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Abstract

Creativity relies on a diverse set of cognitive processes associated with distinct neural correlates, 

and one important aspect of creativity, divergent thinking, has been associated with the 

hippocampus. However, hippocampal contributions to another important aspect of creativity, 

convergent problem solving, have not been investigated. We tested the necessity of hippocampus 

for convergent problem solving using a neuropsychological method. Participants with amnesia due 

to hippocampal damage (N=5) and healthy normal comparison participants (N=5) were tested 

using a task that promoted solutions based on existing knowledge (Bowden and Jung-Beeman, 

2003). During each trial, participants were given a list of three words (e.g., fly, man, place) and 

asked to respond with a word that could be combined with each of the three words (e.g., fire). The 

amnesic group produced significantly fewer correct responses than the healthy comparison group. 

These findings indicate that the hippocampus is necessary for normal convergent problem solving 

and that changes in the status of the hippocampus should affect convergent problem solving in the 

context of creative problem-solving across short intervals. This proposed contribution of the 

hippocampus to convergent problem solving is consistent with an expanded perspective on 

hippocampal function that acknowledges its role in cognitive processes beyond declarative 

memory.
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Main Text

Creativity can describe many kinds of cognition including open-ended generation of novel 

ideas (i.e., divergent thinking) or deliberate focus on solving a specific problem (i.e., 

convergent thinking or convergent problem solving). For example, divergent thinking 

processes might be engaged by imagining many potential uses for a paperclip; convergent 

thinking processes might be used to solve a specific problem such as how to use a paperclip 

to snag a cable that has slipped behind your desk. Creative thinking of either type must 

integrate many distinct cognitive processes, and similar diversity would therefore be 

expected of creativity's neural correlates (Abraham, 2013; Fink et al., 2007; Sawyer, 2011; 

Simonov, 1997). That diversity is reflected in recent findings from neuropsychological and 

neuroimaging investigations suggesting that the hippocampus — a structure often thought to 

be solely associated with long-term declarative memory (Squire et al., 2004) — contributes 

to creative thinking (Chávez-Eakle et al., 2007; Duff et al., 2013; Ellamil et al., 2012; Luo 

and Niki, 2003). These hippocampal contributions appear to be necessary for some forms of 

creative thinking because patients with bilateral hippocampal damage show deficits in 

divergent thinking (Duff et al., 2013). This finding is consistent with the predictions of 

relational memory theory which suggests that the hippocampus is necessary for the rapid 

binding of arbitrarily-related information (Davachi and Dobbins, 2008; Eichenbaum and 

Cohen, 2001; Eichenbaum and Cohen, 2014; Ranganath, 2010). The necessity of 

hippocampal relational processing for normal divergent thinking may also hold for 

convergent problem solving, but this relationship has not been examined 

neuropsychologically. Evaluating the contributions of the hippocampus to a second major 

component of creative thought would have important implications for theories addressing 

the brain bases of creativity.

Evidence indicating that the hippocampus contributes to one aspect of creativity, divergent 

thinking, has come from research using the Torrance Tests of Creative Thinking (TTCT). 

The TCTT is a commonly used, multipart test of divergent thinking that has been employed 

in neuroimaging and neuropsychological investigations. For example, increased 

hippocampal activation at rest has been positively related to performance on the TTCT . 

Paralleling these results, a neuropsychological investigation using the TTCT reported that 

patients with bilateral hippocampal damage performed less well on the TCTT's 

subcomponents than healthy normal comparison participants . These converging findings 

indicate that the hippocampus contributes to divergent thinking and appears to be necessary 

for normal creative performance, but do not address whether the deficit extends to other 

aspects of creativity.

The necessity of the hippocampus for convergent problem solving has not been directly 

evaluated but prior work is suggestive. Unilateral temporal lobectomy (including 

hippocampus) has been shown to reduce performance on a temporally extended convergent 

problem solving task (Sheldon et al., 2011), and hippocampal activation has been associated 

with convergent problem solving when solving simple riddles (Luo and Niki, 2003). These 

findings could be interpreted as evidence that hippocampal-dependent declarative memory is 

necessary for normal convergent problem solving. A trivial interpretation of this proposition 

is clearly true because problem solving must be supported by existing knowledge (Addis et 
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al., 2014). However, there is also empirical support for the more nuanced interpretation that 

declarative memory processes are actively used during problem solving, as shown by studies 

which exercise episodic declarative memory and report subsequent enhancement of 

divergent problem solving (although the effects did not extend to convergent problem 

solving) (Madore et al., 2015; Madore and Schacter, 2014). Beyond declarative memory, 

recent findings have shown that the hippocampus contributes to many different forms of 

cognition more rapidly than previously understood (Duff and Brown-Schmidt, 2012; Voss et 

al., 2011; Warren et al., 2014; Warren et al., 2012; Watson et al., 2013). The proposition that 

the hippocampus supports convergent problem solving could be tested by examining the 

performance of patients with hippocampal damage on a task that does not explicitly require 

declarative memory or impose a significant short-term memory load (Jeneson and Squire, 

2012).

In the current project, we investigated the necessity of hippocampus for normal convergent 

problem solving using a neuropsychological methodology and an established task of 

convergent problem solving ability (Bowden and Jung-Beeman, 2003) that has been linked 

to creativity (Aiello et al., 2012; Ansburg, 2000; Storm et al., 2011) (but see Lee et al., 

2014). We enrolled human patients with bilateral hippocampal damage and severe amnesia 

(“amnesic group”; N=5; 1F, 4M) and healthy comparison participants (“NC group”; N=5; 

1F, 4M) case-matched to the patients on sex, age, education, and handedness. The amnesic 

group included the same participants reported by Duff et al. (2013) to have deficits in 

divergent thinking. There were no significant between-group differences on any 

demographic variable, each T(8) ≤ 1, each p > 0.3. Neuropsychologically, amnesia was 

defined as a difference of 25 or more points between a patient's WAIS-3/4 full-scale IQ and 

WMS-3 General Memory Index. All amnesic patients met this criterion and had relatively 

preserved cognition outside of memory functions (Table 1). Among the patients, 

neuroanatomy and etiology co-varied: 3 patients had relatively focal, bilateral hippocampal 

atrophy subsequent to anoxic events (1846, 2363, and 2563); 2 patients had very large 

lesions encompassing the medial temporal lobes, substantial portions of the remaining 

temporal lobes, and additional regions as a result of herpes simplex encephalitis (1951 and 

2308). All participants provided informed consent, their participation was remunerated, and 

all research was conducted according to the Declaration of Helsinki.

Materials were compound remote associate problems implemented as 3-word lists 

(henceforth, “triads”). Each triad was composed of three words that were related to a 

solution or “target word” (e.g., “cream”, “skate”, and “water” are all related to “ice”). In 

each problem, the target word could be combined with each of the triad words to form a 

compound word or common two-word phrase. Triads, target words, and normative data 

describing solution frequency for each triad were obtained from a previous report (Bowden 

and Jung-Beeman, 2003). 74 triads were used in the task, and triads were always presented 

in the same order.

The task was to report the target word related to a triad during each trial. A practice phase 

consisting of 4 trials was administered prior to a main test phase which consisted of 70 trials. 

Task duration was 1 hour. Instructions and the task were presented visually on a computer 

display using Microsoft PowerPoint. Task instructions were as follows: “You will be 
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presented a list of 3 words. Try to think of a word which relates to each of the 3 words.” The 

experimenter confirmed that participants understood these instructions and continued with 

verbal instructions during the practice phase (e.g., noting that the solution word could occur 

before or after each triad member). One triad was displayed for the entire duration of each 

trial. Participants had up to 30 sec. to report a word that they thought was related to the triad. 

Each trial continued until time had elapsed or participants indicated completion. Responses 

were scored immediately by the experimenter. Following Bowden & Jung-Beeman (2003) 

response times were binned by interval: 0-2 sec.; 2-7 sec.; 7-15 sec.; 15-30 sec.

The amnesic group provided fewer correct responses than the NC group overall, Wilcox Z = 

1.781, p=0.044, Cohen's d = 1.363 (Figure 1A, left). Also, while the NC group performed no 

differently than previously-reported normative data (NC group > norm. for 28 of 69 triads, 

p=0.148) the amnesic group was significantly impaired relative to the normative sample 

(amnesic group > norm. for 8 of 69 triads, p<0.001). This pattern of impaired task 

performance by the amnesic group was confirmed and extended with a generalized 

hierarchical logistic regression model (see Detailed Methods). According to the model 

analysis, the amnesic group performed less well than the NC group, Z=2.401, p=0.016, and 

one other factor also significantly influenced performance. Specifically, a component that 

varied with normative triad difficulty was significantly related to correct responses, Z=6.535, 

p<0.001 (Figure 1A, center). Another component that varied with normative speed to answer 

triads was not significantly related to correct responses, Z=1.145, p=0.252 (Figure 1A, 

right). Intriguingly, a significant interaction between the triad difficulty factor and group, 

Z=2.525, p=0.012, indicated that the amnesic group was more impaired when solving 

normatively easy items and less impaired when solving normatively difficult items (Figure 

1A, center). We cannot fully account for this effect, but it may be partly attributable to floor 

effects related to difficult items.

Response time (RT) was not a dependent variable of primary interest, but potential group 

differences in the distribution of per-trial RT across the coded timebins was analyzed using 

Fisher's exact test. There was evidence that the two groups responded at different speeds, 

Fisher's exact test p<0.001, with the NC group responding more quickly. Inspection of the 

RT distribution across the four time bins (Figure 1B) revealed that both groups made more 

than 80% of their responses in 15 sec. or less, suggesting that the 30 sec. trial duration we 

employed did not selectively reduce either group's measured performance.

We hypothesized that the hippocampus is necessary for normal convergent problem solving, 

and we observed that patients with hippocampal damage and severe amnesia (but without 

other cognitive deficits according to standard neuropsychological tests) showed impaired 

performance relative to healthy comparison participants on a task requiring convergent 

problem solving. This impairment suggests that the hippocampus normally contributes to 

convergent problem solving and parallels a previously reported deficit in the same group of 

patients on a measure of divergent thinking ability as well as correlational evidence of 

hippocampal activation with measures of creativity (Chávez-Eakle et al., 2007; Ellamil et al., 

2012; Luo and Niki, 2003). Our findings suggest that deficits in convergent problem solving 

may contribute to broader impairment of creativity, while deficits in other aspects of 

creativity or on-line processing that our study did not measure may also be important.
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A role for the hippocampus in convergent problem solving and creativity is consistent with 

an emerging perspective that this structure contributes to cognition beyond declarative 

memory (Barense et al., 2007; Duff and Brown-Schmidt, 2012; Voss et al., 2011; Warren et 

al., 2012; Watson et al., 2013). Two common themes run through these findings. First, the 

hippocampus is necessary for processing and storing information about arbitrary relations 

among items. Second, hippocampus contributes to cognition much more rapidly than 

expected and in contexts that do not explicitly require long-term memory processes such as 

maintaining information over very short intervals (e.g., < 1 sec.). These fundamental deficits 

in relational processing and maintenance of information may address why damage to the 

hippocampus has such wide-ranging effects on cognitive processes including memory, 

language, social judgments, and expert performance. Importantly, our implementation of the 

convergent problem solving task was intended to limit memory load and task-related 

maintenance demands — by presenting the three words of each triad continuously 

throughout each trial — in order to address concerns that recruitment of long-term memory 

processes might be necessary for normal performance (Jeneson and Squire, 2012). 

Regarding convergent problem solving, we suggest that this ability requires binding together 

a problem space and existing knowledge flexibly across short intervals, and we hypothesize 

that damage to the hippocampus would be expected to cause impairment to the extent that 

relational binding contributes to convergent problem solving. This account is consistent with 

our findings but must remain speculative because our study did not explicitly include a non-

relational condition.

Our findings indicate that the hippocampus is necessary for normal convergent problem 

solving, and they are consistent with other investigations implicating the hippocampus in 

these processes. There is correlational evidence from neuroimaging, as with Luo & Niki 

(2003) who observed right hippocampal activation related to solving riddles. Notably, Luo & 

Niki reported that hippocampal activation was accompanied by activations in a wide array of 

other brain areas including frontal, cingulate, temporal, parietal, and subcortical regions; this 

widespread pattern of activation reinforces other reports suggesting that convergent problem 

solving and creativity recruit many cognitive processes relying on diverse neural correlates 

including portions of the prefrontal cortex (Abraham et al., 2012; Reverberi et al., 2005; 

Seeley et al., 2008; Shamay-Tsoory et al., 2011). Neuropsychological methodology has also 

contributed, as when Warren et al. (2012) showed that patients with hippocampal damage 

had deficits in identifying common objects based on partial visual information (Experiment 

3). Although not described as such by those authors, the perceptual and semantic constraints 

imposed by the partial information may have engaged convergent problem solving processes 

(but perhaps not creativity). Finally, a recent study using the tools of cognitive psychology 

showed that exercising episodic memory processes associated with the hippocampus 

enhanced subsequent creativity as indexed by a test of divergent thinking (Madore et al., 

2015). Interestingly, those authors also reported a small numerical (but non-significant) 

increase in convergent problem solving performance as measured using triad stimuli from 

Bowden and Jung-Beeman (2003). In our study, we observed an unexpected inverse 

relationship between item difficulty and the impairment of the amnesic group. Should the 

findings of our post hoc item difficulty analysis be confirmed by subsequent 

neuropsychological research, studies adapting the methods of Madore et al. might 
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conditionally vary item difficulty to evaluate a potential relationship between item difficulty 

and hippocampal involvement.

Our study had some limitations. As in many neuropsychological studies, our sample sizes 

were not large. However, our sample proved sufficient to observe statistically significant 

reductions in the performance of amnesic patients, and we were able to rely on previously-

published normative data from larger samples to support certain analyses. Despite our robust 

findings, it is possible that the deficits we observed in convergent problem solving could be 

attributable to deficits in some precursor process; for example, it is possible that amnesic 

patients may have deficits in generating any solutions to problems rather than producing 

correct solutions. We suggest that this is not the case for two reasons: first, the amnesic 

group was not normatively impaired on neuropsychological tests requiring generation; 

second, their non-mnemonic cognitive abilities were generally normal. Future research 

might investigate this issue by requiring on-line verbalization of convergent problem 

solving, and we speculate that deficits in generation will not be observed.

Alternatively, recently reported deficits in semantic memory accompanying hippocampal 

damage (Klooster and Duff, 2015) may bear on the current findings. We believe the same 

underlying deficits in hippocampal dependent processing (e.g., relational binding and 

processing, information maintenance, representational [re]compositionality and flexibility) 

give rise to a range of observed behavioral disruptions including to remote semantic memory 

and convergent problem solving as well as to perception, language use, and social cognition 

as reported elsewhere. However, there are notable differences in demand characteristics 

between studies that suggest semantic processes played distinct roles here and in the work of 

Klooster & Duff (2015). Specifically, the earlier report relied predominantly on tasks 

requiring the open-ended generation of features or senses related to a word (i.e., probing 

depth of knowledge) while the current task required participants to discover the relationship 

between a given triad and a non-presented associate (i.e., probing more distal associations). 

Thus, while disruptions in remote semantic memory reported by Klooster & Duff (2015) and 

those in convergent problem solving reported here may share an underlying mechanism, we 

suggest that the current results extend the reach of hippocampal contributions to novel 

aspects of cognitive processing and behavior.

Lastly and regarding construct validity, we adopted an inclusive definition of convergent 

problem solving and operationalized it as the ability to solve triads over a short period of 

time (30 sec. or less). Our design did not measure subjective feelings of insight by 

participants (i.e., “Aha!” moments), so we cannot address whether the observed deficit in 

convergent problem solving by the amnesic group was accompanied by reduced subjective 

feelings of insight. At most, we can observe that the slightly increased response latency of 

the amnesic group may indicate a reduction in rapid insight, but we cannot draw strong 

conclusions because nearly all forms of brain damage cause some increase in response 

latency. Future research could address this issue by focusing on insight processes a priori.

In conclusion, our findings are consistent with the perspective that the hippocampus is 

necessary for normal convergent problem solving. The deficit in convergent problem solving 

that we observed in patients with hippocampal damage aligns with evidence from other 
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studies that have found deficits in creativity among similar patients (Duff et al., 2009; Duff 

et al., 2013). These deficits in quickly and creatively combining new and old knowledge in 

response to task demands are consistent with the role of hippocampus described by 

relational memory theory (Davachi and Dobbins, 2008; Eichenbaum and Cohen, 2001; 

Eichenbaum and Cohen, 2014; Ranganath, 2010). The contributions of hippocampus to 

convergent problem solving have significant clinical implications for patients with MTL 

damage and other neurological disorders affecting the hippocampus.

Detailed Methods

Our test materials were selected from a published set of triad items that included data 

summarizing normative performance (Bowden and Jung-Beeman, 2003). In order to avoid 

floor effects by our participants, we selected the 74 triads that were solved most often within 

15 sec. by the normative sample. Several tested items were excluded from later analysis: 

four triads that were used as practice items; and one triad that was entered incorrectly into 

our stimulus set (see SI Table S1).

Data analysis was conducted using R software (version 3.2.3) and all analyses used α=0.05. 

The proportion of correct responses (PC) to the sixty-nine tested triads was the primary 

dependent variable of interest. Our prediction that the NC group would perform better than 

the amnesic group was first evaluated using a non-parametric one-tailed Wilcox test, and a 

non-parametric variant of Cohen's d was calculated (Ivarsson et al., 2013). We also tested 

whether the groups performed similarly to normative data for each item. We used a binomial 

test: number of successes was number of triads in which the group (NC or amnesic) PC was 

greater than the normative sample (Bowden and Jung-Beeman, 2003); number of 

observations was number of triads that elicited non-floor and non-ceiling PC across the 

entire sample (i.e., 1.0 > sample PC > 0.0); and the null hypothesis was that successes would 

be distributed evenly across experimental and normative groups (p=0.5).

To supplement the preceding analysis, a generalized hierarchical logistic regression analysis 

was conducted to characterize the relationship between several independent variables 

(predictors) and trial-level accuracy (outcomes). The predictors included fixed effects for 

group and two continuous triad descriptors (as well as interactions of group with each 

descriptor) along with random effects for triad and participant. The two triad-level fixed 

effects were the first two orthogonal components from a principal components analysis 

(PCA) of normalized triad accuracy rates at each of the four intervals (2, 7, 15, and 30 sec.) 

from the normative data of Bowden & Jung-Beeman (2003). PCA was used to isolate 

orthogonal sources of variance in accuracy because normative performance at all intervals 

was highly correlated. We described the first and second components as (1) triad difficulty 

and (2) solve speed. See the Table S2 caption for more information about our PCA 

approach. For model terms, Z-scaled scores and corresponding p values are reported.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Convergent problem solving performance and response time (RT)
A) Left, the amnesic group (black) was impaired relative to the NC group (gray) overall, 

responding correctly to a smaller proportion of triads. Middle, a significant interaction in a 

regression analysis indicated that the amnesic group was relatively more impaired for 

normatively easy items. Right, the regression analysis revealed no interaction of group with 

normative solution speed. Whiskers indicate SEM; *, p < 0.05 for relevant contrast or 

interaction, see main text. B) RT distributions show that the amnesic group responded more 

slowly than the NC group on average, but both groups responded in <15 sec. (of the 30 sec. 

response window) during at least 80% of trials. Closed circles show cumulative proportion 

of response time (RT) and open circles show proportion of response time by bin.
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