving 84.0 (8.3 76.6 (12.7) t(53) =44
(Accuracy in %) P<.001




Table 3. Significant results of the VBM analysis.

Significant anatomical regions for the whole brain analysis and after small volume correction (SV C) are reported, including Brodmann areas and
MNI peak coordinates. SVC analyses were thresholded at ap < .05 corrected for family wise errors (FWE).
IPL: inferior parietal lobule; rIPFC: rostrolateral prefrontal cortex.

Brain region BA MNI peak SVC analysis
coor dinates FWE corrected
X y z T Cluster size P values
score

CAT-solving - negative corr elation
|eft-rIPFC 47/46/10 -39 45 1 4.32 144 .043
|eft-1PL 40 -51 -33 45 453 86 .024




Table 4. Probability of connectivity of the VBM clusters, computed on the white matter
tracts available in the BCB toolkit and described in Rojkova et al., 2014. VBM clusters
are regions in which GM volume correlated with CAT-solving performance. Probabilities
lower than .5 are not shown and were not considered. All the reported results are in the left
hemisphere. AF:. Arcuate fasciculus (anterior segment); ATR: anterior thalamic radiations;
FMT: fronto-marginal tract; FSP: frontostriatal projections; IFOF: Inferior Fronto-Occipital
fasciculus; IPL: inferior parietal lobule; rIPFC: rostrolateral prefrontal cortex; SLF. Superior

Longitudinal fasciculus; UF: Uncinate Fasciculus.

rIPFC IPL
ATR 98
FSP 94
FMT 50
IFOF 92
UF 66
SLF3 86 90
AF 80
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Highlights

Individual variability in the ability to combine remote ideas reflects creative potential
A creative combination task in which semantic distance between wordsvary is
proposed

Performance at this task is associated with structural variationsin left rostral frontal
and posterior parietal regions

These regions are connected through white matter tracts

The ability to combine distant information into new ways rely on brain morphometry



