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The contribution of the lesion approach to the neuroscience of creative cognition

 

Introduction

A creative production can be viewed both as the result of high-level control functions or top-down processes (including inhibitory control) and as the result of a relaxation of one's constraints or inhibitions, possibly favoring spontaneous associative thinking and bottom-up processes. These two views make opposite predictions regarding the role of the prefrontal cortex (PFC), that support controlled functions, in creativity. Recent cognitive models try to conciliate these views and consider spontaneous associative and controlled processes as complementary rather than paradoxical in the creative process [START_REF] Beaty | The roles of associative and executive processes in creative cognition[END_REF][START_REF] Chrysikou | A matched filter hypothesis for cognitive control[END_REF][START_REF] Jung | Evolution, creativity, intelligence, and madness: "here be dragons[END_REF][START_REF] Volle | Associative and controlled cognition in divergent thinking: theoretical, experimental, neuroimaging evidence, and new directions[END_REF][START_REF] Benedek | Spontaneous and controlled processes in creative cognition[END_REF]. With the development of network neuroscience based on functional connectivity, the neuroimaging of creative cognition in healthy subjects have started to clarify the multiple brain systems involved in associative and controlled creative processes, and to specify the place of the PFC in these systems. The lesion approach may be especially useful in complementing functional imaging toward a better understanding of the cerebral substrate of creativity, by identifying critical nodes in the diversity of brain networks reported in functional imaging, and precising their specific role in the creativity processes [START_REF] Volle | A new era for lesion-behavior mapping of prefrontal functions[END_REF]. Surprisingly, very few lesion studies have investigated creative abilities in brain damaged patients [7-14,15 ,16,17,18 ] (Table 1). Focusing on the neuroscientific literature of creativity, especially coming from patients, this review will explore not only whether the PFC is critical for creative abilities, but more importantly what prefrontal systems are necessary for associative or controlled creative processes.

Recent cognitive and neuroimaging findings

The cognitive neuroscience of creativity provides abundant experimental evidence of the important role of PFCdependent cognitive control functions in creative abilities. These functions include inhibition of prepotent responses [START_REF] Edl | Creativity and the Stroop interference effect[END_REF][START_REF] Beaty | Creative constraints: brain activity and network dynamics underlying semantic interference during idea production[END_REF][START_REF] Camarda | Do we need inhibitory control to be creative? Evidence from a dual-task paradigm[END_REF], controlled retrieval [START_REF] Benedek | To create or to recall? Neural mechanisms underlying the generation of creative new ideas[END_REF][START_REF] Madore | Neural Mechanisms of episodic retrieval support divergent creative thinking[END_REF][START_REF] Benedek | The neuroscience of creative idea generation[END_REF] and working memory [START_REF] Vartanian | Working memory training is associated with lower prefrontal cortex activation in a divergent thinking task[END_REF][START_REF] Lee | The cognitive underpinnings of creative thought: a latent variable analysis exploring the roles of intelligence and working memory in three creative thinking processes[END_REF]. Neuroimaging data using taskrelated activation and functional connectivity in healthy subjects are consistent with this view. Several metaanalyses of creativity-related activation studies have reliably shown that lateral frontal and parietal areas are the most recruited set of regions in creativity tasks [START_REF] Gonen-Yaacovi | Rostral and caudal prefrontal contribution to creativity: a meta-analysis of functional imaging data[END_REF][START_REF] Boccia | Where do bright ideas occur in our brain? Meta-analytic evidence from neuroimaging studies of domain-specific creativity[END_REF][START_REF] Wu | A meta-analysis of neuroimaging studies on divergent thinking using activation likelihood estimation[END_REF]. Functional connectivity analyses have highlighted the importance of the control-related networks including the frontoparietal network in creativity [START_REF] Beaty | Creative cognition and brain network dynamics[END_REF][START_REF] Beaty | Robust prediction of individual creative ability from brain functional connectivity[END_REF]. The lateral PFC region may be especially recruited for inhibition of dominant responses [START_REF] Beaty | Creative constraints: brain activity and network dynamics underlying semantic interference during idea production[END_REF], controlled retrieval [START_REF] Madore | Neural Mechanisms of episodic retrieval support divergent creative thinking[END_REF][START_REF] Benedek | The neuroscience of creative idea generation[END_REF], and selection or evaluation processes [START_REF] Ellamil | Evaluative and generative modes of thought during the creative process[END_REF].

Aside from the deliberate control processes, creative thinking also involves more spontaneous associative processes. The role of associative thinking abilities in creativity may rely on the organization of associations between elements of one's semantic knowledge that determines the ability to generate and combine remote b In this study, the comparison between the IFG group and controls or parietal patients was not significant. The IFG group had higher performance than the mPFC group in the AUT task. c Only significant results reported at a p value <0.05 are included in the table. This study also tested patients with basal ganglia lesions, but their performance was not significantly different from controls at p < 0.05. d In this study patients with Alzheimer disease were also tested but their performance did not significantly differ from controls.

associations [START_REF] Mednick | The associative basis of the creative process[END_REF]. In support of this theory, psychological studies have shown that more creative people have more flexible semantic associations, allowing them to connect more distant concepts or words [34-36,37 ,38 ,39,40 ].

Although the cerebral substrates of associative processing are not elucidated, recent evidence supports the role of the default mode network (DMN) in unconstrained associative thinking [40 ] and more broadly in spontaneous cognition [START_REF] Andrews-Hanna | Evidence for the default network's role in spontaneous cognition[END_REF] including mind wandering [START_REF] Fox | The wandering brain: meta-analysis of functional neuroimaging studies of mind-wandering and related spontaneous thought processes[END_REF][START_REF] Christoff | Mind-wandering as spontaneous thought: a dynamic framework[END_REF] and contextual associations [START_REF] Bar | The units of thought[END_REF]. Several studies have shown that the morphometry and functional connectivity of DMN regions correlate with creative performance [START_REF] Takeuchi | The association between resting functional connectivity and creativity[END_REF][START_REF] Jung | The structure of creative cognition in the human brain[END_REF][START_REF] Fink | Gray matter density in relation to different facets of verbal creativity[END_REF][START_REF] Ku ¨hn | The importance of the default mode network in creativity-a structural MRI study[END_REF][START_REF] Chen | Individual differences in verbal creative thinking are reflected in the precuneus[END_REF][START_REF] Jauk | Gray matter correlates of creative potential: a latent variable voxel-based morphometry study[END_REF][START_REF] Jung | Quantity yields quality when it comes to creativity: a brain and behavioral test of the equal-odds rule[END_REF]. Consistent with the role of semantic associations in creativity, semantic memory regions are also important for creative abilities [START_REF] Abraham | Creative cognition and the brain: dissociations between frontal, parietal-temporal and basal ganglia groups[END_REF][START_REF] Gonen-Yaacovi | Rostral and caudal prefrontal contribution to creativity: a meta-analysis of functional imaging data[END_REF][START_REF] Boccia | Where do bright ideas occur in our brain? Meta-analytic evidence from neuroimaging studies of domain-specific creativity[END_REF] and have both overlaps and functional interactions with the DMN that remain to be clarified [START_REF] Beaty | Creative constraints: brain activity and network dynamics underlying semantic interference during idea production[END_REF][START_REF] Wirth | Semantic memory involvement in the default mode network: a functional neuroimaging study using independent component analysis[END_REF][START_REF] Humphreys | Establishing task-and modality-dependent dissociations between the semantic and default mode networks[END_REF].

Overall, the cognitive neuroscience of creativity now considers that creative abilities result from an interaction or a balance between associative and controlled processes [START_REF] Beaty | The roles of associative and executive processes in creative cognition[END_REF][START_REF] Chrysikou | A matched filter hypothesis for cognitive control[END_REF][START_REF] Jung | Evolution, creativity, intelligence, and madness: "here be dragons[END_REF][START_REF] Volle | Associative and controlled cognition in divergent thinking: theoretical, experimental, neuroimaging evidence, and new directions[END_REF][START_REF] Benedek | Spontaneous and controlled processes in creative cognition[END_REF]. Recent functional connectivity studies strongly support this view by demonstrating that two main networks interact during creativity tasks: a lateral frontoparietal control network (FPCN), known to support control functions, and the DMN, that has been related to associative thinking and spontaneous cognition [31 ,32,54,55 ]. The interaction between these systems might be mediated by the Salience network [START_REF] Beaty | Creative cognition and brain network dynamics[END_REF] or by regions of these networks acting as connector hubs. The identification of large scale networks that involve different parts of the PFC is an important step in understanding the cerebral basis for creativity and offers new predictions regarding which creativity mechanisms can be impacted by specific lesion locations.

Critical role of the DMN and FPCN for creativity (Table 1)

To explore whether the DMN and FPCN are critical for creative processes, Bendetowicz et al. [START_REF] Bendetowicz | Two critical brain networks for generation and combination of remote associations[END_REF] performed a lesion study on patients with single focal frontal lesions. To assess creative abilities, the authors used the Combined Association Task, an adaptation of Mednick's Remote Associates Task (RAT), in which three unrelated cue words are presented, and the subject has to provide a solution word related to all three cue words. Because Mednick's theory predicts that associative processes are required during RAT-like tasks, the same patients performed a simple word-to-word association task. In this task, patients were instructed to provide the first word that came to mind in response to a given cue word and an unusual associate of the same cue word. The results showed that damage to the left FPCN impaired the performance on the RAT-like task, while damage to the DMN impaired the ability to generate unusual word associations. Hence, these results confirm recent functional connectivity findings [START_REF] Beaty | Creative cognition and brain network dynamics[END_REF][START_REF] Beaty | Robust prediction of individual creative ability from brain functional connectivity[END_REF] by showing the crucial role of both DMN and FPCN in creativity.

The critical role of the DMN in creativity is consistent with previous lesion studies that showed a deficit in both RAT [START_REF] Warren | What relates newspaper, definite, and clothing? An article describing deficits in convergent problem solving and creativity following hippocampal damage: hippocampal damage impairs convergent problem solving[END_REF] and divergent thinking [START_REF] Duff | Hippocampal amnesia disrupts creative thinking: creative thinking and the hippocampus[END_REF] tasks in patients with damage to the hippocampus, a DMN-related region. A rostromedial PFC damage, another region that is thought to belong to the DMN, has been associated with a divergent thinking impairment in Shamay-Tsoory et al.' s study [START_REF] Shamay-Tsoory | The origins of originality: the neural bases of creative thinking and originality[END_REF], which highlighted difficulties in generating original ideas in these patients. However, this result was not replicated by Abraham et al., who did not observe significant deficits in divergent thinking in polar and/or orbitofrontal patients [START_REF] Abraham | Creative cognition and the brain: dissociations between frontal, parietal-temporal and basal ganglia groups[END_REF]. A medial PFC lesion also appears to impact mind wandering [56], a mental activity shown to be related to creativity abilities. In line with lesion studies, direct brain stimulation studies using transcranial direct-current stimulation (tDCS) have shown that stimulating the medial PFC could improve the remoteness of word associations during a word-generation task in certain conditions [57,58], and inhibiting this region could also decrease mind wandering [59]. According to Bendetowicz et al. [START_REF] Bendetowicz | Two critical brain networks for generation and combination of remote associations[END_REF], the DMN, and especially its medial PFC regions, may be critical for a particular thinking type or mode characterized by a spontaneous and associative spread of thoughts that is essential in RAT-like tasks. Voxel-based lesion deficit mapping analyses revealed that when a lesion affected the rostromedial prefrontal region, patients produced more common or typical word associates, with or without the instruction to think unusually, which is consistent with a 'rigidity' in semantic associations, and may explain that these patients also had poor creativity performance. The 'rigidity' of semantic associations that may results from a DMN lesion impacts the generation of unusual associations, which impairs remote thinking in both convergent and divergent tasks. This interpretation supports Mednick's hypothesis, only tested previously in healthy subjects. The organization of semantic associations also likely relates to semantic memory that has been shown critical for divergent thinking [8; but see Ref . 13]. However, the relationships between the DMN and semantic memory network for associative thinking remains to be clarified.

The critical role of the FPCN has been shown in several patient studies. In patients with a frontal neurodegenerative disease, De Souza et al. [START_REF] De Souza | Poor creativity in frontotemporal dementia: a window into the neural bases of the creative mind[END_REF] showed that divergent thinking scores correlated with atrophy in prefrontal, temporal, and parietal regions that overlap with the FPCN. Rankin et al. [8, see also Ref. 16] reported that both frontal and temporal neurodegenerative diseases affected divergent thinking. In patients with focal lesions, a left rostrolateral PFC lesion has been associated with decreased performance on RAT-like tasks [START_REF] Bendetowicz | Two critical brain networks for generation and combination of remote associations[END_REF]. More caudal lateral PFC lesions as explored by Abraham et al. [START_REF] Abraham | Creative cognition and the brain: dissociations between frontal, parietal-temporal and basal ganglia groups[END_REF] were associated with decreased fluency and originality of ideas produced in divergent thinking tasks and temporoparietal lesions with an increased fixation on examples. Both lateral frontal and temporoparietal lesions impacted divergent thinking tasks and a creative imagery task [START_REF] Abraham | Creative cognition and the brain: dissociations between frontal, parietal-temporal and basal ganglia groups[END_REF]. These data suggest that several regions of the FPCN are essential to various creativity tasks. On the contrary, other findings suggested an increased originality of ideas after a left posterior parietotemporal lesion, and possibly a left inferior frontal lesion [10, see also Ref. 14], and better problem solving abilities after a lateral PFC lesion [START_REF] Reverberi | Better without (lateral) frontal cortex? Insight problems solved by frontal patients[END_REF]. A few patient reports have described the emergence or improvement of creative artistic abilities after a frontotemporal disease ([60,61] for reviews). Hence, patient studies provide inconsistent conclusions regarding the critical role of frontoparietal regions in creativity. Similarly, non-invasive brain stimulation studies targeting the left lateral prefrontal cortex have shown divergent effects on creative performance: both cathodal [62,63 ,64 ] and anodal [65-68] tDCS of the left lateral PFC, aiming to suppress or elicit the activity of this region respectively, have been reported to increase creative abilities. Overall, the few lesion and brain stimulation studies that have been conducted confirm the importance of FPCN regions for creativity, but some of them challenge the role of the left lateral PFC. This discrepancy may be explained by the combination of: firstly, a lack of precision regarding the exact location of lesions/stimulation and the networks impacted by them, secondly, a functional heterogeneity of prefrontal regions regarding creativity processes and thirdly, differences in the processes most required by the creativity tasks that have been used.

Specialization of the lateral PFC for distinct creative mechanisms (Figure 2)

The PFC appears to be the most consistently explored and/or reported region in lesion (and brain stimulation) studies, which may allow to examine whether a functional PFC organization for creativity can emerge. It is likely that patient and brain stimulation studies lack anatomical precision and target distinct areas of the PFC within or outside the FPCN. Except for Bendetowicz et al. [START_REF] Bendetowicz | Two critical brain networks for generation and combination of remote associations[END_REF], lesion studies on creativity did not use voxel-based methods to specify the location of the critical area and did not analyze which networks were affected by the lesion. By using these approaches [69 ], Bendetowicz et al. [START_REF] Bendetowicz | Two critical brain networks for generation and combination of remote associations[END_REF] were able to identify a specific area that was critical for verbal creativity, and clarified to which networks it was connected. In the left FPCN, the rostrolateral PFC region and its connections were critical for solving RAT-like problems (Figure 1). Yet, patients with a lesion in this region did not have any difficulties generating close or remote word associates, indicating that the left rostrolateral PFC plays a critical role in RAT-like tasks by affecting control rather than associative processes. The pivotal role of the rostrolateral PFC in RAT-like tasks parallels morphometry findings in healthy subjects, showing that the volume of the left rostrolateral PFC was associated with better performance in such task [70]. In addition, a meta-analysis of functional MRI studies showed that tasks involving the combination of remote elements activated the left rostrolateral PFC more than other creativity tasks [START_REF] Gonen-Yaacovi | Rostral and caudal prefrontal contribution to creativity: a meta-analysis of functional imaging data[END_REF]. Combined with the established of the left rostrolateral PFC in relational integration and multitasking, and consistent with the link between the RAT and relational reasoning [71-74,75 ], these data suggest that the role of this region is to integrate the relationships between several pairs of words during RAT trials, possibly by coordinating or branching the associative and controlled processing.

In posterior areas, a functional specialization of distinct prefrontal subregions or FPCN subregions for creativity processes has been proposed [START_REF] Benedek | The neuroscience of creative idea generation[END_REF] (Figure 2). For instance, ventral and dorsal prefrontal regions are proposed to play a role in the generative versus evaluative steps of the creative process, respectively. Although functional imaging studies have highlighted the key role of the left inferior frontal gyrus in creativity [20,23,27,40 ,76,77 ], several studies suggested that idea generation may improve when suppressing its activity. Brain stimulation studies that targeted the left inferior frontal gyrus showed that inhibiting this region improved idea generation in a divergent thinking task [62,64 ,78,79 ], especially if it was 
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Converging results on the role of the left rostrolateral PFC in creativity. On a brain surface rendering is displayed the overlap of the critical lesion location for RAT-like performance in patients (red; [START_REF] Bendetowicz | Two critical brain networks for generation and combination of remote associations[END_REF]), a morphometry map of brain regions which structure correlated with RAT-like performance in healthy subjects (green; [70]) and results from a meta-analysis of functional imaging study showing the regions that were more recruited in combination tasks relative to free generation tasks (yellow; [START_REF] Gonen-Yaacovi | Rostral and caudal prefrontal contribution to creativity: a meta-analysis of functional imaging data[END_REF]).

combined with a right inferior frontal stimulation, and suggested that the activity of the ventrolateral PFC is deleterious to the idea generation step. One hypothesis that has been put forward is that some of the controlled processes supported by the PFCN are impaired after a left ventrolateral PFC damage, releasing spontaneous associative processing and spontaneous flexibility. Relaxing the control on associative thinking may benefit the generation of original ideas in some tasks and conditions [67,68]. However, this explanation questions the nature of the interaction between left inferior frontal gyrus and DMN which functional connectivity has been demonstrated to increase during idea generation and to correlate with creative abilities [31 ,76,77 ]. Alternatively, decreasing left lateral prefrontal activity may unfilter and increase the availability of bottom-up perceptual information processed in posterior occipitotemporal regions, which might be explained by the participation of lateral PFC subregions in other networks including the attentional networks [START_REF] Chrysikou | A matched filter hypothesis for cognitive control[END_REF][START_REF] Zabelina | Dynamic network interactions supporting internally-oriented cognition[END_REF]62]. Another hypothesis that has been proposed to explain the improvement of certain problem solving abilities after damage [START_REF] Reverberi | Better without (lateral) frontal cortex? Insight problems solved by frontal patients[END_REF] or brain inhibitory stimulation [63 ] of the left lateral PFC is that this region plays a role in sculpting the response space in a given situation, resulting in constraining the field of ideas directly available. Altering the function of the lateral PFC may release this constraining role of the context.

Although a constraining role of the left inferior frontal gyrus may be consistent with its critical role in contextual control [START_REF] Azuar | Testing the model of caudo-rostral organization of cognitive control in the human with frontal lesions[END_REF], its negative influence on idea generation may seem to contradict a series of studies that have demonstrated the role of this region in the controlled retrieval of memory [START_REF] Madore | Neural Mechanisms of episodic retrieval support divergent creative thinking[END_REF][START_REF] Humphreys | Establishing task-and modality-dependent dissociations between the semantic and default mode networks[END_REF][START_REF] Badre | Semantic retrieval, mnemonic control, and prefrontal cortex[END_REF][START_REF] Kan | Selection from perceptual and conceptual representations[END_REF][START_REF] Ralph | The neural and computational bases of semantic cognition[END_REF]. Specifically, patients with left inferior frontal lesion were shown to be impaired in retrieving distant word associates, suggesting an impairment in generating unusual associations or ideas [START_REF] Thompson-Schill | Verb generation in patients with focal frontal lesions: a neuropsychological test of neuroimaging findings[END_REF]. The potential limiting role of the lateral PFC in idea generation and originality also remains difficult to reconcile with patient studies that showed the crucial role of the inferior PFC in inhibition of dominant responses [START_REF] Volle | Dissociation between verbal response initiation and suppression after prefrontal lesions[END_REF][START_REF] Aron | Inhibition and the right inferior frontal cortex: one decade on[END_REF][START_REF] Robinson | Verbal suppression and strategy use: a role for the right lateral prefrontal cortex?[END_REF]. To date, two main hypotheses of prefrontal organisation have been proposed to reconcile the Tentative summary of the findings of lesion studies. The schema represents the reported effect of brain lesions, which decreased (plain arrows) or increased (empty arrow) creative performance, and proposes hypothetical processes that, when affected, can explain these effects. Please note that this schema is necessarily simplistic and does not depict all possible mechanisms and network damages by which brain lesions could theoretically impact creativity. * the exact location of lateral prefrontal lesions (ventral and/or dorsal) and network disruption (FPCN, salience or attentional networks) that may favor creative performance are unclear. DMN: default mode network; FPCN: frontoparietal control network; MemN: semantic and episodic memory networks; SalN: salience network.

beneficial and deleterious effects of caudal prefrontal lesions/brain stimulation on creativity. The first one considers that ventral and dorsal caudal PFC regions have opposite roles in the generative and evaluative steps of divergent thinking. The activity of the ventrolateral PFC may be deleterious to the generation step that requires less control processes [START_REF] Ellamil | Evaluative and generative modes of thought during the creative process[END_REF]64 ], while other prefrontal regions are important for the more controlled evaluation step [67] or for the inhibition of constraints [START_REF] Beaty | Creative constraints: brain activity and network dynamics underlying semantic interference during idea production[END_REF]. The second one is to consider a balance between left and right ventrolateral PFC rather than the role of each region separately [78]. For instance, the left and right ventrolateral PFC may have specific roles, in constraining the search according to the context and inhibiting the inappropriate or less interesting responses, respectively. Overall, the specialization of the caudal PFC for creativity processes according to an inferiorsuperior or a left-right axis remains to be tested (Figure 2). Finally, a potential factor influencing the reported results is that different creativity tasks require a different balance between associative and controlled processes, so that altering controlled processes may or may not impact a given task [67]. Existing tDCS studies may support this explanation. In fact, to our knowledge, all tDCS studies targeting the left lateral PFC with anodal stimulation showed improved performance in RAT tasks [65,[START_REF] Cerruti | Anodal transcranial direct current stimulation of the prefrontal cortex enhances complex verbal associative thought[END_REF][START_REF] Zmigrod | Stimulating creativity: modulation of convergent and divergent thinking by transcranial direct current stimulation (tDCS)[END_REF]. All tDCS studies targeting the same region with cathodal stimulation showed an improvement of divergent thinking tasks [62,64 ,78,79 ]. Only one study showed an improvement of divergent thinking after anodal stimulation of the left dorsolateral PFC, but it was conditioned by a priming instruction to think divergently [66], which may have involved more controlled processes than divergent thinking tasks usually require. These data suggest that originality in divergent thinking tasks may depend more on spontaneous associations computed by the DMN while RATlike tasks additionally require the lateral PFC, likely for controlled processes. Problem solving tasks vary according to control demands [63 ]. The reliance on controlled processes to solve the different creativity task may shape the performance observed after a prefrontal lesion.

Hence, the specific role of distinct prefrontal subregions in creativity processes remains to be clarified and integrated with findings from other fields of cognitive neurosciences. Although the lesion approach may be especially useful to address this question, the conclusions that can be drawn from existing patient studies are limited by the fact that they rarely considered the functional and connective properties of the damaged areas and explored a relatively small number of patients. Precisely defining the lesion location anatomically is thus essential in future studies as close regions in frontal, temporal and parietal lobes are functionally heretogeneous and may belong to distinct networks, including the FPCN, DMN but also salience and attentional networks [START_REF] De Schotten | Rostro-caudal architecture of the frontal lobes in humans[END_REF]. The use of voxel-based lesion methods with larger sample size could improve the anatomical resolution of brain-behavior correlations, and is more comparable to functional imaging findings. In addition, connectivity approaches in patients are needed to identify the networks that are anatomically and functionally impacted by the lesion [69 ] (or the brain intervention [START_REF] Chen | Causal interactions between fronto-parietal central executive and default-mode networks in humans[END_REF]). New anatomical and functional connectivity methods integrating network-based and lesion approaches in patients are promising avenues for future research on creativity [START_REF] Siegel | Disruptions of network connectivity predict impairment in multiple behavioral domains after stroke[END_REF]. Such approaches may help to clarify how distinct networks and their interactions support distinct creativity mechanisms, to identify the critical hubs allowing these interactions, and, for instance, to disentangle the role of default mode, semantic, attention, and control networks in creativity.

Conclusions

Patient studies can provide important information to the neuroscience of creativity by identifying the critical networks and pivotal nodes within the networks. The few lesion studies that have been performed confirmed that the integrity of both the DMN and the left FPCN is important for creative performance. In agreement with predictions from functional imaging in healthy subjects, the DMN appears critical for associative processing and the FPCN for controlled processes. Brain lesions affecting some regions of the left control-related network may imbalance the associative and controlled processes involved in creative thinking, affecting creative performance differently depending on which process is the most required by the task. The lesion approach also helps to clarify the functional organization of the PFC for distinct creative processes, showing a medial-lateral dissociation in rostral PFC for associative versus controlled processes, and suggesting a rostrocaudal lateral specialization for distinct controlled processes.

The contribution of lesion studies to the neuroscience of creativity could be enhanced in the future by combining different measures of creativity with anatomical and functional connectivity methods to identify the networks impacted by the lesion. This study quantified the flexibility of thought in high and low creative people by assessing the effect of removing specific links in semantic networks. This percolation analysis showed that creative abilities were related to the flexibility or robustness of the networks. The robustness to network percolation could be explained by the structure of the networks, especially by stronger links between network components in creative people's graphs. 39. Kenett 
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Luft CDB, Zioga I, Banissy MJ, Bhattacharya J: Relaxing learned constraints through cathodal tDCS on the left dorsolateral prefrontal cortex. Sci Rep 2017, 7:2916. This study showed that inhibitory stimulation of the left lateral prefrontal cortex using tDCS led to better performance in insight problem solving and that it could be explained by a relaxation of previously learned constraints implicitly imposed by the context. 
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Table 1

 1 Patient group studies on creative cognition in adults. The table includes studies in patients that related creative abilities to an anatomical location of a lesion or neurodegenerative impairment. Case reports already described in a previous review[60] are not included

	Study	Task	Region	Network	Effect
	Group studies of focal lesions				
	Reverberi et al. [7] a	Match stick problem-solving	Lateral PFC versus controls	N.A.	" correct responses (type C)
			'Pure' medial PFC versus controls and versus lateral PFC	N.A.	# correct responses (type A)
	Shamay-Tsoory et al. [10] b	TTCT and AUT	mPFC versus controls and versus parietotemporal patients	N.A.	# total score & originality
			mPFC+IFG versus controls and versus parietotemporal	N.A.	# total score & originality
			patients		
			Right mPFC region	N.A.	# originality with " lesion size
			Left parietotemporal patients	N.A.	" originality with " lesion size
			Identified a subgroup of patients with mainly left	N.A.	" originality
			parietotemporal or IFG lesions with higher originality index		
	Abraham et al. [11] c	AUT	Lateral PFC versus controls	N.A.	# originality, fluency
		Imagery task	Lateral PFC versus controls	N.A.	# practicality
		Imagery task	Temporoparietal patients versus controls	N.A.	# practicality
		CET	Temporoparietal patients versus controls	N.A.	More constrained
		Concept expansion	Tested but no significant lesion location	N.A.	
		RAT	Tested but no significant lesion location	N.A.	
	Duff et al. [12]	TTCT	Hippocampal damage versus controls	N.A.	# originality, fluency, flexibility & elaboration
	Ghacibeh et al. [13]	TTCT	Left versus right anterior temporal lobectomy	N.A.	No difference between left & right
					lobectomy (no control group)
	Warren et al. [15 ]	RAT	Hippocampal damage versus controls	N.A.	# correct responses
	VSLM and disconnection-deficit mapping on focal lesions			
	Bendetowicz et al. [17]	RAT-like	Left rostrolateral PFC, FMT, ATR, FSP	Left FPCN	# remote associates combination
		Word-association task	Right rostromedial PFC, Cingulate tract	DMN	# remote word associations
	Group studies on neurodegenerative diseases			
	Rankin et al. [8] d	Figural TTCT	FTD versus controls	N.A.	# resistance to premature closure
			SD versus controls	N.A.	# fluency, originality, elaboration &
					resistance to premature closure
	De Souza et al. [9]	TTCT	FTD versus controls	N.A.	# originality, fluency, flexibility
			FTD versus Parkinson patients	N.A.	# originality, fluency, flexibility
			VBM-like analysis on SPECT data identified the rostral PFC,	N.A.	Integrity of these regions correlated with
			posterior parietal and laterotemporal regions		TTCT scores
	Canesi et al. [16]	ATTA	PSP versus controls, versus Parkinson patients and versus	N.A.	# originality, fluency, flexibility, elaboration
			MSA patients		
	ATR: anterior thalamic radiations; ATTA: abbreviated Torrance test for adults; AUT: alternative uses test; CET: constraints of examples task; DMN: default mode network; FMT: frontomarginal tract;
	FPCN: frontoparietal control network; FTD: frontotemporal dementia, that is, frontal variant of frontotemporal lobar degeneration characterized by predominantly frontal atrophy; FSP: frontostriatal
	projections; IFG: inferior frontal gyrus; mPFC: medial prefrontal cortex; PFC: prefrontal cortex; MSA: multiple system atrophy characterized by subcortical and cortical damage in several lobes; PSP:
	Progressive supranuclear palsy characterized by atrophy in frontal cortex, basal ganglia, and midbrain; RAT: remote associates task; SD: semantic dementia, that is, temporal variant of
	frontotemporal lobar degeneration characterized by predominantly temporal atrophy; TTCT: Torrance test of creativity thinking; VBM: voxel-based morphometry; VSLM: voxel-based lesion-
	symptom mapping analysis.				
	a 'Pure' medial PFC refers to the subset of the medial group that had pure medial or orbitofrontal damage. Performance of the whole group of patients in the different problem types with
	predominantly medial PFC lesions did not differ significantly from lateral PFC and control groups.		
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