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Abstract: The motivation to receive rewards enhances episodic memories, and the motivation is
modulated by task difficulty. In episodic retrieval, however, functional neuroimaging evidence
regarding the motivation that mediates interactions between reward and task difficulty is scarce.
The present fMRI study investigated this issue. During encoding performed without fMRI, partici-
pants encoded Japanese words using either deep or shallow strategies, which led to variation in
difficulty level during subsequent retrieval. During retrieval with fMRI, participants recognized the
target words in either high or low monetary reward conditions. In the behavioral results, a reward-
related enhancement of memory was found only when the memory retrieval was difficult, and the
rewarding effect on subjective motivation was greater in the retrieval of memories with high diffi-
culty than those with low difficulty. The fMRI data showed that reward-related increases in the
activation of the substantia nigra/ventral tegmental area (SN/VTA), medial temporal lobe (MTL),
dorsomedial prefrontal cortex (dmPFC), and dorsolateral prefrontal cortex (dlPFC) were greater
during the retrieval of memories with high difficulty than those with low difficulty. Furthermore,
reward-related enhancement of functional connectivity between the SN/VTA and MTL and
between the SN/VTA and dmPFC during the retrieval of memories with high difficulty was signifi-
cantly correlated with reward-related increases of retrieval accuracy and subjective motivation. The
reward-related enhancement of episodic retrieval and retrieval-related motivation could be most
effective when the level of retrieval difficulty is optimized. Such reward-related enhancement of
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INTRODUCTION

Motivation promotes learning and episodic memory in
humans [Locke and Latham, 1990, 2002]. Previous studies
have reported that motivation is modulated by the antici-
pation of rewards and that the processing of episodic
memories is enhanced by the motivation to receive those
rewards [Adcock et al., 2006; Murty and Adcock, 2014;
Shigemune et al., 2014; Wolosin et al., 2012, 2013]. Addi-
tionally, motivation is increased in individuals performing
difficult tasks [Anshel and Weinberg, 1992; Arkes, 1979;
Shalley and Oldham, 1985]. These findings suggest that an
interaction between the processing of reward and task dif-
ficulty could be mediated by the motivation in episodic
memories. However, little is known regarding the neural
mechanisms underlying how the effects of motivation
modulated by rewards on memory processes are affected
by the level of difficulty of memory tasks. The current
functional MRI (fMRI) study investigated this issue.

Human cognitive processes, including episodic memory,
are enhanced by the intention to earn rewards [Adcock
et al., 2006; Murty and Adcock, 2014; Shigemune et al.,
2014; Wolosin et al., 2012, 2013]. Previous studies have
demonstrated that memory-related activation of medial
temporal lobe (MTL) regions including the hippocampus
and parahippocampal gyrus (PHG) are significantly
enhanced by the motivation of receiving rewards [Adcock
et al., 2006; Dillon et al., 2014; Murty and Adcock, 2014;
Shigemune et al., 2014; Wolosin et al., 2012, 2013] and that
the reward-related enhancement of memory was modulat-
ed by interactions between reward-related regions, such as
the substantia nigra/ventral tegmental area (SN/VTA) and
the striatum, and memory-related regions, such as the
hippocampus [Shigemune et al., 2014]. There are also func-
tional neuroimaging evidences in which activation of the
dorsomedial prefrontal cortex (dmPFC) including the dorsal
anterior cingulate cortex (dACC) and pre-supplementary
motor area (Pre-SMA), and dorsolateral prefrontal cortex
(dlPFC) occurred during the processing of monetary
rewards [Etzel et al., 2016; Hartstra et al., 2010; Jimura
et al., 2010; Satterthwaite et al., 2007; Wang et al., 2014]. In
neurophysiological studies performed with experimental
animals, the dmPFC region played an important role in
seeking rewards [Ishikawa et al., 2008a,b], the SMA and
Pre-SMA regions were active in representing reward-
dependent motivation for actions [Scangos and Stuphorn,
2010] and the dlPFC region was associated with cognitive

control during the processing of tasks motivated by
rewards [Donahue and Lee, 2015; Watanabe et al., 2002].
Given that activation of the dmPFC, including the ACC
and the Pre-SMA, was associated with the intention of vol-
untary movement [Haggard, 2008; Winterer et al., 2002]
and that the dlPFC showed significant activation during
cognitive control [D’Esposito et al., 1998; Owen, 1997; Smith
and Jonides, 1999], the dmPFC and dlPFC activations iden-
tified in the reward-related tasks could reflect the process-
ing of motivation related to intention and cognitive control.
Thus, the reward-related enhancement of memory could be
modulated by interacting mechanisms among the dmPFC
and dlPFC, which are involved in motivation and cognitive
control; SN/VTA and striatum, which are involved in the
reward process; and MTL region (hippocampus and PHG),
which is involved in the episodic memory process.

Motivation levels are associated with difficulty of cogni-
tive tasks [Anshel and Weinberg, 1992; Arkes, 1979;
LaPorte and Nath, 1976; Shalley and Oldham, 1985]. Func-
tional neuroimaging studies have reported that the dmPFC
and dlPFC show greater activation during the performance
of difficult cognitive tasks than during easy cognitive tasks
[Jaeggi et al., 2003; Kochan et al., 2011; Leung et al., 2007;
Livesey et al., 2007; Prado and Noveck, 2007; Woodward
et al., 2006]. In addition, activations of the SN/VTA and
the striatum were modulated by task demands, even in
the absence of rewards [Boehler et al., 2011]. Traditional
psychological studies on episodic memory have demon-
strated evidence to support the well-known “levels-of-
processing” theory in which the retrieval of memories
encoded by “shallow” or perceptual processes are more
difficult than those of memories encoded by “deep” or
semantic processes [Craik and Lockhart, 1972; Craik and
Tulving, 1975]. In functional neuroimaging studies investi-
gating this theory, the dlPFC showed greater activation
during encoding and/or retrieval through “shallow” pro-
cesses than through “deep” processes [Buckner et al., 1998;
Mandzia et al., 2004; Schott et al., 2013], and activation in
this region reflected the successful encoding and retrieval
of memories encoded by “shallow” processes [Henson
et al., 2005]. In addition, activation of the dmPFC and
dlPFC have been identified during high-demand or high-
difficulty level retrieval tasks [Dobbins and Han, 2006;
Reas and Brewer, 2013]. These findings suggest that activa-
tion of the dmPFC and dlPFC could increase during the
retrieval of memories with high difficulty, compared to
the retrieval of memories with low difficulty. Furthermore,
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interactions between the activation of the dmPFC/dlPFC,
SN/VTA, striatum, and MTL could be critical in the
retrieval of memories with high difficulty.

The relationship between reward and task difficulty in
cognitive tasks has been demonstrated with the undermin-
ing effect in psychological studies [Cameron et al., 2004].
The undermining effect [Deci et al., 1999; Deci, 1971;
Lepper et al., 1973; Morgan, 1984; Ryan et al., 1983], in
which the intrinsic motivation to perform tasks is reduced
by accepting extrinsic rewards such as money, was
observed when performing low-difficulty cognitive tasks.
However, the intrinsic motivation increased when partici-
pants performed moderately difficult cognitive tasks
[Cameron et al., 2004]. These reward-task difficulty inter-
actions have been found in several functional neuroimag-
ing studies. For example, the beneficial effect of monetary
rewards on performance of cognitive tasks was found only
in tasks with high difficulty levels when the amount of
monetary reward was adjusted to an optimal level, and
activation of the dmPFC and reward-related activation of
the striatum during the anticipation of a reward was posi-
tively correlated with the amount of monetary reward
[Chib et al., 2012]. Another fMRI study demonstrated that
the enhancing effect of rewards on task performance was
strongest when participants were performing a task requir-
ing mid-level cognitive control, and activation of the
reward-related midbrain significantly interacted with acti-
vation of the dlPFC [Bahlmann et al., 2015]. Other fMRI
studies have consistently reported that activation of the
dmPFC and dlPFC are regulated by the factors of reward
and task difficulty in various cognitive tasks [Burke et al.,
2013; Engelmann et al., 2009; Kouneiher et al., 2009;
Krawczyk et al., 2007; Kurniawan et al., 2013; Pochon
et al., 2002; Taylor et al., 2004]. However, there is little
functional neuroimaging evidence regarding the brain-
behavior correlation and the inter-regional connectivity
underlying the interaction between the factors of reward
and task difficulty in episodic memory. Based on these
findings, we hypothesized that the enhancing effect of
rewards on memory processes could be observed when
the task difficulty of memory retrieval was adjusted to an
optimal level by which the motivation was maximized,
and the interaction between reward and task difficulty in
memory processes could be supported by functional net-
works, including the dmPFC and dlPFC, which are
involved in motivation and cognitive control; the SN/VTA
and striatum, which are involved in reward processing;
and the MTL, which is related to memory.

To investigate the neural mechanisms underlying the
interaction between reward and task difficulty in the
retrieval of episodic memories, we conducted an fMRI
experiment with healthy young adults. The design of our
fMRI experiment is illustrated in Figure 1. During the
encoding phase, participants were required to learn Japa-
nese words using two encoding strategies, which included
deep (semantic) or shallow (perceptual) processes. By

these encoding operations, memories encoded with the
shallow strategy would be more difficult to retrieve than
those encoded with the deep strategy. During the retrieval
phase, which followed the encoding phase, participants
recognized target words that were encoded using the two
strategies. The words that were processed with deep
encoding were easily retrieved, whereas the words proc-
essed with shallow encoding were retrieved with more
difficulty. In addition, retrieval-related activation was mea-
sured using fMRI. Thus, the design of our fMRI experi-
ment enabled us to understand how the enhancement of
reward-related activation during memory retrieval was
modulated by the task difficulty. Based on previous find-
ings, we made three predictions for the present study.
First, the reward-related enhancement of motivation and
memory retrieval would be greater during the retrieval of
memories learned through a shallow encoding strategy
(retrieval with high difficulty) than the retrieval of memo-
ries learned through a deep encoding strategy (retrieval
with low difficulty). Second, a greater reward-related
increase in activation would be observed during the
retrieval of memories with high difficulty than those with
low difficulty in the dmPFC, dlPFC, SN/VTA, striatum,
and MTL. Third, functional connectivity between these
regions would be associated with the reward-related
enhancement of high-difficulty memory retrieval.

MATERIALS AND METHODS

Participants

Thirty-three right-handed undergraduate and graduate
students recruited from the Tohoku University community
participated in this study. Participants were healthy, native
Japanese speakers with no history of neurological or psy-
chiatric disease. All participants were paid for their partic-
ipation in the experiment. The data from five participants
were excluded from the analyses of behavioral and fMRI
data because three of these participants could not com-
plete the experimental tasks and two had fewer than two
trials in one condition. In addition, the data from three
participants who showed no enhancement by rewards in
the subjective ratings of motivation were also excluded
because it was highly possible that they would not show
the modulatory effect of motivation by receiving rewards
on memory retrieval. Thus, the data from 25 participants
(10 men and 15 women; mean age 20.6 years; range 18–25
years) were analyzed in the present study. All participants
gave informed consent, and the experimental protocol was
approved by the Institutional Review Board (IRB) of
Tohoku University School of Medicine.

Experimental Tasks

We prepared 768 two-letter Japanese words that were
used as the experimental stimuli in this study. The words
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were selected from a database of two-letter Japanese Kanji
words standardized by familiarity and imagery scores
[Amano and Kondo, 1999]. These words were divided into
three lists of 256 words, and each list was assigned as tar-
get words to be encoded, cue words to be paired with the
target words, or distracter words to be used during the
retrieval phase. Scores of familiarity and imagery were
used for these words to ensure they were equal in terms
of familiarity [F(2,765) 5 0.04, P 5 0.96, g2< 0.01] and imag-
ery [F(2,765) 5 0.01, P 5 0.99, g2< 0.01] across the three lists.
Each list of target and cue words were subdivided into
four lists, across which the mean scores of familiarity [tar-
get words: F(3,252) 5 0.01, P 5 1.00, g2< 0.01, cued words:
F(3,252) 5 0.39, P 5 0.76, g2< 0.01] and imagery [target
words: F(3,252) 5 0.05, P 5 0.98, g2< 0.01, cued words:
F(3,252) 5 0.03, P 5 0.99, g2< 0.01] were statistically equal-
ized. In each list of words, word pairs were made with
combinations between target and cue words, which were

then categorized into semantically distant or close pairs by
the experimenters. Ten young adults (recruited from the
Tohoku University community and who did not partici-
pate in our fMRI tasks: five men and five women; mean
age 22.9 years; range 20–28 years) confirmed the semantic
distance of the distant or close pairs by evaluating the
semantic similarities of the word pairs. To rate the seman-
tic similarities, the participants were required to rate the
semantic distance of word pairs with a seven-level rating
scale (1: distant to 7: close). The subjective ratings of
semantic similarities revealed that there was no significant
difference in the semantic distance across the four lists of
word pairs [F(3,252) 5 0.01, P 5 1.00, g2< 0.01]. In each list
of word pairs, half of the word pairs were distant-
meaning pairs and the remaining half were close-meaning
pairs. We performed a two-way analysis of variance
(ANOVA) for rating scores of semantic similarities using
the factors of semantic distance and list group, and found

Figure 1.

Experimental design of encoding and retrieval tasks. (a) During

encoding, word pairs were presented one by one, and partici-

pants were instructed to encode the left word using two encod-

ing strategies of either perceptual or semantic judgments. These

encoding strategies were indicated by a cue presented before

and during the experimental blocks to indicate whether partici-

pants should perform the perceptual or semantic judgments.

The cue of “Font” corresponded to an encoding strategy with

the perceptual judgments of word pairs, and the cue of

“Meaning” referred to an encoding strategy with the semantic

judgments. Responses of these judgments were recorded by

pressing one of two buttons. In the perceptual judgments, par-

ticipants were required to press the left button if the font of

the target word was the same as that of the cue word and to

press the right button if the fonts of two words were different.

In the semantic judgments, participants pressed the left button if

the target word was semantically close to the cue word and the

right button if the target word was semantically distant from the

cue word. (b) During retrieval, participants were randomly pre-

sented with either a target (old) word that was presented on

the left side during encoding or a distracter (new) word, and

they were required to judge whether each word was previously

learned or not by selecting one of four response options (defi-

nitely old: DO, probably old: PO, probably new: PN, and defi-

nitely new: DN). In the retrieval phase, participants were

required to recognize words in either the High or Low reward

condition, which was instructed by a cue before the presenta-

tion of the words. All verbal labels were presented in Japanese.

English is used here for illustration purposes only.
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a significant main effect of semantic distance [F(1,248) 5

4103.06, P < 0.01, gp
2 5 0.94] but not of list group [F(3,248) 5

0.16, P 5 0.93, gp
2< 0.01] and not an interaction between

these factors [F(3,248) 5 0.15, P 5 0.93, gp
2< 0.01]. Combina-

tions between the four lists of word pairs and retrieval condi-
tions were counterbalanced across participants.

The experimental tasks performed in this study were

the encoding and retrieval tasks (see Fig. 1). Neural activa-

tion was measured only in the retrieval task using a

hybrid (event-related and blocked) fMRI design. During

the encoding task, participants were presented with word

pairs one by one and were required to encode the target

words shown on the left side of the pairs using one of two

different strategies. The first strategy was the perceptual

judgment (shallow encoding) strategy, in which partici-

pants were instructed to judge whether the target word

presented on the left side was written in the same font as

the cue word presented in the right side. In this encoding

condition, participants were required to press the left but-

ton if the font of the target word was the same as that of

the cue word, and vice versa. The second strategy was the

semantic judgment (deep encoding) strategy, in which par-

ticipants were required to judge whether the target word

on the left side was semantically close to or distant from

the cue word presented on the right side. In this encoding

condition, participants pressed the left button if the target

word was semantically close to the cue word, and vice

versa. Manipulating the encoding strategies enabled us to

utilize two levels of task difficulty for the subsequent

retrieval task, in which target words encoded through the

shallow strategy were more difficult to retrieve than those

encoded through the deep strategy. Participants were

instructed that they would receive high (200 yen, or

approximately 2 US dollars) or low (20 yen, or approxi-

mately 20 cents) monetary rewards for each target word

that they successfully remembered in the subsequent

retrieval task, and that they would lose 110 yen (i.e., 200

yen/2 1 20 yen/2) for each of the distractor words remem-

bered falsely. During a run of the encoding task, partici-

pants performed eight blocks including 16 trials each, and

the run was repeated twice with the different stimulus

sets. During an encoding trial, a cue for the encoding strat-

egy was presented before and during the blocks to indi-

cate whether participants should perform either perceptual

or semantic judgments. The cue of “Font” corresponded to

a shallow encoding strategy with perceptual judgments of

word pairs, whereas the cue of “Meaning” referred to a

deep encoding strategy with semantic judgments. Within

each block, the cue instructing the encoding strategy was

first presented for 2,500 ms, which was followed by a visu-

al fixation lasting 1,500 ms. After the instruction for the

encoding strategy was presented, each word pair was pre-

sented for 3,000 ms and was followed by a visual fixation

period during the interstimulus interval (ISI) that had a

variable duration jittered between 500 and 4,500 ms.

Approximately 10 min after completing the encoding
task, participants performed the retrieval task in the fMRI
scanner. During the retrieval task, participants were ran-
domly presented target (old) and distracter (new) words
one by one and were required to judge whether each
word was previously learned. The participants responded
with one of four response options (definitely old: DO,
probably old: PO, probably new: PN, and definitely new:
DN). In the retrieval phase, participants were required to
recognize words in either High or Low reward conditions,
which were instructed by a cue before the presentation of
the words. If participants successfully recognized target
words, they were given 200 yen with a hit response in the
High reward condition or 20 yen with a hit response in
the Low reward condition. For a false alarm (FA)
response, participants were penalized 110 yen (200 yen/
2 1 20 yen/2) each in both High and Low reward condi-
tions. In addition, target words had two levels of task dif-
ficulty for retrieval (Easy and Difficult) in which words
encoded with the deep process were easier to retrieve than
those encoded with the shallow process. Thus, retrieval tri-
als for target (old) words were categorized into four condi-
tions by combining the two factors of reward (High
reward or Low reward) and task difficulty (Easy or Diffi-
cult). In each retrieval trial, a cue for indicating the High
or Low reward condition was first presented for 1,500 ms
and was followed by a visual fixation presented for a vari-
able duration jittered between 500 ms and 6,500 ms. After
the cue for the reward condition and visual fixation were
presented, a word was presented for 1,500 ms and was fol-
lowed by another visual fixation for 2,500 ms. In the
retrieval phase, participants were required to perform four
successive runs including 128 trials each. After the retriev-
al task, participants rated their subjective feelings of moti-
vation in each retrieval condition by 10 cm visual
analogue scales (VAS) (0: not motivated to 10: highly moti-
vated) and were then told how much money they had
won in the retrieval phase. The money was actually paid
to participants.

Behavioral Data Analysis

Behavioral data were analyzed using SPSS 18.0.0 soft-
ware (SPSS Inc., Chicago, IL). To investigate the effects of
reward and task difficulty on the participant’s motivation
to remember target words, subjective ratings of motivation
measured by the VAS were analyzed using a two-way
repeated measures ANOVA with factors of reward (High
reward, Low reward) and task difficulty (Easy, Difficult).
All responses during retrieval were categorized by retriev-
al accuracy and confidence. Responses for target words
were divided into hits with high confidence (High-confi-
dence Hit), hits with low confidence (Low-confidence Hit),
and misses (Miss) including both levels of confidence
because there was only a small number of Miss trials with
high confidence (mean 5 1.7, SD 5 1.2). Responses to
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distracter words included correct rejections (CR) and FA
in both high and low confidence. To identify the effect of
reward and task difficulty on High-confidence Hit and
Low-confidence Hit rates, we separately performed two-
way repeated measures ANOVAs with factors of reward
(High reward, Low reward) and task difficulty (Easy, Dif-
ficult). Response times (RTs) were analyzed by a three-
way repeated measures ANOVA with factors of reward
(High reward, Low reward), task difficulty (Easy, Diffi-
cult), and retrieval performance (High-confidence Hit,
Low-confidence Hit, and Miss). To confirm that no
response bias existed between the High and Low reward
conditions in the retrieval phase, FA rates were analyzed
by a paired t-test between the High reward and Low
reward conditions.

fMRI Data Acquisition and Analysis

All MRI data were acquired using a 3T Philips Achieva
scanner. Stimuli were visually presented on a screen back-
projected with a projector, and participants viewed the stim-
uli via a mirror attached to the head coil. Stimulus presenta-
tions were controlled by a program implemented in
MATLAB (www.mathworks.com) on a Windows PC, and
behavioral responses were recorded using a four-button
optic fiber response box (Current Designs, Inc., Philadelphia,
PA). Scanner noise was absorbed by earplugs, and head
motions were minimized by foam pads and a headband.

During MRI scanning, first, T1-weighted sagittal scans
were acquired for localizing functional scans. Second,
functional images were acquired by echo-planar functional
images (EPIs) sensitive to blood-oxygenation-level depen-
dent (BOLD) contrasts (64 3 64 matrix, TR 5 2,000 ms,
TE 5 30 ms, flip angle 5 708, FOV 5 24 3 24 cm, 34 slices,
3.75 mm slice thickness). Finally, high-resolution T1-
weighted structural images were obtained (MPRAGE, 240
3 240 matrix, TR 5 6.5 ms, TE 5 3 ms, FOV 5 24 3 24 cm,
162 slices, 1.0 mm slice thickness).

Preprocessing and statistical analyses of all images were
performed by Statistical Parametric Mapping 8 (SPM 8-
Wellcome Trust Centre for Neuroimaging, London, UK)
implemented in MATLAB. In the preprocessing of images,
all functional images were corrected for slice timing and
head motion, spatially normalized by an EPI template of
the Montreal Neurological Institute (MNI) standard space
of human brain (resampled resolution 5 3.75 3 3.75 3

3.75 mm), and then spatially smoothed with a Gaussian
kernel of 8-mm full-width at half-maximum (FWHM).

In the statistical analysis, we performed two-step statis-
tics of the individual-level fixed effects and group-level
random effects analyses. In the first (individual)-level
(fixed effects) analysis, trial-by-trial activations during
retrieval were modeled by convolving a vector of word
onsets with a canonical hemodynamic response function
(HRF) in the context of the general linear model (GLM).
Confounding factors (head motion and magnetic field

drift) were included in the model. In the model of
retrieval-related activation, we set 12 conditions for target
words, 2 conditions for distracter words, and 1 condition
of no response. The 12 conditions associated with the proc-
essing of target words were defined by three factors,
which included reward (High reward and Low reward),
task difficulty (Easy and Difficult), and retrieval perfor-
mance (High-confidence Hit, Low-confidence Hit, and
Miss). The two conditions reflecting responses to distracter
words were CR and FA for both high and low levels of
confidence. One condition of no response included trials
showing no response during encoding and/or retrieval.
For illustration purposes in the Supporting Information,
parameter estimates in the twelve experimental conditions
for target words were extracted from a peak voxel of
regions showing significant activations. Using the experi-
mental conditions set for each participant, we identified
retrieval success activations (RSAs) by comparing High-
confidence Hit with Miss in four conditions, which were
defined by the factors of reward and task difficulty (Diffi-
cult-High reward, Difficult-Low reward, Easy-High
reward, and Easy-Low reward). To identify whether RSAs
were increased by monetary rewards, the reward-related
increase of RSAs was defined by comparing RSAs between
High and Low rewards in each of the task difficulty condi-
tions (Difficult and Easy). In addition, we identified con-
trasts reflecting simple effects of High reward, Low
reward, Easy, Difficult, High-confidence Hit, and Miss (see
Supporting Information). These analyses yielded
individual-level t-contrasts reflecting the reward-related
increase of RSAs in each difficulty condition.

In the second (group)-level (random effects) analysis, we
performed a paired t-test using contrast images reflecting
the reward-related increase of RSAs identified in the first
level analysis and compared the reward-related increase of
RSAs between Difficult and Easy. In addition, to identify
regions reflecting simple effects of reward, task difficulty,
and retrieval performance, paired t-tests were performed
between contrasts of High reward and Low reward,
between Difficult and Easy, and between High-confidence
Hit and Miss (see Supporting Information). Activation
identified at the threshold of P < 0.001 for the voxel level
was corrected by whole-brain multiple comparisons at the
cluster level (FWE, P < 0.05) with a minimum cluster size
of two successive voxels. In addition, we applied the small
volume correction (SVC) method [Worsley et al., 1996] to
regions of the SN/VTA, striatum, MTL, dmPFC, and
dlPFC (FWE, P < 0.05), which were defined as a single
region-of-interest (ROI) by previous studies mentioned
above. The single ROI including these regions was formed
by combining predefined ROIs of the striatum, MTL,
dmPFC and dlPFC in the AAL ROI package [Tzourio-
Mazoyer et al., 2002] and a ROI of the SN/VTA defined in
a previous study [Murty et al., 2014]. In the predefined
ROIs, the striatum ROI included the caudate nucleus and
putamen, the MTL ROI included the hippocampus and
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PHG, the dmPFC ROI included the superior medial frontal
gyrus, supplementary motor area, and anterior cingulate
gyrus, and the dlPFC ROI included the superior frontal
gyrus and middle frontal gyrus. The SN/VTA ROI was
provided by files downloaded from the website (https://
web.duke.edu/adcocklab/index.html). The ROI files were
defined by procedures employed in a previous study
[Murty et al., 2014], in which the SN was defined by the
following anatomical landmark: the inferior boundary was
the most inferior horizontal section before the cerebral
aqueduct merged with the fourth ventricle, the superior
boundary was the most superior horizontal section that
did not contain the third ventricle, the medial boundary of
exclusion on each side was a straight line between the pos-
terior edge of the cerebral peduncle and the posterior edge
of the interpeduncular fossa, and the lateral boundary on
each side was a curve from the peduncle’s anterior medial
edge to its posterior medial edge. The VTA was also
defined by the following anatomical landmark: the anterior
boundary was at the cerebral spinal fluid (CSF), the posteri-
or boundary was at the coronal section that bisected the red
nucleus, the superior boundary was at the top of the supe-
rior colliculus, the inferior boundary was at the bottom of
the red nucleus, and the lateral boundary was in the sagit-
tal slice connecting the peak of curvature of the interpedun-
cular fossa with the center of the colliculus [Murty et al.,
2014]. These ROIs were combined into one ROI by the
MarsBaR toolbox (http://marsbar.sourceforge.net/). Details
of the statistical threshold and SVC method in the paired t-
tests for simple effects of reward, task difficulty, and
retrieval performance were shown in the Supporting Infor-
mation. Anatomical locations showing significant activa-
tions were primarily defined by the WFU Pick Atlas
[Maldjian et al., 2003, 2004; Tzourio-Mazoyer et al., 2002].

To identify regions showing a significant correlation
between the reward-related increase of RSAs and the
retrieval performance or the subjective rating of motivation,
we performed regression analyses for High-confidence Hit
rates and subjective ratings of motivation in each task diffi-
culty of the Difficult and Easy retrieval condition. The ratio-
nale of this analysis was to investigate whether the
relationship between the rewarding effects on RSA and
behavioral performance was significant in each task difficul-
ty. In each of these analyses, we used a model of regression
analysis that included t-contrasts reflecting the reward-
related increase of RSAs identified in the first-level analysis
and covariates of the differences in the High-confidence Hit
rates or subjective ratings of motivation between the High
and Low reward conditions. In the regression analyses,
regions reflecting significant correlations with the retrieval
performance or the ratings of motivation were identified
with the same significance threshold. For the ROI including
the SN/VTA, striatum, MTL, dmPFC, and dlPFC, we also
used the SVC methods (corrected by FWE, P < 0.05).

To identify the regions reflecting the modulatory effect
of the reward-related increases in retrieval performance or

subjective motivation on functional connectivity with the
SN/VTA regions identified in the previous analyses, we
performed regression analyses for High-confidence Hit
rates or subjective ratings of motivation in contrasts relat-
ed to the functional connectivity maps with the SN/VTA
seed. The contrasts reflecting the functional connectivity
map with the SN/VTA seed were acquired through a gen-
eralized form of psychophysiological interactions (gPPI)
[McLaren et al., 2012]. The gPPI method enables us to con-
volve multiple conditions into one PPI model, while the
standard PPI method is available in constructing one PPI
model with a single condition [Friston et al., 1997; Gitel-
man et al., 2003]. Before performing the gPPI analyses,
four retrieval runs were collapsed into one run. At the
individual level (fixed effects), a new one-run GLM of 15
conditions that included 12 conditions for target words, 2
conditions for distractor words, and 1 condition of no
response, was produced. In this model, each of the left
and right SN/VTA seeds was defined as a volume-of-
interest (VOI) of a sphere with a 5 mm radius around the
highest peak voxel. For each participant, the highest peak
voxel was explored within the common region between
the SN/VTA ROI defined by a previous study [Murty
et al., 2014] and the ROI of a sphere with a 15 mm radius
around the peak voxel identified in the prior paired t-test
(left SN/VTA: x 5 23, y 5 226, z 5 216) or in the prior
regression analysis (right SN/VTA: x 5 5, y 5 215, z 5

220). The VOI data was extracted from sphere regions
defined by the highest peak voxels included in the com-
mon regions. Data from one participant were excluded
from the functional connectivity analysis with the right
SN/VTA seed because the VOI of this region was not
identified.

In the gPPI analysis of the present study, the gPPI tool-
box version 13.1 (www.nitrc.org/projects/gppi) produced a
GLM for each participant that included the PPI regressors
of the 15 conditions, as well as the condition regressors of
the 15 conditions and the BOLD signals in the left or right
SN/VTA region as a seed. The PPI regressors reflected an
interaction between the condition regressors and BOLD sig-
nals in the seed regions. In addition, six motion-related
regressors were included in the GLM. After the creation of
this model, the gPPI toolbox estimated the model parame-
ters and computed the linear contrasts. The brain regions
showing a significant effect in the PPI regressor contrasts
were considered to be functionally connected with the seed
region on the basis of the significance threshold.

In the first-level (fixed effects) analysis of the gPPI, PPI
contrasts related to the reward-related enhancement of
retrieval success functional connectivity (RSC) were
defined by two steps. First, PPI contrasts of High-
confidence Hit vs. Miss, which correspond to the RSC,
were computed in four conditions (Difficult-High reward,
Difficult-Low reward, Easy-High reward, and Easy-Low
reward). Second, the reward-related enhancement of the
RSC was defined by comparing the RSC levels between
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High and Low rewards in each task difficulty condition
(Difficult and Easy). In the second-level (random effects)
analysis, PPI contrasts related to the reward-related
enhancement of the RSC were analyzed by regression
analyses with covariates related to the reward-related
enhancement of High-confidence Hit rates or subjective
ratings of motivation in each difficulty condition. Regions
reflecting a significant correlation between the reward-
related increases of the RSC and of behavioral data were
statistically identified at the same significance threshold (P
< 0.001 at the voxel level and corrected by FWE, P < 0.05
for whole-brain multiple comparisons at the cluster level
with a minimum cluster size of two successive voxels).
The SVC methods for ROI of the SN/VTA, striatum, MTL,
dmPFC and dlPFC were also applied to the regression

analyses at the same significance threshold (corrected by
FWE, P < 0.05).

RESULTS

Behavioral Results

Consistent with our first prediction, the enhancing effect
of rewards on motivation and successful recollection was
significantly greater during the retrieval of memories with
high difficulty than those with low difficulty (see Fig. 2). The
details of the behavioral data are summarized in Table I.

In the subjective ratings of motivation, an ANOVA with
factors of reward and task difficulty showed a significant
main effect of reward (High reward>Low reward)
[F(1,24) 5 59.03, P < 0.01, gp

2 5 0.71] and a significant interac-
tion between reward and task difficulty [F(1,24) 5 18.78, P <
0.01, gp

2 5 0.44]. A main effect of task difficulty was not sig-
nificant [F(1,24) 5 1.48, P 5 0.23, gp

2 5 0.06]. In post-hoc tests,
we found that subjective ratings of motivation in both the
Difficult and Easy retrieval conditions were significantly
higher in the High reward condition than in the Low
reward condition (P < 0.01 in both comparisons). Addition-
ally, we found that only in the High reward condition, the
motivation ratings were significantly higher in the Difficult
retrieval condition than in the Easy retrieval condition (P <

0.01). In the Low reward condition, however, there was no
significant difference in the motivation ratings between the
Difficult and Easy retrieval conditions (P 5 0.59).

For the High-confidence Hit rates, an ANOVA with factors
of reward and task difficulty demonstrated that a main effect
of task difficulty (Easy>Difficult) [F(1,24) 5 44.10, P < 0.01,
gp

2 5 0.65] and an interaction between reward and task diffi-
culty [F(1,24) 5 4.27, P < 0.05, gp

2 5 0.15] were significant.
However, a main effect of reward was not significant
[F(1,24) 5 0.72, P 5 0.41, gp

2 5 0.03]. In post hoc tests, a signifi-
cant enhancement of the High-confidence Hit rates in the
High reward condition compared to the Low reward

Figure 2.

Behavioral results of subjective ratings of motivations using the

visual analogue scale (VAS) and proportions (percentage) of

retrieval accuracies for hit responses in high confidence (High-

confidence Hit). These data were analyzed by two-way repeated

measures ANOVAs with the factors of reward (High reward

and Low reward) and task difficulty (Difficult and Easy). Error

bars represent standard errors. **P < 0.01, *P < 0.05.

TABLE I. Behavioral results

Easy (deep) Difficult (shallow)

Low reward High reward Low reward High reward
Mean (SD) Mean (SD) Mean (SD) Mean (SD)

Subjective motivation (cm) 4.5 (2.2) 6.3 (3.0) 4.1 (2.6) 8.2 (1.8)
Proportion of hit responses during retrieval (%)

High-confidence Hit 49.3 (15.8) 47.9 (15.8) 33.8 (15.5) 37.7 (17.0)
Low-confidence Hit 26.9 (12.2) 26.2 (12.8) 27.0 (11.6) 25.5 (10.7)

No. trials
High-confidence Hit 31.4 (10.1) 30.4 (10.1) 21.5 (9.9) 23.9 (10.9)
Low-confidence Hit 17.1 (7.7) 16.6 (8.1) 17.2 (7.3) 16.1 (6.7)
Miss 15.1 (6.4) 16.5 (6.6) 24.9 (8.8) 23.3 (8.7)

Response time (RT) during retrieval (ms)
High-confidence Hit 1280.8 (236.2) 1255.0 (246.1) 1277.5 (219.2) 1250.4 (220.7)
Low-confidence Hit 1708.7 (397.7) 1725.1 (452.8) 1679.1 (382.7) 1766.7 (462.4)
Miss 1690.7 (409.5) 1754.5 (450.1) 1686.2 (428.8) 1701.4 (441.4)
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condition was identified in the Difficult retrieval condition (P
< 0.05) but not in the Easy retrieval condition (P 5 0.48).
Additionally, for both conditions of High and Low reward,
the High-confidence Hit rates in the Easy retrieval condition
were higher than those in the Difficult retrieval condition (P
< 0.01 in both comparisons). An ANOVA for Low-
confidence Hit rates showed no significant main effect of task
difficulty [F(1,24) 5 0.06, P 5 0.81, gp

2< 0.01], of reward
[F(1,24) 5 0.86, P 5 0.36, gp

2 5 0.03] and no significant interac-
tion between reward and task difficulty [F(1,24) 5 0.12, P 5

0.73, gp
2< 0.01]. FA rates in each condition of the High and

Low reward were also computed (High reward: mean 5 18.2,
SD 5 11.7; Low reward: mean 5 17.2, SD 5 9.9) and were
compared between these conditions with a paired t-test. This
analysis showed no significant difference in FA rates between
the High and Low reward conditions [t(24) 5 0.98, P 5 0.34,
r 5 0.20].

ANOVAs for the RTs in the retrieval phase showed no sig-
nificant main effect of task difficulty [F(1,24) 5 0.45, P 5 0.51,
gp

2 5 0.02] and reward [F(1,24) 5 3.06, P 5 0.09, gp
2 5 0.11]. Sig-

nificant interactions were not found between task difficulty
and reward [F(1,24) 5 0.08, P 5 0.78, gp

2< 0.01], between task

difficulty and retrieval performance [F(2,48) 5 0.79, P 5 0.46,
gp

2 5 0.03], and among reward, task difficulty, and retrieval
performance [F(2,48) 5 1.29, P 5 0.28, gp

2 5 0.05]. A main effect
of retrieval performance was significant [F(2,48) 5 53.46, P <
0.01, gp

2 5 0.69], in which the RTs in High-confidence Hit
were significantly faster than those in Low-confidence Hit
and Miss. An interaction between reward and retrieval per-
formance was significant [F(2,48) 5 4.50, P < 0.05, gp

2 5 0.16],
in which the RTs for Miss were significantly faster in the High
reward condition than in the Low reward condition (P <
0.05), but not for High-confidence Hit (P 5 0.09) and Low-
confidence Hit (P 5 0.06). Additionally, in both conditions of
High and Low reward, the RTs in High-confidence Hit were
significantly faster than those in Low-confidence Hit and Miss
(P < 0.05 in all comparisons).

fMRI Results

Consistent with our second prediction, the reward-related
increase of RSAs in the SN/VTA, MTL, dlPFC, and dmPFC
was significantly greater during the retrieval of memories
with high difficulty than those with low difficulty (see Fig.

Figure 3.

Regions reflecting the reward-related activations modulated by

task difficulty of Difficult and Easy. The small volume correction

(SVC) method was applied to regions of the substantia nigra

(SN)/ventral tegmental area (VTA), striatum, medial temporal

lobe (MTL), dorsomedial prefrontal cortex (dmPFC), and dorso-

lateral prefrontal cortex (dlPFC) (FWE, P < 0.05). (a) fMRI

results of a paired t-test for contrasts of reward-related increase

in retrieval success activations (RSAs) between two levels of

task difficulty (Difficult vs. Easy). Regions reflecting significantly

greater reward-related increase of RSAs in the Difficult condi-

tion than in the Easy condition were identified in the left SN/

VTA, left MTL including anterior and posterior parahippocampal

gyrus (PHG), left dmPFC, and right dlPFC. Parameter estimates

in graphs were extracted from peaks of regions showing signifi-

cant activations, and the mean values were computed in each of

the Difficult and Easy retrieval conditions. Error bars represent

standard errors. (b) fMRI results of the regression analysis for con-

trasts reflecting the reward-related increase of RSAs with High-

confidence Hit rates in the Difficult retrieval condition. Activation

in the right SN/VTA was significantly correlated with reward-

related increase of High-confidence Hit rates in the Difficult

retrieval condition. Parameter estimates in a graph were extracted

from a peak of region showing a significant correlation in the Diffi-

cult retrieval condition.
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3a). The activation patterns were identified by the SVC meth-
od for ROIs in these regions (P < 0.001 for the voxel level
and corrected by FWE, P < 0.05). The details regarding the
regions showing significant activation are summarized in
Table II. In a paired t-test for contrasts reflecting the reward-
related increase of RSAs between the Difficult and Easy
retrieval conditions, we found that the reward-related
increase of RSAs in the SN/VTA, MTL (anterior and posteri-
or PHG), dmPFC, and dlPFC was significantly greater in the
Difficult retrieval condition than in the Easy retrieval condi-
tion. We did not find a significant reward-related increase of
RSAs in any regions when corrections were performed for
the whole brain. Parameter estimates in each retrieval condi-
tion, which was defined by three factors of reward, task diffi-
culty, and retrieval performance, were also extracted from
peaks of these regions, and were shown in the Supporting
Information (see Supporting Information Fig. S1). In addi-
tion, we investigated each simple effect of reward, task diffi-
culty, and retrieval performance by paired t-tests. In these
tests, we found that activation in the SN/VTA and striatum
was greater in the High reward condition than in the Low
reward condition, and that the MTL (hippocampus and ante-
rior PHG) showed greater activation in High-confidence Hit
than in Miss. A paired t-test between the Difficult and Easy
retrieval conditions showed no significant activation. Activa-
tions in the dmPFC and dlPFC reflected both effects of
reward and retrieval performance, and activation in the MTL
(hippocampus) was also significant in a paired t-test between
the High and Low reward conditions. Other regions reflect-
ing a simple effect of retrieval performance were identified in
the inferior frontal gyrus, orbitofrontal cortex, precentral
gyrus, olfactory cortex, middle temporal gyrus, inferior tem-
poral gyrus, fusiform gyrus, lingual gyrus, angular gyrus,
posterior cingulate cortex, occipital cortex, calcarine sulcus,
thalamus, and cerebellar hemisphere. Details of these results
are shown in the Supporting Information (see Supporting
Information Tables S1 and S2).

To find regions reflecting the reward-related increase of
RSAs associated with retrieval performance or the subjective
rating of motivation, we performed regression analyses for
contrasts of the reward-related increase of RSAs with regres-
sors of the reward-related increase of High-confidence Hit
rates and subjective ratings of motivation in each difficulty
condition. As illustrated in Figure 3b, the reward-related
increase of RSAs in the right SN/VTA (x 5 5, y 5 215, z 5

220, z score 5 3.43, eight voxels) was significantly correlated
with the reward-related increase of High-confidence Hit
rates in the Difficult retrieval condition. In the Easy retrieval
condition, however, this correlation was not observed in any
region. The regression analysis showed no region reflecting
a significant correlation between the reward-related increase
of RSAs and the subjective rating of motivation in both con-
ditions of the Difficult and Easy retrieval. These results indi-
cate that activation in the SN/VTA could contribute to the
memory enhancement caused by reward and that the
enhancement could be more effective when the difficulty of
memory retrieval is high.

Consistent with our third prediction, the reward-related
enhancement of functional connectivity between the SN/
VTA as a seed and MTL and between the SN/VTA as a
seed and dmPFC during the retrieval of memories with
high difficulty showed significant correlations with the
reward-related enhancement of retrieval performance and
subjective motivation (see Fig. 4). In the Difficult retrieval
condition, the reward-related enhancement of RSC between
activations in the left SN/VTA as a seed region and in the
bilateral MTL regions (anterior PHG: x 5 27, y 5 23, z 5

235, z score 5 3.35, two voxels; posterior PHG: x 5 218, y 5

218, z 5 228, z score 5 3.32, two voxels) was significantly
correlated with the reward-related increase of High-
confidence Hit rates as a regressor. However, this correlation
pattern was not observed in the Easy retrieval condition. In
addition, the reward-related enhancement of RSC between
activations in the right SN/VTA and in the right dmPFC
(x 5 1, y 5 23, z 5 55, z score 5 3.59, 13 voxels) showed a
significant correlation with the reward-related increase in sub-
jective ratings of motivation in the Difficult retrieval condi-
tion, whereas the regression analysis showed no region
reflecting a significant correlation between the reward-related
increase in RSC with the SN/VTA and subjective motivation
in the Easy retrieval condition. The reward-related enhance-
ment of RSC as a seed of the left SN/VTA in both conditions
of Difficult and Easy retrieval showed no region reflecting a
significant correlation with the reward-related increase in sub-
jective ratings of motivation. In the reward-related increase of
RSC with the right SN/VTA seed during the Difficult and
Easy retrieval condition, a significant correlation with the
reward-related enhancement of High-confidence Hit rates
was not identified in any region.

DISCUSSION

Three main findings emerged from the present study.
First, the enhancing effect of a reward on subjective

TABLE II. Regions Showing Greater Reward-Related

Increase of Activations in the Retrieval of Memories

With High Difficulty Than That With Low Difficulty

Regions L/R BA
Z

score
Cluster

size

MNI coordinates

x y z

SN/VTA L 3.57 11 23 226 216
MTL (posterior

PHG)
L 30 3.22 2 222 237 213

MTL (anterior
PHG)

L 36 3.98 4 218 27 231

dlPFC R 8 3.41 3 20 16 51
dmPFC L 6 3.64 4 211 4 59

SN/VTA, substantia nigra/ventral tegmental area; MTL, medial
temporal lobe; PHG, parahippocampal gyrus; dlPFC, dorsolateral
prefrontal cortex; dmPFC, dorsomedial prefrontal cortex; BA,
Brodmann area; L, left; R, right.
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ratings of motivation and retrieval accuracies of memories
was significantly larger during the retrieval of memories
with high difficulty than those with low difficulty. Second,
activations reflecting the effects of rewards during the suc-
cessful retrieval of memories with high difficulty were
identified in the SN/VTA, MTL (anterior and posterior
PHG), dmPFC, and dlPFC. In addition, reward-related
increases in SN/VTA activation were significantly correlat-
ed with reward-related increases in retrieval accuracy only
in the high-difficulty retrieval of memories. Third, the
reward-related enhancement of functional connectivity
between the SN/VTA and MTL (anterior and posterior
PHG) or between the SN/VTA and dmPFC was signifi-
cantly correlated with the enhancing effect of rewards on
retrieval accuracy and subjective motivation only in high-
difficulty memory retrieval. The reward-related enhance-
ment of memory retrieval, which was found only when
the retrieval was highly difficult, could be modulated by
the subjective motivation, and the functional modulation
by motivation could be involved in the interacting mecha-
nisms among the SN/VTA, the MTL, and the dmPFC.

Subjective Motivation and Memory Retrieval

Enhanced by Rewards in the Retrieval of

Memories With High Difficulty

The first main finding of our study was that reward-
related enhancement of subjective motivation and memory
retrieval with high confidence was greater for the retrieval
of memories with high difficulty than those with low diffi-
culty (see Fig. 2). These findings suggest that the process-
ing of rewards could more beneficially raise the subjective
feelings of motivation when the task requirement is diffi-
cult than when it is easy, and increasing motivation by
rewards in the retrieval of memories with high difficulty
could contribute to the better remembering of memories.

The reward-related enhancement of subjective motiva-
tion was significantly greater when memory retrieval was
difficult than when it was easy. This finding is consistent
with previous findings in which the subjective motivation
was significantly enhanced when the motor and cognitive
tasks were difficult rather than easy [Anshel and Wein-
berg, 1992; LaPorte and Nath, 1976; Shalley and Oldham,

Figure 4.

Regions showing a significant correlation between the reward-

related enhancement in functional connectivity with SN/VTA

seeds and the High confidence Hit rates or the subjective rat-

ings of motivation during retrieving memories with high difficul-

ty. The small volume correction (SVC) method was applied to

regions of the substantia nigra (SN)/ventral tegmental area

(VTA), striatum, medial temporal lobe (MTL), dorsomedial pre-

frontal cortex (dmPFC), and dorsolateral prefrontal cortex

(dlPFC) (FWE, P < 0.05). The regression analysis for PPI

contrasts (left SN/VTA seed) reflecting the reward-related

increase of functional connectivity with the reward-related

increase of High-confidence Hit rates identified the bilateral

MTL. In the regression analysis for PPI contrasts (right SN/VTA

seed), regions showing a significant correlation between reward-

related increase of functional connectivity and subjective motiva-

tion were identified in the right dmPFC. Parameter estimates in

a graph were extracted from peaks of regions showing a signifi-

cant correlation in the Difficult retrieval condition.

r Shigemune et al. r

r 3438 r



1985]. For example, one psychological study reported that
participants showed higher scores of intrinsic motivation
when they attained a difficult goal of assembling helicop-
ter models than when they did not attain that goal or
attained an easier goal [Shalley and Oldham, 1985]. How-
ever, other studies have shown that the subjective motiva-
tion was significantly lower during the performance of
difficult tasks than of easy tasks [Arkes, 1979; Hom and
Maxwell, 1983]. This inconsistency may be explained by
two possible theories. One is the goal setting theory [Locke
and Latham, 2002], which states that subjective motiva-
tions are positively correlated with goal levels when the
goal is regarded as achievable but not when the goal is too
high to reach. The other theory is the optimal level theory
[Arkes and Clark, 1975; Berlyne, 1960; Duffy, 1957; Hebb,
1955; Malmo, 1959; Yerkes and Dodson, 1908], which
states that subjective motivations and preferences are high-
est when stimulus variables such as complexity, novelty,
uncertainty, conflict, and difficulty are maintained at an
optimal level. Thus, the present findings, in which the
rewarding effect on subjective motivations was significant-
ly higher in the Difficult retrieval condition than in the
Easy retrieval condition, suggest that both conditions of
the Difficult and Easy retrieval could be appropriately
adjusted to achievable levels of difficulty and that the level
of task difficulty in the Difficult retrieval condition could
be closer to the optimal level than that in the Easy retriev-
al condition.

In the present study, the reward-related enhancement of
memory retrieval was identified only in the memory
retrieval with high difficulty, and the interacting effect
between reward and task difficulty was found in the suc-
cessful retrieval with high confidence. These findings sug-
gest that the reward-related enhancement of subjective
motivation in the Difficult retrieval condition, in which the
task difficulty was modulated optimally to maximize the
subjective motivation, could be good enough to increase
the retrieval of memories and that this effect could contrib-
ute to the retrieval of memory details related to word
items. The importance of rewards or punishments in per-
forming cognitive tasks adjusted to an optimal level of
task difficulty has been reported in previous studies for
experimental animals and humans. For example, a previ-
ous study using experimental animals reported that the
improvement in task performance resulting from electrical
shocks delivered as a punishment was larger in a discrimi-
nation task with high difficulty than that with low difficul-
ty, and the optimal level of the shock intensity differed
according to the task difficulty [Yerkes and Dodson, 1908].
In previous studies with human participants, responses in
acquiring rewards and avoiding punishments were faster
when participants predicted the need for greater efforts to
perform the tasks [Kurniawan et al., 2013], and the
reward-related enhancement of a motor task under the
optimal level of reward was found only when the task
was difficult to complete [Chib et al., 2012]. Other studies

have demonstrated that the enhancing effect of reward on
the performance of cognitive tasks is highest when the
cognitive control demands are of intermediate difficulty
[Bahlmann et al., 2015] and that there is no reward-related
enhancement when the retrieval performance is sufficient-
ly high in reward-motivated memory retrieval tasks in
which participants are shown reward values associated
with the target stimuli just before the retrieval phase
[Elward et al., 2015]. Taken together, the effect of reward
on behavioral performance in cognitive tasks, including
episodic memory, could be most effective when the task
difficulty is adjusted to optimal levels, and the reward-
related enhancement of memory retrieval could be mediat-
ed by a reward-related increase in subjective motivation at
the optimal levels of task difficulty.

Reward-Related Increase in Activation of the SN/

VTA, MTL, dmPFC, and dlPFC During the

Retrieval of Memories With High Difficulty

The second main finding of our study was that reward-
related increases in activation of the SN/VTA, MTL (anterior
and posterior PHG), dmPFC, and dlPFC were greater during
the retrieval of memories with high difficulty than those
with low difficulty (see Fig. 3a). In addition, during high-
difficulty memory retrieval, the reward-related increase in
SN/VTA activation was significantly correlated with the
reward-related enhancement of retrieval accuracy with high
confidence (see Fig. 3b). These findings suggest that the SN/
VTA, MTL, dmPFC, and dlPFC could contribute to the
enhancing effects by rewards on memory retrieval when the
retrieval of memories is difficult, and the reward-related
enhancement of memories with high difficulty could be
modulated mainly by SN/VTA activation.

In the present study, we found that reward-related
increases in activation of the SN/VTA and MTL were
modulated by task difficulty. These results are consistent
with functional neuroimaging studies linking activation of
the SN/VTA, striatum, and MTL to the reward-related
enhancement of memories [Adcock et al., 2006; Dillon
et al., 2014; Krebs et al., 2009; Murty and Adcock, 2014;
Shigemune et al., 2014; Wittmann et al., 2005, 2008; Wolo-
sin et al., 2012, 2013]. For example, source memories were
enhanced by monetary rewards or punishments, and this
process was associated with an interaction between the
activation of the reward- and punishment-related SN/
VTA and striatal regions and the activation of the
memory-related hippocampus [Shigemune et al., 2014].
Furthermore, the reward-related enhancement of memo-
ries for item-related associations was modulated by inter-
acting mechanisms between the memory-related MTL
regions, including the hippocampus and PHG, and the
reward-related SN/VTA [Dillon et al., 2014; Wolosin et al.,
2012, 2013]. The present finding, in which the reward-
related increase in SN/VTA activation was significantly
correlated with the reward-related enhancement of
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retrieval accuracy during high-difficulty memory retrieval,
is consistent with functional neuroimaging evidence show-
ing a significant correlation between SN/VTA activation
and memory performance during the anticipation of
rewards [Adcock et al., 2006]. One fMRI study reported
that reward-related improvement in motor tasks was
observed only when the task demands were highly diffi-
cult and the reward-related modulation was associated
with activation in the striatum [Chib et al., 2012]. Given
that an anterior part of the PHG is involved in the memo-
ry processes of item-related details [Staresina and Davachi,
2008, 2010] and that a posterior part of the PHG contrib-
utes to the memory processes of spatial information [Buf-
falo et al., 2006; Manelis et al., 2012; Ploner et al., 2000;
Sommer et al., 2005], the SN/VTA and MTL (anterior and
posterior PHG) identified in the present study could play
an important role in enhancing the effect of monetary
rewards on memory for item-related details, such as the
arrangement of encoded word pairs. The contributions of
these regions could be the most influential when the diffi-
culty level of memory tasks is adjusted to be optimally
difficult.

The present finding that reward-related increases in acti-
vation of the dmPFC and dlPFC were modulated by task
difficulty has been consistently reported in functional neu-
roimaging studies [Bahlmann et al., 2015; Burke et al.,
2013; Cameron et al., 2004; Chib et al., 2012; Engelmann
et al., 2009; Kouneiher et al., 2009; Krawczyk et al., 2007;
Kurniawan et al., 2013; Pochon et al., 2002; Taylor et al.,
2004]. For example, one fMRI study demonstrated that the
beneficial effect of rewards on task performance was stron-
gest when participants performed a cognitive task with a
median level of task difficulty, and the activation in the
dmPFC and dlPFC reflected the interaction between
reward and task difficulty [Bahlmann et al., 2015]. Func-
tional neuroimaging studies have shown a possible role of
the dmPFC, including the pre-SMA and ACC, in voluntary
movement and intention [Haggard, 2008; Winterer et al.,
2002], as well as a role of the dlPFC in cognitive control
[D’Esposito et al., 1998; Owen, 1997; Smith and Jonides,
1999]. Thus, the dmPFC and dlPFC could contribute to
reward-related enhancement of highly demanding episod-
ic memories by the motivation-driven intentions and cog-
nitive controls of receiving rewards.

Functional Connectivity Between the SN/VTA

and the MTL, and the dmPFC

The third main finding of our study was that the modu-
latory effect of reward on the functional connectivity of
the SN/VTA as a seed region with the MTL (anterior and
posterior PHG) and dmPFC was significantly correlated
with the reward-related enhancement of retrieval perfor-
mance and subjective motivation only when the retrieval
of memories was difficult. This finding suggests that inter-
acting mechanisms among the SN/VTA, MTL, and

dmPFC could contribute to the reward-related enhance-
ment of memory retrieval when the task difficulty is
adjusted to an optimal level.

The present finding of functional connectivity between
the SN/VTA and MTL (anterior and posterior PHG) is
supported by evidence from previous studies indicating
anatomical and intrinsic functional connections between
the SN/VTA and MTL [Beckstead, 1978; Haber and Knut-
son, 2010; Kahn and Shohamy, 2013]. In addition, function-
al neuroimaging studies have revealed that task-related
functional connectivity between the SN/VTA and MTL
during the processing of episodic memories is significantly
strengthened by monetary rewards [Adcock et al., 2006;
Shigemune et al., 2014; Wolosin et al., 2012]. Together with
the present finding that the reward-related enhancement
of functional connectivity between activations in the SN/
VTA and MTL was significantly correlated with the mem-
ory performance during high-difficulty memory retrieval,
these findings suggest that interactions between activations
in the SN/VTA and MTL could contribute more to the
reward-related modulation of the retrieval of memories for
item-related details than that for the simple recognition of
memory items.

In the present study, the regression analyses of PPI con-
trasts with subjective ratings of motivation demonstrated
that the reward-related enhancement of functional connec-
tivity between the SN/VTA and dmPFC was significantly
correlated with the enhancing effects of reward on subjec-
tive ratings of motivation during the retrieval of memories
with high difficulty. This finding is consistent with previ-
ous findings that have demonstrated the anatomical and
functional connection between the SN/VTA and the
dmPFC [Haber and Knutson 2010; Murty and Adcock
2014]. For example, one fMRI study has reported that
functional connectivity between the SN/VTA and dmPFC
is modulated by the reward-motivated enhancement of
MTL activations in a reaction time task in which partici-
pants encounter goal-irrelevant expectancy violations
[Murty and Adcock, 2014]. Given that the SN/VTA is
associated with the processing of rewards [D’Ardenne
et al., 2008], and that the dmPFC is important in the proc-
essing of motivation [Kouneiher et al., 2009], the present
findings on functional connectivity suggest that the moti-
vation of receiving rewards under an optimal level of task
difficulty could be related to the interaction between the
SN/VTA and the dmPFC. Thus, functional networks
including the SN/VTA, MTL, and dmPFC could contribute
to the reward-related enhancement of memory retrieval for
item-related details, and the enhancement could be most
effective when the task difficulty is optimally adjusted.

Limitations

In the present study, there are several potential limita-
tions. The first potential limitation is that d-primes were
not available in each retrieval condition. Given that the
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retrieval difficulty was modulated by the encoding opera-
tions of “deep” (Easy retrieval) or “shallow” (Difficult
retrieval) encoding strategy, responses for distracter (new)
words were not categorized by a factor of task difficulty.
Thus, it would be inappropriate to calculate d-prime
scores by High-confidence Hit rates including both factors
of reward and task difficulty and FA rates including only
a factor of reward. As shown in a paired t-test for FA rates
of the behavioral results, we did not find the possibility of
response bias between the High and Low reward condi-
tions in the retrieval phase. Given that FA rates for both
conditions of task difficulty were common and identical in
the present study, however, it was difficult to examine
whether High-confidence Hit rates were modulated by dif-
ferent effects of response bias between the Difficult and
Easy retrieval conditions. Further analyses of the different
response criterion between the two task difficulty condi-
tions would be required by defining FA responses for each
task difficulty in a new experimental paradigm.

The second potential limitation is that cluster sizes iden-
tified in several regions were small, although activation
and functional connectivity in these regions were still sig-
nificant after the SVC on the statistical threshold of
P< 0.001 at the voxel level and corrected by FWE at the
cluster level (P< 0.05). Activation and functional connec-
tivity patterns in these regions should be interpreted with
some caution and be carefully replicated in future studies.
Given that these results were consistent with our hypothe-
sis, however, the importance of these findings should be
emphasized in the present study. Further studies would
be required to strengthen these results.

CONCLUSIONS

In the present fMRI study, we investigated the neural
mechanisms underlying the reward-related enhancement
of memory during the retrieval of episodic memories with
high difficulty. The experiment in this study yielded three
major findings. First, subjective ratings of motivation were
significantly increased by monetary rewards in the retriev-
al of memories with high difficulty, and the reward-
related enhancement of memories was found in the
retrieval of memories with high difficulty, but not with
low difficulty. Second, activation associated with the
rewarding effect on retrieving memories with high diffi-
culty was identified in the SN/VTA, MTL, dmPFC, and
dlPFC. Further, the reward-related increase in SN/VTA
activation was significantly correlated with the reward-
related increase in the accuracy of high-difficulty memory
retrieval. Third, the regression analyses for PPI contrasts
with retrieval accuracy and subjective ratings of motiva-
tion showed that the reward-related increases of functional
connectivity between the SN/VTA and MTL and between
the SN/VTA and dmPFC were significantly correlated
with the reward-related enhancement of retrieval accuracy
and motivation ratings during high-difficulty memory

retrieval. These findings suggest that the reward-related
enhancement of episodic memories could be greatest when
the memory retrieval is appropriately difficult, and that
the rewarding effects on memory retrieval in an optimal
level of task difficulty could be involved in the interacting
mechanisms of the reward-related SN/VTA, memory-
related MTL and motivation-related dmPFC.
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