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eMethods 

 

Study data 

We extracted 415 activation coordinates from 36 fMRI studies on creativity that were used in a recent ALE meta-

analysis conducted based on PRISMA guidelines (for a replication of methods see eFigure 8).1 We selected this 

meta-analysis because it was the most recent and comprehensive one, included control conditions for each 

creative task, and included diverse forms of artistic creativity, including music improvisation, drawing, writing, 

or dancing, as well as divergent thinking. Any coordinates reported in Talairach space were transformed into 

MNI space using the Lancaster transform function in GingerALE version 3.0.2.2,3,4 For every study, we created 4 

mm diameter spheres5,6 at each coordinate activated by creative vs non-creative tasks. For our primary analysis, 

coordinates from each study were combined into single study-level maps5 (Figure 1). However, we repeated our 

analysis considering each coordinate independently and considering only group-level coordinates that were 

significant in ALE meta-analysis. All included study data is previously published, publicly available (eTables 1, 

3, 4, 5) with patient consent per individual journal requirements. The study was approved by Mass General 

Brigham/Partners Institutional Review Board Protocol 2020P002987. 

 

 

Coordinate Network Mapping 

In line with previous work5,6,7, we used a method termed coordinate network mapping to identify the network of 

brain regions functionally connected to each of the 36 study-level seeds, using a resting-state functional 

connectome from a large cohort of healthy subjects (n = 1,000). Each of the individual 36 obtained functional 

connectivity maps was thresholded (t ≥ 5)8, binarized and overlayed to obtain a network overlap map that 

indicates areas of most consistent connectivity across all individual maps. Following the approach of Peng et al. 

(2022)5 and Taylor et al. (2023)7, we also ran a 1-sample t-test on these maps to identify connections that were 

statistically consistent (FWE-corrected p < 0.05). To ensure results were robust to methodological variation, we 

repeated this procedure for single-voxel coordinates and 8 mm spheres as well as t-thresholds of 7 and 9 (see 

eFigure 1). 

 

Specificity 

Although reported activation coordinates were already controlled for non-creative tasks in the original studies, it 

remains possible that some coordinates are more likely to appear in neuroimaging contrasts than other 

coordinates, and that some brain regions are more likely to be functionally connected to any given set of 

coordinates. To control for these possibilities, we employed two specificity analyses, similar to prior coordinate 

network mapping studies5,6, using (1) 415 random grey matter coordinates and (2) 3,072 coordinates activated by 

working memory tasks. We selected working memory as a control condition because it requires attention, 

cognitive effort and manipulation, thus controlling for executive functions that are an important component of 

many creativity tasks9,10 but are not generally considered core components of creativity such as originality or 

novelty.11,12,13 For the random grey matter coordinates, we combined 415 random coordinates so that for each of 

the 36 combined study-level seeds for creativity there was a pairwise matched combined seed of random 

coordinates. Similarly, 150 combined seeds for working memory coordinates were obtained, drawing on two 

prior ALE meta-analyses (see eTable 4).14,15 Connections specific to creativity seeds versus these control seeds 

(FDR-corrected p < 0.05) were obtained through a 2-sample t-test using Permutation Analysis of Linear Models 

(PALM)16 at 10,000 permutations and threshold-free cluster enhancement (TFCE17). 

To identify connections sensitive and specific to creativity across all analyses, we performed a conjunction 

analysis of four maps: (1) the network overlap map (thresholded at 86 %), (2) significant voxels from the 1-

sample t-test (FWE-corrected p < 0.05), (3) significant voxels from the two-sample t-test versus random 

coordinates (FDR-corrected p < 0.05), and (4) significant voxels from the 2-sample t-test against working 

memory coordinates (FDR-corrected p < 0.05). The set of voxels that satisfied the above four criteria was 

considered the “hub region” of our creativity circuit.    

We repeated the sensitivity and specificity analyses on the ALE coordinate-level, using the reported peak 

coordinates of the initial ALE meta-analysis, as well as on the individual coordinate level and repeated the 

conjunction analysis to demonstrate generalizability of our results across levels of analysis (see eFigure 2).  

 

To test for reproducibility of our creativity circuit across independent datasets, we extracted 383 coordinates 

activated by creativity tasks from 30 independent studies found through two other ALE meta-analyses12,18 in 

which studies without non-creative control tasks were included as well. We then assessed how many of those 

coordinates are negatively connected to the hub region of the creativity circuit. We further repeated the CNM 

method described above for the independent coordinates to assess similarities in connectivity outcome. 

Additionally, a 2-sample t-test between the group of t-values of the creativity circuit circumscribed by the 

independent creativity coordinates and the group of t-values circumscribed by a set of 383 random grey matter 
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coordinates was run to show that the t-value distribution is significantly different from a random distribution (p < 

0.05). 

 

Alignment with lesion effects 

To test for alignment between our creativity circuit and lesion effects on creativity, we obtained lesion overlap 

maps (n = 56 patients) from a previous study that examined the relationship between lesion location and 

performance on creativity tasks.19 Although lesions locations from each individual patient were not available, 

lesion overlap maps for five sets of patients grouped by lesion location were available: lateral prefrontal, frontal 

polar, frontal lobe (large lesions extending beyond specific prefrontal regions), basal ganglia, and 

parietotemporal. First, we qualitatively examined the intersection of each lesion group with our creativity circuit. 

Second, we quantitatively calculated functional connectivity between each of the 5 lesion overlap maps to each 

of the 36 creativity study-level seeds. Resulting r-values were converted to a normal distribution using the 

Fisher-z-transformation. A two-tailed 1-sample t-test on the resulting values indicated distributions significantly 

different from 0 (p < 0.05). An ANOVA and post-hoc 2-sample t-tests showed significant group-level differences 

(Bonferroni-corrected p < 0.001).  

 

Alignment with neurodegenerative disease 

Atrophy coordinates from groups of patients: To test for alignment between our creativity circuit and locations of 

brain atrophy in patients with neurodegenerative disorders, we extracted atrophy coordinates from neuroimaging 

studies of patients with 7 different diagnoses: behavioral variant of frontotemporal dementia (bvFTD, 24 studies, 

348 coordinates, n=462), semantic variant of primary progressive aphasia (svPPA, 19 studies, 178 coordinates, 

n=292), non-fluent variant of PPA (nfvPPA, 13 studies, 189 coordinates, n=173) logopenic variant of PPA 

(lvPPA, 12 studies, 188 coordinates, n=175), typical Alzheimer’s disease (AD, 37 studies, 568 coordinates, 

n=825), amyotrophic lateral sclerosis (ALS, 31 studies, 350 coordinates, n=773), and Parkinson’s disease (PD, 

53 studies, 441 coordinates, n=2,104) (for a full list of all studies that were included, see eTable 5). To avoid 

bias, the list of studies for each diagnosis was taken from recent ALE meta-analyses.20,21,22,23,24,25 Since svPPA 

and bvFTD are most commonly reported to lead to creativity increases26,27, we hypothesized that the atrophy 

profiles of these diseases would better align with the creativity network than atrophy from other 

neurodegenerative conditions. First, we qualitatively examined the intersection of the atrophy coordinates with 

our creativity circuit. Second, we quantitatively computed the functional connectivity between atrophy study-

seeds and the hub of the creativity circuit in the right frontal pole. Two-tailed 1-sample t-tests on each group 

indicated distributions significantly different from 0 (p < 0.05). An ANOVA and post-hoc 2-sample t-tests 

showed significant group-level differences (Bonferroni-corrected p < 0.001).  

 

Atrophy locations associated with new creativity onset: To complement the above analysis focused on general 

group-level atrophy coordinates, we traced the location of brain atrophy from patients with frontotemporal 

dementia and increased artistic creativity.27 Each traced atrophy location was evaluated for accuracy by two 

experienced neurologists (MGE and IK). Connectivity between each lesion location and our 36 study-level maps 

of coordinates activated by creativity tasks was computed, identical to our analysis of lesion locations. Two-

tailed 1-sample t-tests were run to indicate whether average connectivity values were significantly different from 

0 (p < 0.05). 
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eTable 1. 
Studies reporting fMRI activation coordinates for creative tasks (> control tasks), as initially found and analyzed by Brown & Kim 
(2021) 

 

Domain Reference Table Demographics 

Divergent 
Thinking 

Abdul Hamid K, Yusoff AN, Rahman S, Osman SS, Azmi NH, 
Surat S. Cortical Differential Responses During Divergent 
Thinking Tasks After Creativity Stimulation. Psychology & 
Neuroscience. 2019;12(3):342–362. doi:10.1037/pne0000168. 

2 n=26, mean 
age: 21.36 (SD 
0.59) 

Divergent 
Thinking 

Abraham A, Pieritz K, Thybusch K, et al. Creativity and the 
brain: Uncovering the neural signature of conceptual 
expansion. Neuropsychologia. 2012;50:1906–1917. 
doi:10.1016/j.neuropsychologia.2012.04.015. 

2 n=19 (8 male), 
mean age: 
22.42 

Divergent 
Thinking 

Abraham A, Rutter B, Bantin T, Hermann C. Creative 
conceptual expansion: A combined fMRI replication and 
extension T study to examine individual differences in 
creativity. Neuropsychologia. 2018;118:29–39. 
doi:10.1016/j.neuropsychologia.2018.05.004. 

4 n=34 (0 male), 
mean age: 
22.66 (SD 
2.88) 

Divergent 
Thinking 

Benedek M, Schües T, Beaty RE, et al. To create or to recall 
original ideas: Brain processes associated with the 
imagination of novel object uses. Cortex. 2018;99:93–102. 
doi:10.1016/j.cortex.2017.10.024. 

1 n=42 (17 
male), mean 
age: 24.31 (SD 
4.3) 

Divergent 
Thinking 

Fink A, Benedek M, Koschutnig K, et al. Training of Verbal 
Creativity Modulates Brain Activity in Regions Associated with 
language- and memory-Related Demands. Human Brain 
Mapping. 2015;36:4104–4115. doi:10.1002/hbm.22901. 

2 n=24 (13 
male),  
n=29 (14 
male), mean 
age: 24.04 (SD 
2.93) 

Divergent 
Thinking 

Fink A, Grabner RH, Benedek M, et al. The Creative Brain: 
Investigation of Brain Activity During Creative Problem Solving 
by Means of EEG and fMRI. Human Brain Mapping. 
2009;30:734–748. doi:10.1002/hbm.20538. 

1 n=21 (10 
male), mean 
age: 24.29 (SD 
4.09) 

Divergent 
Thinking 

Fink A, Grabner RH, Gebauer D, Reishofer G, Koschutnig K, 
Ebner F. Enhancing creativity by means of cognitive 
stimulation: Evidence from an fMRI study. NeuroImage. 
2010;52:1687–1695. doi:10.1016/j.neuroimage.2010.05.072 

1 n=31 (13 
male), mean 
age: 23.19 (SD 
2.79) 

Divergent 
Thinking 

Heinonen J, Numminen J, Hlushchuk Y, Antell H, Taatila V, 
Suomala J. Default Mode and Executive Networks Areas: 
Association with the Serial Order in Divergent Thinking. PLOS 
ONE. 2016;11(9)e0162234. 
doi:10.1371/journal.pone.0162234. 

1 n=16 (4 male), 
mean age: 31.3 

Divergent 
Thinking 

Ivancovsky T, Kleinmintz O, Lee J, Kurman J, Shamay-Tsoory 
SG. The neural underpinnings of cross-cultural differences in 
creativity. Human Brain Mapping. 2018;39:4493–4508. 
doi:10.1002/hbm.24288. 

2 n=36 (final 
gender ratio 
and mean age 
not reported) 

Divergent 
Thinking 

Madore KP, Thakral PP, Beaty RE, Addis DR, Schacter DL. 
Neural Mechanisms of Episodic Retrieval Support Divergent 
Creative Thinking. Cerebral Cortex. 2019;29:150–166. 
doi:10.1093/cercor/bhx312. 

3 n=32 (9 male), 
mean age: 
20.97 (SD 
3.11) 

Divergent 
Thinking 

Mayseless N, Eran A, Shamay-Tsoory SG. Generating 
original ideas: The neural underpinning of originality. 
NeuroImage. 2015;116:232–239. 
doi:10.1016/j.neuroimage.2015.05.030. 

1 n=25 (final 
gender ratio 
and mean age 
not reported) 
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Domain Reference Table Demographics 

Divergent 
Thinking 

Sun J, Shi L, Chen Q, et al. Openness to experience and 
psychophysiological interaction patterns during divergent 
thinking. Brain Imaging and Behavior. 2019;13:1580–1589. 
doi:10.1007/s11682-018-9965-2. 

1 n=29 (12 
male), mean 
age: 19.48 (SD 
0.74) 

Divergent 
Thinking 

Sun J, Chen Q et al. Training your brain to be more creative: 
brain functional and structural changes induced by divergent 
thinking training. Human Brain Mapping. 2016;37:3375–3387. 
doi:10.1002/hbm.23246. 

3 n=28 (5 male), 
mean age: 
22.39 (SD 2.1) 

Divergent 
Thinking 

Vartanian O, Beatty EL, Smith I, Blackler K, Lam Q, Forbes S. 
One-way traffic: The inferior frontal gyrus controls brain 
activation in the middle temporal gyrus and inferior parietal 
lobule during divergent thinking. Neuropsychologia. 
2018;118:68–78. 
doi:10.1016/j.neuropsychologia.2018.02.024. 

1 n=44 (31 
male), mean 
age: 35.47 (SD 
11.3) 

Divergent 
Thinking 

Vartanian O, Bouak F, Caldwell JL, et al. The effects of a 
single night of sleep deprivation on fluency and prefrontal 
cortex function during divergent thinking. Frontiers in Human 
Neuroscience. 2014;8214. doi:10.3389/fnhum.2014.00214. 

1 n=13 (10 
male), mean 
age: 32.23 (SD 
8.45) 

Music Bengtsson SL, Csíkszentmihályi M, Ullén F. Cortical Regions 
Involved in the Generation of Musical Structures during 
Improvisation in Pianists. Journal of Cognitive Neuroscience. 
2007;19(5):830–842. doi:10.1162/jocn.2007.19.5.830. 

2 n=11 (11 
male), mean 
age: 32.0 (SD 
6.0) 

Music Berkowitz AL, Ansari D. Generation of novel motor 
sequences: The neural correlates of musical improvisation. 
NeuroImage. 2008;41:535–543. 
doi:10.1016/j.neuroimage.2008.02.028. 

2 n=13 (5 male), 
mean age: 21.9 

Music de Aquino MPB, Verdejo-Román J, Pérez-García M, Pérez-
García P. Different role of the supplementary motor area and 
the insula between musicians and non-musicians in a 
controlled musical creativity task. Scientific Reports. 
2019;913006. doi:10.1038/s41598-019-49405-5. 

3 n=19 (9 male), 
mean age: 
20.26 (SD 
2.05) 

Music de Manzano Ö, Ullén F. Goal-independent mechanisms for 
free response generation: Creative and pseudo-random 
performance share neural substrates. NeuroImage. 
2012;59:772–780. doi:10.1016/j.neuroimage.2011.07.016. 

1 n=18 (17 
male), mean 
age: 39 (SD 
12)  

Music de Manzano Ö, Ullén F. Activation and connectivity patterns 
of the presupplementary and dorsal premotor areas during 
free improvisation of melodies and rhythms. NeuroImage. 
2012;63:272–280. doi:10.1016/j.neuroimage.2012.06.024. 

S1 n=15 (14 
male), mean 
age: 40 (SD 
12) 

Music Dhakal K, Norgaard M, Adhikari BM, Yun KS, Dhamala M. 
Higher Node Activity with Less Functional Connectivity During 
Musical Improvisation. Brain Connectivity. 2019;20(20):1–14. 
doi:10.1089/brain.2017.0566. 

2 n=24 (24 
male), mean 
age: 31.9 (SD 
13.6) 

Music Donnay GF, Rankin SK, Lopez-Gonzalez M, Jiradejvong P, 
Limb CJ. Neural Substrates of Interactive Musical 
Improvisation: An fMRI Study of ‘Trading Fours’ in Jazz. 
PLOS ONE. 2014;9(2)e88665. 
doi:10.1371/journal.pone.0088665. 

2 n=11 (11 
male), mean 
age: 38.8 SD 
11) 

Music Limb CJ, Braun AR. Neural Substrates of Spontaneous 
Musical Performance: An fMRI Study of Jazz Improvisation. 
PLOS ONE. 2008;3(2)e1679. 
doi:10.1371/journal.pone.0001679. 

2, 3 n=6 (6 male), 
mean age: 34.2 
(SD 10.4) 
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Domain Reference Table Demographics 

Music McPherson MJ, Barrett FS, Lopez-Gonzalez M, Jiradejvong 
P, Limb CJ. Emotional Intent Modulates The Neural 
Substrates Of Creativity: An fMRI Study of Emotionally 
Targeted Improvisation in Jazz Musicians. Scientific Reports. 
2016;618460. doi:10.1038/srep18460. 

1 n=12 (11 
male), mean 
age: 39.9 (SD 
15.8) 

Music Villarreal MF, Cerquetti D, Caruso S, et al. Neural Correlates 
of Musical Creativity: Differences between High and Low 
Creative Subjects. PLOS ONE. 2013;8(9)e75427. 
doi:10.1371/journal.pone.0075427. 

2 n=12 (final 
gender ratio 
and mean age 
not reported) 

Drawing Ellamil M, Dobson C, Beeman M, Christoff K. Evaluative and 
generative modes of thought during the creative process. 
NeuroImage. 2012;59:1783–1794. 
doi:10.1016/j.neuroimage.2011.08.008. 

1 n=15 (6 male), 
mean age: 
22.14 (SD 
2.25) 

Drawing Hahm J, Kim KK, Park S-H, Lee H-M. Brain Areas Subserving 
Torrance Tests of Creative Thinking: An Functional Magnetic 
Resonance Imaging Study. Dementia and Neurocognitive 
Disorders. 2017;16(2):48–53. doi:10.12779/dnd.2017.16.2.48. 

2 n=25 (11 
male), mean 
age: 19.9 (SD 
1.8) 

Drawing Park HRP, Kirk IJ, Waldie KE. Neural correlates of creative 
thinking and schizotypy. Neuropsychologia. 2015;73:94–107. 
doi:10.1016/j.neuropsychologia.2015.05.007. 

1 n=48 (17 
male), mean 
age: 23.42 (SD 
4.50) 

Drawing Saggar M, Quintin E-M, Kienitz E, et al. Pictionary-based fMRI 
paradigm to study the neural correlates of spontaneous 
improvisation and figural creativity. Scientific Reports. 
2015;510894. doi:10.1038/srep10894. 

1 n=30 (14 
male), mean 
age: 28.77 (SD 
5.54) 

Writing Liu S, Erkkinen MG, Healey ML, et al. Brain Activity and 
Connectivity During Poetry Composition: Toward a 
Multidimensional Model of the Creative Process. Human Brain 
Mapping. 2015;36:3351–3372. doi:10.1002/hbm.22849. 

S3 n=27 (12 
male), mean 
age: 31.62 (SD 
10.76) 

Writing Shah C, Erhard K, Ortheil H-J, Kaza E, Kessler C, Lotze M. 
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eFigure 1. 
The topography of the network overlap map is robust across different t-thresholds and sphere sizes 
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eTable 2. 
Spatial Pearson correlations between network overlap maps for the t-thresholds 5, 7, and 9 and across different sphere sizes (0 
mm, 4 mm, 8 mm) 
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eFigure 2.  
Coordinate Network Mapping (CNM) of creativity-specific activation foci on 
three different levels 
(A) Peak activation coordinates reported in a recent ALE meta-analysis (Kim & Brown, 2021), (B) peak activation coordinates 
reported in each study that went into the ALE meta-analysis combined to study-level seeds, (C) peak activation coordinates 
reported in each study individually. Functional connectivity was calculated using a 1000-subject resting-state functional 
connectome. Positive functional connectivity to the activation foci is shown in warm colors, negative functional connectivity is 
shown in cool colors. In the study-level network overlap map, 11 of the activation peaks falling within the creativity circuit relate 
to divergent thinking, while 21 relate to motoric creativity. 
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found and analyzed by Chen et al. (2020) and Gonen-Yaacovi et al. (2013) 
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eFigure 3. 
Replicating the coordinate network mapping approach for these independent sets of coordinates, we find a significant sensitive 
and specific spot close to and partly overlapping with the right frontopolar hub region of the creativity circuit (outlined in red in 
the conjunction map) 
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eTable 5. 
Studies reporting atrophy coordinates for several neurodegenerative diseases including behavioral variant of frontotemporal 
dementia (bvFTD), semantic (svPPA), logopenic (lvPPA) and non-fluent (nfvPPA) variants of primary progressive aphasia, 
Parkinson’s disease (PD), Alzheimer’s disease (AD), and amyotropic lateral sclerosis (ALS) 
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eFigure 4. 
Lesions affecting creativity task performance and the creativity circuit 
(A) Lesion overlap maps from Abraham et al. (2012) in different areas (top) and their topographical relation to the creativity 
network (bottom). (B) ANOVA of average ROI-to-ROI correlations between each lesion overlap mask and the individual (n = 36) 
creativity study-level seeds (in bar graph: * p < 0.01 for a 1-sample t-test; above bar graphs: p < 0.001 for ANOVA). The color 
bar in (B) indicates the lesion group’s average connectivity to the right frontal pole. Positive connectivity to the right frontal pole 
aligns with a positive correlation with creativity and vice versa. 
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eFigure 5. 
Neurodegenerative atrophy patterns and the creativity circuit 
(A) Atrophy coordinates for semantic (svPPA), logopenic (lvPPA) and nonfluent (nfvPPA) variants of primary progressive 
aphasia, behavioral variant of frontotemporal dementia (bvFTD), typical Alzheimer’s disease (AD), Parkinson’s disease (PD) and 
amyotrophic lateral sclerosis (ALS) in different areas and their topographical relation to the creativity network. For svPPA, 75% 
of the atrophy coordinates hit regions positively connected to the right frontal pole (rFP) (cool colors). By contrast, for nfvPPA, 
68% of the atrophy coordinates hit regions negatively connected to the rFP (warm colors)(B) ANOVA of average ROI-to-ROI 
correlations between each study-level atrophy seed and the individual (n = 36) creativity study-level seeds (in bar graph: * p < 
0.05 for a 1-sample t-test; above bar graphs: p < 0.001 for ANOVA). 
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eFigure 6. 
Scatter plot displaying the bell curve for average ROI-to-ROI correlations between 36 creativity seeds and traced atrophy for 
FTD patients displaying emergence of visual artistic creativity (orange) and FTD patients not displaying emergence of visual 
artistic creativity (blue); Atrophy sites can be found in Friedberg et al. (2023) 
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eFigure 7. 
Network overlap computed for motoric creativity and divergent thinking separately. In both cases, a network overlap peak can be 
found in the frontal pole. 
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eFigure 8. 
PRISMA diagram replicating ALE meta-analysis conducted by Brown & Kim (2021), doi:10.1515/psych-2020-0114.   

 

 
 

 

 


