
RIGHT:

URL:

CITATION:

AUTHOR(S):

ISSUE DATE:

TITLE:

Remembering unexpected beauty:
Contributions of the ventral striatum to the
processing of reward prediction errors
regarding the facial attractiveness in face
memory

Mihara, Moe; Izumika, Reina; Tsukiura, Takashi

Mihara, Moe ...[et al]. Remembering unexpected beauty: Contributions of the ventral
striatum to the processing of reward prediction errors regarding the facial attractiveness
in face memory. NeuroImage 2023, 282: 120408.

2023-11-15

http://hdl.handle.net/2433/286129

© 2023 The Authors. Published by Elsevier Inc.; This is an open access
article under the CC BY-NC-ND license.



NeuroImage 282 (2023) 120408

Available online 13 October 2023
1053-8119/© 2023 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Remembering unexpected beauty: Contributions of the ventral striatum to 
the processing of reward prediction errors regarding the facial 
attractiveness in face memory 
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A B S T R A C T   

The COVID-19 pandemic has led people to predict facial attractiveness from partially covered faces. Differences 
in the predicted and observed facial attractiveness (i.e., masked and unmasked faces, respectively) are defined as 
reward prediction error (RPE) in a social context. Cognitive neuroscience studies have elucidated the neural 
mechanisms underlying RPE-induced memory improvements in terms of monetary rewards. However, little is 
known about the mechanisms underlying RPE-induced memory modulation in terms of social rewards. To 
elucidate this, the present functional magnetic resonance imaging (fMRI) study investigated activity and func-
tional connectivity during face encoding. In encoding trials, participants rated the predicted attractiveness of 
faces covered except for around the eyes (prediction phase) and then rated the observed attractiveness of these 
faces without any cover (outcome phase). The difference in ratings between these phases was defined as RPE in 
facial attractiveness, and RPE was categorized into positive RPE (increased RPE from the prediction to outcome 
phases), negative RPE (decreased RPE from the prediction to outcome phases), and non-RPE (no difference in 
RPE between the prediction and outcome phases). During retrieval, participants were presented with individual 
faces that had been seen and unseen in the encoding trials, and were required to judge whether or not each face 
had been seen in the encoding trials. Univariate activity in the ventral striatum (VS) exhibited a linear increase 
with increased RPE in facial attractiveness. In the multivariate pattern analysis (MVPA), activity patterns in the 
VS and surrounding areas (extended VS) significantly discriminated between positive/negative RPE and non- 
RPE. In the functional connectivity analysis, significant functional connectivity between the extended VS and 
the hippocampus was observed most frequently in positive RPE. Memory improvements by face-based RPE could 
be involved in functional networks between the extended VS (representing RPE) and the hippocampus, and the 
interaction could be modulated by RPE values in a social context.   

1. Introduction 

The COVID-19 pandemic has forced people to perceive social signals 
from faces partially covered by face masks. In such situations, it is 
common to experience large differences in perceived facial attractive-
ness between masked and unmasked faces, respectively. As facial 
attractiveness is processed as a social reward (Tsukiura and Cabeza, 
2011b), the difference in the impression of facial attractiveness between 
masked and unmasked faces reflects reward prediction error (RPE) in a 
social context. RPE is defined as the difference between predicted and 
received rewards, and is categorized into positive RPE (increased RPE 
from the prediction to outcome phases), negative RPE (decreased RPE 

from the prediction to outcome phases), and non-RPE (no difference in 
RPE between the prediction and outcome phases). Previous studies have 
demonstrated that RPE improves episodic memory in the context of 
monetary rewards (for review, see Ergo et al., 2020). For example, one 
psychological study reported that the recognition memory of word pairs 
was significantly enhanced by positive RPE in monetary rewards (De 
Loof et al., 2018). However, little is known about the neural mechanisms 
underlying RPE-induced improvement in face memories in the context 
of social rewards derived from facial attractiveness. To tackle this issue, 
using event-related functional magnetic resonance imaging (fMRI), we 
scanned healthy young adult males while they judged the facial 
attractiveness of masked and unmasked faces during the encoding of 
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unfamiliar female faces. 
Functional neuroimaging and neurophysiological studies have 

demonstrated that reward-related regions, including the ventral stria-
tum (VS) and the substantia nigra (SN)/ventral tegmental area (VTA), 
contribute to the processing of RPE (for review, see Diederen and 
Fletcher, 2020; Schultz, 2016a; Watabe-Uchida et al., 2017) and that in 
humans, VS is the most important reward-related region (Garrison et al., 
2013; Sescousse et al., 2013). For example, significant activation in the 
VS has been identified during the processing of RPE for primary rewards 
(Hare et al., 2008), monetary rewards (Cao et al., 2019) and social re-
wards derived from facial attractiveness (Bray and O’Doherty, 2007), 
and linear increases in VS activity as a function of RPE has been found in 
several fMRI studies (Calderon et al., 2021; Fouragnan et al., 2018; Pine 
et al., 2018). In addition, there is functional neuroimaging evidence that 
RPE-related VS activity is shared between monetary and social RPE 
(Häusler et al., 2015; Lin et al., 2012). These findings suggest that ac-
tivity in RPE-related regions, including the VS and SN/VTA, represents 
various types of RPE and that neural representation is modulated by the 
intensity or value (positive/negative) of RPE. 

Face memories are enhanced by outcomes of face-based social re-
wards such as smiling and highly attractive faces (for review, see Dolcos 
et al., 2017; Tsukiura, 2012), and the memory enhancement is involved 
in the interaction between the orbitofrontal cortex (OFC), related to the 
processing of face-based social rewards (for review, see Padoa-Schioppa 
and Cai, 2011), and the hippocampus (HC), related to memory (Tsu-
kiura and Cabeza, 2008, 2011a). Another fMRI study demonstrated that 
decreasing signals of monetary RPE in the VS was associated with 
enhanced functional connectivity between the RPE-related VS and the 
memory-related HC (Wimmer et al., 2014). Thus, functional networks 
between RPE-related regions such as the VS or SN/VTA and 
memory-related regions such as the HC could contribute to the 
enhancement of face memories due to RPE in facial attractiveness. 

In the present fMRI study, we scanned healthy young adult males to 
investigate the neural mechanism underlying RPE-induced improve-
ment in face memories in social rewards derived from facial attrac-
tiveness. Based on previous studies, we made two predictions. First, 
univariate activity in RPE-related regions, including the VS and SN/ 
VTA, would exhibit linear increases as a linearly increasing function 
from negative RPE to non-RPE to positive RPE in facial attractiveness. In 
addition, given that the VS activity reflects the increasing function from 
negative RPE to positive RPE but not the decreasing function (Pine et al., 
2018), multivariate activity patterns in these regions would discriminate 
between positive and negative RPE in facial attractiveness. Second, 
functional connectivity patterns between RPE-related regions and the 
memory-related HC during the successful encoding of face memories 
would be different between positive and negative RPE in facial 
attractiveness. 

2. Materials and methods 

2.1. Participants 

We scanned 45 male undergraduate and graduate students (mean 
age = 21.04 years, SD = 1.59) from the Kyoto University community and 
paid them for their participation in the fMRI experiment. All participants 
were healthy, right-handed, native Japanese speakers with no history of 
neurological or psychiatric diseases. Their handedness was confirmed by 
the Japanese version of the FLANDERS handedness questionnaire 
(Nicholls et al., 2013; Okubo et al., 2014). Participants had normal 
vision or vision corrected to normal with MRI-compatible glasses. The 
sample size was computed with an a priori power analysis in G*Power 
version 3.1 (Faul et al., 2007); this estimated a total sample size of 36 
with the following parameters: medium effect size (f = 0.25), error 
probability of α = .05, and power of 0.90. To retain enough statistical 
power after excluding data due to poor performance, excessive head 
motion, and so on, we recruited 45 young adult males for the present 

study. All participants provided informed consent to participate, and the 
protocol was approved by the Institutional Review Board (IRB) of 
Graduate School of Human and Environmental Studies, Kyoto Univer-
sity (20-H-37). 

To assess individual psychological and neuropsychological charac-
teristics, we administered several psychological and neuropsychological 
tests, including the Autism-Spectrum Quotient (AQ; Baron-Cohen et al., 
2001; Wakabayashi et al., 2004), the Center for Epidemiologic Studies 
Depression scale (CES-D; Radloff, 1977; Shima et al., 1985), and the 
Japanese version of the 20-item Prosopagnosia Index (PI20-J; Naka-
shima et al., 2020; Shah et al., 2015). The CES-D and AQ data were not 
included in the analyses. One participant was classified as exhibiting 
moderate developmental prosopagnosia on the PI20-J (n = 1). Six par-
ticipants data met the fMRI exclusion criteria: large head motion (n = 2), 
possible pathological structural changes (n = 3: two probable arachnoid 
cysts and one abnormally large ventricle), and electrical artifacts (n =
1). Three participants met the behavioral performance criteria: no 
response trials more than 2 SD of the mean in all participants (n = 2) and 
fewer trials than one hit trial in any experimental condition (n = 1). In 
addition, one participant data was excluded due to PC malfunction (n =
1). After applying the exclusion criteria, data from 10 participants were 
excluded from all behavioral and fMRI analyses (two exclusion criteria 
were applied to one participant). Finally, data from 35 participants 
(mean age = 21.14 years, SD = 1.54) were analyzed in the present study. 

2.2. Stimuli 

A total of 227 unfamiliar female faces with neutral expressions were 
selected from previous studies with permission from the corresponding 
authors (Oikawa et al., 2012; Ueda et al., 2018). The rationale for using 
male participants only was that the potential effect of RPE in facial 
attractiveness on memory for faces was larger for male participants than 
for female participants in the pilot studies for female stimuli. All stimuli 
were retouched in Adobe Photoshop CS 5 (www.adobe.com). After the 
image quality was adjusted, all stimuli were rotated to level the eye tilt, 
and then the facial contours were corrected. Colored facial images were 
converted into grayscale images with dimensions of 256 × 256 pixels on 
a white background. Easily identifiable visual features, including 
distinctive clothes, body parts shown below the shoulders, blemishes, 
freckles, moles and accessories, were removed. The eyes and their pe-
riphery in each facial image were digitally applied cosmetics with SNOW 
(www.snowcorp.com). 

To choose stimuli for use in the present study, each face was rated on 
perceived facial attractiveness, valence (of facial expression) and 
arousal (of facial expression) by 20 healthy male undergraduate and 
graduate students (mean age = 21.90 years, SD = 1.80) recruited from 
the Kyoto University community; these students did not participate in 
the fMRI experiment. For the subjective ratings, 8-point rating scales 
were employed (facial attractiveness: from 1 = very unattractive to 8 =
very attractive; valence: from 1 = very negative to 8 = very positive; and 
arousal: from 1 = very weak to 8 = very strong). Facial stimuli were 
presented individually at random; stimulus was presented for 2.0 s with 
a 0.5 s interstimulus interval (ISI). Each rating was performed in sepa-
rate runs, and the order of each run was counterbalanced across 
participants. 

According to these rating scores, we selected 168 facial stimuli for 
the fMRI experiment. The mean and SD of rating scores for each face 
were computed in each rating category. First, facial stimuli with SD 
above +2 SD from the mean SD of all stimuli in facial attractiveness, 
scores higher than 5 in arousal, or scores above ±2 SD from the mean 
scores of all stimuli in valence were excluded. Second, the candidate 
stimuli were divided into three lists: high-, moderate-, and low- 
attractiveness faces. Each list included 42 target faces and 14 dis-
tracter faces, which were presented only during the retrieval task. The 
facial attractiveness ratings were compared among the lists with a one- 
way analysis of variance (ANOVA). The ANOVA showed a significant 
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effect of list [F(2,165) = 593.67, p < .001, η2 = .88], and post hoc tests 
by the Bonferroni method demonstrated that facial attractiveness 
significantly increased from the low-attractiveness faces to moderate- 
attractiveness faces to high-attractiveness faces (p < .001 in all con-
trasts). In addition, using two-tailed two-sample t-tests, no significant 
differences between target and distracter faces were found in any list 
[high-attractiveness faces: t(54) = 0.56, p = .58, d = 0.17; moderate- 
attractiveness faces: t(54) = 0.43, p = .67, d = 0.13; low- 
attractiveness faces: t(54) = 0.40, p = .69, d = 0.12]. Images of target 
faces covered by a white shield except for around the eyes were gener-
ated with Adobe Photoshop CS 5; an area of 110 × 30 pixels around their 
eyes was shown. This manipulation of facial stimuli helped participants 
to induce substantial errors in predicting facial attractiveness for 
partially covered faces. 

2.3. Experimental procedures 

All participants performed the encoding, retrieval and evaluation 
tasks. Neural activity was measured only in the encoding task, and 
behavioral data were collected on a Windows PC in all tasks. The fMRI 
scan during encoding trials followed an event-related method. Stimulus 
presentation and recording of behavioral responses in all tasks were 
controlled by MATLAB (www.mathworks.com). Button responses were 
collected by MRI-compatible buttons in the encoding task during fMRI 
scans and by a keyboard on Windows PC in the retrieval and evaluation 
tasks (not during fMRI scans). All participants were fully trained on 
experimental procedures in all tasks. 

2.3.1. Encoding task 
An example of encoding trials is shown in Fig. 1. Each trial included 

two phases, prediction and outcome. In the prediction phase, partici-
pants were presented with a target face, which was covered by a white 

shield except for around the eyes, and were required to predict the 
attractiveness of the face after the white shield was removed. The pre-
dicted facial attractiveness was indicated on an 8-point rating scale 
(from 1 = very unattractive to 8 = very attractive). In the outcome 
phase, participants were presented with the same face after the white 
shield was removed and required to rate observed facial attractiveness 
on the same 8-point scale. Each face was presented for 2.5 s in the 
prediction phase and for 3.5 s in the outcome phase. A visual fixation 
was presented as ISI or intertrial interval (ITI), jittered with variable 
duration (2.5 s – 5.5 s). Each response (subjective rating of facial 
attractiveness) was recorded by pressing one of eight buttons as soon as 
possible. The assigned buttons for the attractiveness ratings were 
ascending for half of the participants and descending for the other half. 
This manipulation was used to cancel out the effect of motor-related 
activation related to button pressing. Each run of the encoding task 
included 42 trials, and three runs were prepared to encode all target 
faces on the three lists. Thus, 126 faces were viewed through three runs 
in the encoding task, in which facial attractiveness was rated in both 
prediction and outcome phases. No instruction that memory for faces 
was tested in the later retrieval task was provided to participants. 

RPE on each trial was defined as the difference in the facial attrac-
tiveness ratings between the prediction and outcome phases. Based on 
this definition, we generated three RPE conditions. Trials in which the 
rating scores of facial attractiveness were higher in the prediction phase 
than in the outcome phase (i.e., predicted facial attractiveness >
observed facial attractiveness) were categorized as negative RPE 
(RPE− ). In contrast, trials with lower scores of facial attractiveness in 
the prediction phase than in the outcome phase (i.e., predicted facial 
attractiveness < observed facial attractiveness) were categorized as 
positive RPE (RPE+). Trials in which there was no difference in the 
ratings of facial attractiveness between the prediction and outcome 
phases (i.e., predicted facial attractiveness = observed facial attrac-
tiveness) were labeled as non-RPE (RPE±). 

2.3.2. Retrieval task 
Approximately twenty minutes after the encoding task, participants 

performed the retrieval task on a Windows PC outside the MRI scanner. 
During the retrieval task, participants were randomly presented with 
126 target and 42 distracter faces one by one and were required to judge 
whether or not the faces were presented in the encoding task. The 
recognition judgment was accompanied by four response options with 
two levels of confidence: definitely old, probably old, probably new, 
definitely new. These responses were recorded by pressing one of four 
keys as soon as possible. Each face was presented for 2.5 s and was 
followed by a visual fixation as jittered ISI (0.5 s – 3.5 s). The retrieval 
task included 168 trials, which were performed in one run. Trials in 
which participants did not respond in the prediction phase and/or in the 
outcome phase during encoding and trials with no response during 
retrieval were excluded from all analyses. The retrieval trials in which 
"definitely old" or "probably old" were provided for target faces were 
defined as Hit; conversely, the retrieval trials in which "probably new" or 
"definitely new" were provided for target faces were defined as Miss. 
Thus, using this categorization in the retrieval trials, the encoding trials 
were classified into subsequently remembered (Subsequent hit) and 
subsequently forgotten (Subsequent miss) (Paller and Wagner, 2002). 
The Subsequent hit and Subsequent miss trials were further divided into 
three conditions categorized by RPE (RPE− , RPE±, and RPE+ in each of 
Subsequent hit and Subsequent miss). 

2.3.3. Evaluation task 
Immediately after the retrieval task, participants were required to 

rate the perceived facial attractiveness, trustworthiness, valence, and 
arousal of faces presented in the encoding and retrieval tasks. These 
ratings were performed in separate runs for each category. To rate facial 
attractiveness, participants were randomly presented with the 42 dis-
tracter faces one by one, and were required to rate how attractive each 

Fig. 1. An example of the encoding trial. In the prediction phase, participants 
were presented with a face covered by a white shield except for around the eyes 
and were required to predict the facial attractiveness of that face after the white 
shield was removed. In the outcome phase, participants were presented with 
the same face after the white shield was removed, and required to rate the facial 
attractiveness. In both phases, participants were instructed to rate the facial 
attractiveness on an 8-point scale (from 1 = very unattractive to 8 = very 
attractive). The face picture in this figure is for illustration purposes only. All 
labels were presented in Japanese. English is used here for illustration pur-
poses only. 
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face was on an 8-point scale (from 1 = very unattractive to 8 = very 
attractive). To rate other variables, participants were randomly pre-
sented with 126 target and 42 distracter faces one by one, and rated each 
face on an 8-point scale (trustworthiness: from 1= very untrustworthy to 
8 = very trustworthy; valence: from 1 = very negative to 8 = very 
positive; and arousal: from 1 = very weak to 8 = very strong). These 
responses were recorded by pressing one of eight keys as soon as 
possible. Each face was presented for 2.0 s and was followed by a visual 
fixation presented for a fixed ISI of 0.5 s. The order of these rating runs 
was counterbalanced across participants. 

2.4. MRI data acquisition 

Structural and functional MRIs were acquired by a MAGNETOM 
Verio 3T MRI scanner with a 32-channel head coil (Siemens, Erlangen, 
Germany) at Institute for the Future of Human Society, Kyoto Univer-
sity. Stimuli were visually presented on an MRI-compatible display 
(BOLD screen 32 LCD, Cambridge Research Systems, Rochester, UK) and 
were viewed through a mirror attached to the head coil of the MRI 
scanner. Scanner noise was diminished by ear plugs, and head motion 
during scanning was minimized by a neck supporter and foam pads. An 
8-button fiber-optic response device (8-button Bimanual Curved Lines, 
Current Designs, Philadelphia, USA), which consisted of two response 
boxes with four buttons each, was used to record behavioral responses in 
the encoding task with fMRI scanning. 

During MRI scanning, first, three directional T1-weighted structural 
images were collected to localize functional and high-resolution 
anatomical images. Second, gradient-echo echo-planar images (EPI), 
which are sensitive to blood oxygenation level-dependent (BOLD) 
contrast, were acquired for functional images [repetition time (TR) =
1000 ms, flip angle (FA) = 60◦, echo time (TE) = 30.6 ms, field of view 
(FOV) = 22.8 cm × 22.8 cm, matrix size = 76 × 76, slice thickness/gap 
= 3.0/0 mm, 56 horizontal slices, multiband factor = 4]. Finally, high- 
resolution T1-weighted structural images were obtained by MPRAGE 
(TR = 2250 ms, TE = 3.51 ms, FOV = 25.6 cm × 25.6 cm, matrix size =
256 × 256, slice thickness/gap = 1.0/0 mm, 208 horizontal slices). 

2.5. fMRI data analysis 

2.5.1. Preprocessing 
The preprocessing of fMRI data was performed with Statistical 

Parametric Mapping 12 (SPM12) implemented in MATLAB (www. 
mathworks.com). For preprocessing, first, the initial eight volumes in 
each run were discarded to prevent an initial dip, and then six param-
eters reflecting head motion were extracted from a series of the 
remaining functional images (realignment). Second, a volume of high- 
resolution structural images was coregistered to the first volume of 
functional images (coregistration). Third, parameters to fit the coregis-
tered structural images to the tissue probability map (TPM) in the 
Montreal Neurological Institute (MNI) template were estimated, and the 
parameters were applied to all functional images (resampled resolution 
= 3.0 mm × 3.0 mm × 3.0 mm) (spatial normalization). Finally, these 
normalized functional images were spatially smoothed using a 7.0 mm 
FWHM Gaussian kernel (spatial smoothing). These functional images 
were used in univariate and functional connectivity analyses, and those 
without spatial smoothing were used for multivariate pattern analysis 
(MVPA). 

2.5.2. ROI definition 
In the present study, we focused on activity in two regions of interest 

(ROIs): the extended VS and the HC. The extended VS ROI was defined 
as a region shared between an anatomical mask image of the bilateral 
striatum (Tziortzi et al., 2011), SN and VTA (Murty et al., 2014) and a 
functional image extracted from the term-based meta-analysis of Neu-
rosynth (Yarkoni et al., 2011), in which a functional map was generated 
by the terms "reward", "rewards", and "rewarding" used in previous 

functional neuroimaging studies. The HC ROI related to successful 
encoding was anatomically defined as a region including the bilateral 
HC (for review, see Henson, 2005; Paller and Wagner, 2002; Spaniol 
et al., 2009; Sugar and Moser, 2019), which was extracted from the 
Harvard-Oxford subcortical structural atlas (Desikan et al., 2006; Fraz-
ier et al., 2005; Goldstein et al., 2007; Makris et al., 2006). 

2.5.3. Univariate analysis 
In the univariate analysis, we employed SPM12 to analyze functional 

images at the individual level and at the group level. In the individual- 
level (fixed-effect) analysis, trial-related activity in each of the predic-
tion and outcome phases was modeled by convolving an onset vector 
with a canonical hemodynamic response function (HRF) with the gen-
eral linear model (GLM). In this model, the time that each face was 
presented in both prediction and outcome phases was defined as the 
individual onset, and the event duration was set to 0 s. Six parameters 
reflecting head motion and magnetic field drift were included in this 
model as confounding factors. 

Two models were analyzed in the univariate analysis. First, activa-
tion that increased in linear manner with increased RPE and activation 
that increased with both positive and negative RPE were estimated by 
parametric modulation analysis, which enabled us to identify activation 
reflecting functions estimated from regressors related to experimental 
parameters (Büchel et al., 1998). In this analysis, trial-by-trial regressors 
of linear (RPE− : 1, RPE±: 2, RPE+: 3) and V-shaped (RPE− : 2, RPE±: 1, 
RPE+: 2) functions were applied to individual trials in the outcome 
phase during encoding, and beta estimates reflecting these functions 
were deconvolved from all voxels in the whole brain. The model yielded 
t-contrasts reflecting the value and intensity of RPE in each participant. 
Second, successful encoding activation was modeled in the outcome 
phase of each encoding trial. All encoding trials were divided into the 
Subsequent hit and Subsequent miss trials. Significant activation 
reflecting successful encoding was defined as a t-contrast of the Subse-
quent hit vs. Subsequent miss trials, and the contrast image was created 
for each participant. 

In the group-level (random-effect) analysis, contrast images esti-
mated with the individual-level analysis were statistically tested with 
one-sample t-tests. First, significant activation reflecting linear increases 
or decreases with increased RPE was identified by applying positive and 
negative values to t-contrasts related to the RPE-related increasing 
function (RPE− : 1, RPE±: 2, RPE+: 3). In addition, significant activation 
reflecting the intensity of RPE was found by applying a positive value to 
t-contrasts related to the RPE-related V-shaped function (RPE− : 2, RPE 
±: 1, RPE+: 2). Second, successful encoding activation was identified by 
a one-sample t-test for contrast images of Subsequent hit vs. Subsequent 
miss. The height threshold at the voxel level (p < .001) was corrected for 
multiple comparisons with a minimum cluster size of two contiguous 
voxels in the predefined ROIs (FWE, p < .05), which included the 
bilateral extended VS ROI when analyzing regions related to the value 
and intensity of RPE and the bilateral HC ROI when analyzing regions 
related to successful encoding. 

2.5.4. MVPA 
In MVPA, using Pattern Recognition of Neuroimaging Toolbox 

(PRoNTo) version 2.1 (Schrouff et al., 2013) implemented in MATLAB, 
we investigated how multivariate activity patterns in the bilateral 
extended VS ROI represent information of RPE in facial attractiveness. 

Before MVPA, using SPM12, trial-by-trial activity in both prediction 
and outcome phases was estimated for individual participants by new 
GLMs in each run (Mumford et al., 2014; Mumford et al., 2012; Rissman 
et al., 2004). The models were estimated by convolving an onset vector 
with a canonical HRF, in which the trial onset with an event duration of 
0 s was set as the time at which each face was presented in both pre-
diction and outcome phases. The GLM included a regressor for a specific 
single trial in each of the prediction and outcome phases and regressors 
for all the other trials in both phases, and the model was estimated for all 
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individual trials in each run. In addition, six parameters reflecting head 
motion and magnetic field drift were included in the models of indi-
vidual trials as confounding factors. For each participant, these models 
generated a new map of beta estimates for the whole brain in individual 
trials, and the trial-by-trial beta images were applied to MVPA by 
PRoNTo. In this analysis, functional images from two participants were 
excluded from data sets to be analyzed, because in any one of the RPE 
conditions, they showed fewer trials than two trials in one run. Thus, 
functional images from 33 participants were applied to MVPA. 

In the MVPA classification analysis, first, for each participant, we 
created a whole-brain mask in which voxels without beta values were 
excluded and performed pattern classification analyses by PRoNTO in 
this whole-brain mask. The features were extracted from all voxels in the 
extended VS ROI and were centered according to the mean of the 
training data for each voxel (mean centering). Three patterns of binary 
classification (RPE+ vs. RPE±, RPE− vs. RPE±, and RPE+ vs. RPE− ) 
were computed by support vector machine (SVM) with a linear kernel in 
all voxels of the extended VS ROI. Training and testing followed a leave- 
one-run-out cross-validation procedure, in which data from two runs 
were applied for training and data from the one remaining run were 
applied for testing. Mean classification accuracy defined by balanced 
accuracy (BA) was analyzed for the ROI in each participant, and the 
mean BA values were analyzed by one-tailed one-sample t-tests, which 
tested whether multivariate activity patterns in the ROI significantly 
discriminated between the two RPE conditions at above the chance level 
(50 %). Significant results in one-sample t-tests were verified by 1000 
times permutation tests. In the permutation tests, pattern classification 
analyses were repeated 1000 times on data, in which labels of two 
classes to be classified were randomly swapped. This manipulation 
yielded a null distribution, in which the two RPE conditions were not 
represented by multivariate activity patterns in the extended VS ROI. 

2.5.5. Functional connectivity analysis 
To examine how functional connectivity during successful encoding 

was modulated by differences in RPE, functional connectivity between 
regions related to RPE and successful encoding was investigated in each 
RPE condition. Functional connectivity was analyzed by a generalized 
form of context-dependent psychophysiological interactions (gPPI; 
McLaren et al., 2012). In the preprocessing before the gPPI analysis, 
three encoding runs were collapsed into one run, and trial-related re-
gressors in both prediction and outcome phases of six conditions, which 
were created by the combination of the RPE condition (RPE− , RPE±, 
and RPE+) and subsequent memory (Subsequent hit and Subsequent 
miss), were remodeled by convolving onset vectors with a canonical 
HRF in the context of GLM, in which trial onsets with an event duration 
of 0 s were set as the time at which each face was presented in both 
prediction and outcome phase. This model also included no-response 
trials as a condition and six parameters related to head motion and 
magnetic field drift as confounding factors. Seed regions for the func-
tional connectivity analysis were determined from regions in the bilat-
eral VS that showed significant activation as a linear function of 
increases in RPE and those in the bilateral HC that reflected successful 
encoding activation in univariate analysis. These seeds were defined as 
volumes of interest (VOIs) with a sphere of 6 mm radius at the center of 
the peak voxel identified in the univariate analysis. The seed VOIs in the 
left HC (x = -18, y = -7, z = -19) and right HC (x = 18, y = -7, z = -19) 
were not identified from the data of two participants. In addition, seed 
VOIs in the left VS (x = -15, y = 8, z = -7) were not identified in four 
participants, seed VOIs in the left VS (x = -9, y = 8, z = -4) were not 
identified in three participants, and seed VOIs in the right VS (x = 15, y 
= 11, z = -4) were not identified in three participants. Thus, functional 
connectivity with the left HC (x = -18, y = -7, z = -19) and right HC (x =
18, y = -7, z = -19) was analyzed in 33 participants, functional con-
nectivity with the left VS (x = -9, y = 8, z = -4) and right VS (x = 15, y =
11, z = -4) was analyzed in 32 participants, and functional connectivity 
with the left VS (x = -15, y = 8, z = -7) was analyzed in 31 participants. 

Region-to-region functional connectivity was analyzed by the gPPI 
toolbox (www.nitrc.org/projects/gppi), which creates models at the 
individual-level. In the individual-level (fixed-effect) analysis, the 
models were estimated with a design matrix including (1) six condition 
regressors (RPE− /Subsequent hit, RPE− /Subsequent miss, RPE±/Sub-
sequent hit, RPE±/Subsequent miss, RPE+/Subsequent hit and RPE+/ 
Subsequent miss) formed by convolving vectors of condition-related 
onsets with a canonical HRF, (2) time-series BOLD signals extracted 
from the seed VOI, and (3) PPI regressors as the interaction between (1) 
and (2). In addition, six parameters related to head motion and magnetic 
field drift were also included in the models as confounding factors. 
Linear contrasts were computed in the models for each seed region, and 
regions showing a significant effect in t-contrasts of the PPI regressors 
were considered functionally connected with each seed region. Six 
contrast images related to the PPI regressors were obtained for each 
participant (RPE− /Subsequent hit, RPE− /Subsequent miss, RPE 
±/Subsequent hit, RPE±/Subsequent miss, RPE+/Subsequent hit and 
RPE+/Subsequent miss), and these contrast images were applied in the 
group-level analysis. 

In the group-level (random-effect) analysis, regions showing signif-
icant functional connectivity with seed regions were explored during 
successful encoding of faces in each RPE condition. One-sample t-tests of 
each RPE condition were performed in the PPI regressor contrasts of 
Subsequent hit masked exclusively by those of Subsequent miss. In these 
analyses, the height threshold at the voxel level (p < .001) was corrected 
for multiple comparisons in the bilateral extended VS ROI for the HC 
seeds and the bilateral HC ROI for the VS seeds (FWE, p < .05) with a 
minimum cluster size of two contiguous voxels. 

2.6. Data/code availability statement 

Behavioral data, ROI images, BA values in MVPA and statistical maps 
in the univariate and functional connectivity analyses are available 
through the Open Science Framework (https://osf.io/5esnj). Due to the 
lack of participant consent, raw structural and functional MRI data 
cannot be shared publicly. Sharing of these data may be considered upon 
a data use agreement (DUA) that is required under circumstances where 
data privacy can be assured. 

3. Results 

3.1. Behavioral results 

Table 1 summarizes the behavioral data. First, mean hit rates were 
calculated as proportions of the Hit trials out of the Hit and Miss trials. A 
one-way repeated-measures ANOVA for hit rates was analyzed with a 
factor of RPE condition (RPE− , RPE±, and RPE+). There was a signif-
icant effect of RPE condition [F(2,68) = 6.67, p = .002, η2 = .16]. In post 
hoc tests by the Bonferroni’s methods, we found significantly higher hit 
rates in RPE+ than in RPE± (p = .002, d = 0.64). However, there was no 
significant difference between RPE− and RPE± (p = .084, d = 0.40), and 

Table 1 
Behavioral results.   

RPE− (SD) RPE± (SD) RPE+ (SD) 

Proportion of retrieval accuracy 
Hit rate 0.53 (0.13) 0.48 (0.12) 0.56 (0.13) 
FA rate 0.19 (0.10) 

Number of trials during encoding (Outcome phase) 
Subsequent hit 22.97 (11.46) 16.57 (6.28) 26.66 (12.12) 
Subsequent miss 20.49 (10.75) 17.77 (7.01) 20.71 (9.98) 

Rating score 
Trustworthiness 4.13 (0.55) 4.43 (0.63) 4.86 (0.60) 
Valence 4.59 (0.47) 4.92 (0.57) 5.37 (0.48) 
Arousal 3.47 (0.72) 3.79 (0.78) 4.22 (0.86) 

RPE = reward prediction error; SD = standard deviation; FA = false alarm. 

M. Mihara et al.                                                                                                                                                                                                                                

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp

http://www.nitrc.org/projects/gppi
https://osf.io/5esnj


NeuroImage 282 (2023) 120408

6

between RPE+ and RPE− (p = .52, d = 0.24). The results of hit rates in 
each RPE condition are illustrated in Fig. 2. 

To investigate whether face-based social signals other than facial 
attractiveness were different among the RPE conditions, perceived facial 
trustworthiness, valence and arousal for target faces were analyzed by 
one-way repeated-measures ANOVAs with a factor of RPE condition 
(RPE− , RPE±, and RPE+). Regarding perceived facial trustworthiness, a 
significant effect of RPE condition was identified [F(2,68) = 34.65, p <
.001, η2 = .50], and post-hoc tests showed significantly higher facial 
trustworthiness in RPE+ than in RPE± (p < .001, d = 0.72) and RPE− (p 
< .001, d = 1.23) and significantly higher facial trustworthiness in RPE±
than in RPE− (p = .003, d = 0.52). Regarding valence and arousal in 
facial expression, we found significant effects of RPE condition [valence: 
F(2,68) = 51.91, p < .001, η2 = .60; arousal: F(2,68) = 47.13, p < .001, 
η2 = .58]. Post-hoc tests in both valence and arousal demonstrated that 
facial expression in RPE− was the most negative in valence (RPE± vs. 
RPE− : p < .001, d = 0.65; RPE+ vs. RPE− : p < .001, d = 1.55) and 
lowest in arousal (RPE± vs. RPE− : p < .001, d = 0.41; RPE+ vs. RPE− : p 
< .001, d = 0.96) and that facial expression in RPE± was the second 
most negative in valence (RPE+ vs. RPE±: p < .001, d = 0.89) and 
second lowest in arousal (RPE+ vs. RPE±: p < .001, d = 0.55). In 
addition, ratings of perceived facial attractiveness were compared be-
tween target and distracter faces with a two-tailed paired t-test. In this 
test, there was no significant difference between these face categories [t 
(34) = 1.09, p = .28, d = 0.18]. 

3.2. fMRI results 

3.2.1. Univariate analysis 
Univariate activation in the fMRI data was investigated by para-

metric modulation analysis, in which activation reflecting a linear in-
crease or decrease with increased RPE and activation reflecting 
increases for both positive and negative RPE was analyzed in the bilat-
eral extended VS ROI. The VS exhibited significant linear increases in 
activation with increased RPE in facial attractiveness (Fig. 3). However, 
the bilateral extended VS ROI did not exhibit significant activation 
reflecting linear decreases with increased RPE or increases with both 
positive and negative RPE. 

Successful encoding activation, which was defined by a contrast of 
Subsequent hit vs. Subsequent miss in the outcome phase, was analyzed 
by a one-sample t-test in the HC ROI. This analysis showed significant 
activation for successful encoding of face memories in the bilateral HC. 
Details of these univariate findings are summarized in Table 2. 

3.2.2. MVPA 
MVPA was used to test whether multivariate activity patterns in the 

bilateral extended VS ROI accurately discriminated between the RPE 
conditions above the chance level (50 %). As illustrated in Fig. 4, one- 
tailed one-sample t-tests for the BA values from individual participants 
demonstrated that differences between RPE− and RPE± [t(32) = 2.17, p 
= .02, d = 0.38] and between RPE+ and RPE± [t(32) = 2.17, p = .02, d 
= 0.38] were successfully classified by multivariate activity patterns in 
this ROI. However, a one-tailed one-sample t-test of whether multivar-
iate activity patterns in this ROI discriminated between RPE+ and RPE−
was not significant [t(32) = 0.58, p = .28, d = 0.10]. Significant results 
of the BA values in one-sample t-tests were verified by 1000 times per-
mutation tests (RPE+ vs. RPE±: p = .001; RPE− vs. RPE±: p = .002). 

3.2.3. Functional connectivity analysis 
Region-to-region functional connectivity during successful encoding 

in each RPE condition was analyzed in seed regions of the bilateral VS 
and bilateral HC. Seed regions in the bilateral VS showed significant 
functional connectivity with regions in the bilateral HC ROI in both 
RPE+ and RPE− . In addition, trial-by-trial activity in the bilateral HC 
was functionally correlated with that in the bilateral extended VS ROI 
only in RPE+. These patterns of functional connectivity are shown in 
Fig. 5, and detailed findings are summarized in Table 3. 

4. Discussion 

Two main findings emerged from the present study. First, univariate 
activity in the VS exhibited linear increases with increasing RPE in facial 
attractiveness as a social reward, and multivariate activity patterns in 
the extended VS ROI significantly discriminated between RPE+/RPE−
and RPE± during the processing of facial attractiveness as a social 
reward. Second, significant functional connectivity during successful 
encoding of faces was identified between the RPE-related VS and the 
memory-related HC ROI in RPE+ and RPE− and between the HC and the 
RPE-related extended VS ROI only in RPE+. These findings suggest that 
the enhancement of face memory induced by face-based social RPE is 
due to the interaction of the VS and SN/VTA, which represent RPE in-
formation, with the HC, which is related to successful encoding. In 
addition, this interaction could be modulated by positive and negative 
RPE in facial attractiveness as a social reward. These findings are dis-
cussed in separate sections below. 

4.1. Neural representation related to the processing of RPE in facial 
attractiveness as a social reward 

The first main finding of the present study was that univariate ac-
tivity in the VS exhibited a significant linear increase with increasing 
RPE in facial attractiveness as a social reward, and multivariate activity 
patterns in the extended VS ROI, including the VS and SN/VTA, signif-
icantly discriminated between RPE+/RPE− and RPE±. These findings 
suggest that the intensity of activation in the VS is modulated by in-
creases in face-based social RPE and that RPE in facial attractiveness as a 
social reward is represented by multivariate activity patterns in RPE- 
related regions such as the VS. 

The present finding that univariate activation in the VS exhibited a 
linear increase with increasing face-based social RPE is consistent with 
previous functional neuroimaging studies. For example, significant 
activation in the VS has been observed in both social and monetary RPE 
(Häusler et al., 2015; Lin et al., 2012). Other studies investigating RPE in 
monetary rewards have demonstrated that VS activation reflects a linear 
increase in RPE (Abler et al., 2006; Cao et al., 2019) and the intensity 
and value (positive/negative) of RPE (Fouragnan et al., 2018; Pine et al., 
2018). In addition, neurophysiological studies have reported that the 
excitability of dopaminergic neurons in reward-related regions is 
modulated by positive and negative RPE (Schultz et al., 1997; Zaghloul 
et al., 2009). For example, in macaques, firing rates of dopaminergic 

Fig. 2. Hit rates in the retrieval task. Error bars represent 95 % confidence 
intervals. *: p < .01. 
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neurons in the VTA increased for positive RPE and decreased for nega-
tive RPE; such responses were not observed when no RPE occurred 
(Schultz et al., 1997). A similar finding was reported in an fMRI study of 
human participants: VS activity was enhanced when RPE in facial 
attractiveness as a social reward was positive, whereas VS activity was 

inhibited when the face-based social RPE was negative (Bray and 
O’Doherty, 2007). Thus, the present univariate findings suggest that VS 
activation reflects changes in the excitability of dopaminergic neurons in 
the VS, which is modulated by positive or negative RPE. 

In MVPA, we found that multivariate activity patterns in the RPE- 
related regions, including the VS and SN/VTA, successfully discrimi-
nated between the presence and absence of RPE in facial attractiveness 
as a social reward. This finding is consistent with a meta-analysis that 
demonstrated significant activation in VS clusters for both positive and 
negative RPE (Garrison et al., 2013). In addition, fMRI studies using 
MVPA have reported that information on monetary and social rewards 
was represented by multivariate activity patterns in the VS (Wake and 
Izuma, 2017), and activity patterns in this region significantly distin-
guished between monetary rewards and social rewards (Clithero et al., 
2011). Thus, activity patterns in RPE-related regions, including the VS 
and SN/VTA, could represent information about the generation of 
face-based social RPE during the processing of faces. 

4.2. Neural mechanisms underlying RPE modulation of face memories in 
facial attractiveness as a social reward 

The second main finding of the present study was that region-to- 
region functional connectivity between the RPE-related regions, 
including the VS and SN/VTA, and the memory-related HC was the 
highest when faces were successfully encoded with positive RPE in facial 
attractiveness. This finding suggests that the memory enhancement by 
face-based social RPE is involved in the interaction between RPE-related 
regions and the HC, and that this interaction is strengthened by positive 
RPE in facial attractiveness as a social reward. 

Functional connectivity patterns in the present study are consistent 
with the results of a previous fMRI study that employed a paradigm of 
RPE-dependent reinforcement learning and episodic memory using 
monetary rewards; increasing functional connectivity was observed 
between the VS related to the reward-dependent learning and the HC 
related to the episodic memory formation during the successful encod-
ing of object images (Wimmer et al., 2014). The reward-related 
enhancement of episodic memories in both monetary and social con-
texts has been observed in both outcome and anticipation phases of 
rewards, and the importance of interactions between the HC and 
reward-related regions, including the OFC, VS, and SN/VTA, in the 
memory enhancement has been consistently identified in functional 
neuroimaging studies (Adcock et al., 2006; Frank et al., 2019; Schott 
et al., 2004; Shigemune et al., 2014; Shigemune et al., 2017; Sugimoto 
et al., 2021; Tsukiura and Cabeza, 2008, 2011a; Wittmann et al., 2005). 
The reward-related memory enhancement has been explained by po-
tential mechanisms that dopaminergic inputs to the HC promote protein 
synthesis associated with synaptic plasticity (Smith et al., 2005) and 

Fig. 3. Results of univariate analysis. Regions showing significant activation reflecting linear increases with increased RPE in the extended VS region of interest 
(ROI). Beta values of parameter estimates in graphs were extracted from the peak voxel of activation clusters. (A) Univariate activation in the left VS. (B) Univariate 
activation in the right VS. Error bars represent 95 % confidence intervals. 

Table 2 
Regions showing significant activation in univariate analysis.    

MNI coordinates   

Region L/R x y z Z value k 

Linear increase with increased RPE in the extended VS ROI 
Caudate nucleus/Putamen R 15 11 -4 5.83 19 
Putamen L -15 8 -7 4.80 12 
Caudate nucleus L -9 8 -4 4.18 6 

Linear decrease with increased RPE in the extended VS ROI 
No significant activation was identified. 

V-shaped increase with positive and negative RPE in the extended VS ROI 
No significant activation was identified. 

Subsequent hit vs. Subsequent miss in the hippocampal ROI 
Hippocampus L -18 -7 -19 4.49 5 
Hippocampus R 18 -7 -19 4.16 5 

RPE = reward prediction error; L = left; R = right; k = cluster size; ROI = region 
of interest; VS = ventral striatum; MNI = Montreal Neurological Institute. 

Fig. 4. Results of multivariate pattern analysis (MVPA). (A) Coronal image of 
the extended VS region of interest (ROI). (B) Horizontal image of the extended 
VS ROI. The graph shows the mean classification accuracies (balanced accu-
racies) from the classification analyses between the RPE conditions. Error bars 
represent 95 % confidence intervals, and the dotted line corresponds to the 
chance level (50 %). VS = ventral striatum, − = RPE− , ± = RPE±, + = RPE+. 
*: p < .05. 
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contribute to the induction and maintenance of late-phase long-term 
potentiation (LTP) (for review, see Jay, 2003; Lisman et al., 2011; 
Shohamy and Adcock, 2010). In addition, anatomical connectivity be-
tween the reward-related regions and the HC has been shown in 
experimental animals. For example, neuroanatomical studies in rats and 
cynomolgus monkeys have demonstrated that dopaminergic neurons in 
the VTA project directly to the HC (Gasbarri et al., 1994; Samson et al., 
1990) and that anatomical loops including the HC, VS, and VTA are 

important in regulating the entry of information into long-term memory 
(for review, see Lisman and Grace, 2005). A diffusion tensor imaging 
(DTI) study in human participants showed white matter connectivity 
between the HC and VS (Lei et al., 2014). Thus, the present findings of 
functional connectivity between the RPE-related VS-SN/VTA and the 
memory-related HC suggest that reward-related processing in dopami-
nergic neurons of the VS and SN/VTA promotes memory-related LTP 
through interactions between the VS-SN/VTA and HC. The interaction 
could act as a core system for the modulation of face memories by 
face-based social RPE and could be differentially modulated by positive 
or negative RPE in facial attractiveness as a social reward. 

4.3. Limitations 

There was a possible limitation in the present study. As shown in 
behavioral results, there was significant difference in the ratings of facial 
trustworthiness, valence and arousal of facial expression among the RPE 
conditions. In the additional correlation analyses, we found that corre-
lations between the RPE values and rating scores in the evaluation task 
were significant in all rating categories across individual facial stimuli 
(trustworthiness: r = .61, p < .001; emotional valence: r = .56, p < .001; 
emotional arousal: r = .54, p < .001). These findings imply that the 
memory enhancement in RPE+ might be affected by the possible effects 
of face-based socioemotional signals including the trustworthiness, 
emotional valence and arousal. Previous studies have reported that 
highly attractive faces are regarded as highly trustworthy faces (Oos-
terhof and Todorov, 2008), and that significant correlations with the 
ratings of facial attractiveness were found in the valence and arousal 
ratings of facial expression (Garrido and Prada, 2017). Thus, further 
studies would be required to cancel out the potential artifacts by 
face-based socioemotional signals other than RPE derived from facial 
attractiveness in face memories. 

Fig. 5. Results of functional connectivity analysis. (A) Functional connectivity between the VS seeds and the HC region of interest (ROI) in each RPE condition. (B) 
Functional connectivity between the HC seeds and the extended VS ROI in each RPE condition. VS = ventral striatum, HC = hippocampus, VTA = ventral tegmental 
area, SN = substantia nigra, − = RPE− , ± = RPE±, + = RPE+. 

Table 3 
Results of functional connectivity analysis.    

MNI coordinates  

Region Condition x y z Z value 

Left VS seed (-15, 8, -7) 
Hippocampus RPE− 30 -31 -4 4.89 

Left VS seed (-9, 8, -4) 
Hippocampus RPE+ 21 -4 -25 4.24 
Hippocampus RPE+ -27 -16 -25 4.21 
Hippocampus RPE+ 21 -40 5 4.13 
Hippocampus RPE− -24 -10 -31 4.64 

Right VS seed (15, 11, -4) 
Hippocampus RPE+ 15 -40 5 4.41 
Hippocampus RPE+ -24 -40 2 4.23 
Hippocampus RPE+ -33 -16 -16 4.17 
Hippocampus RPE− 33 -31 -4 4.77 
Hippocampus RPE− -36 -22 -13 3.95 

Left HC seed (-18, -7, -19) 
SN/VTA RPE+ -6 -16 -10 4.25 

Right HC seed (18, -7, -19) 
SN/VTA RPE+ 3 -19 -13 3.46 

RPE = reward prediction error; HC = hippocampus; VS = ventral striatum; SN =
substantia nigra; VTA = ventral tegmental area; MNI = Montreal Neurological 
Institute. 
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5. Conclusion 

In the present study, using event-related fMRI, we investigated 
neural mechanisms underlying the modulation of face memories by RPE 
in facial attractiveness as a social reward. Two main findings emerged 
from the present study. First, univariate activity in the VS during face 
encoding exhibited a linear increase with increasing RPE in facial 
attractiveness, and multivariate activity patterns in the extended VS 
regions, including the VS and SN/VTA, significantly discriminated be-
tween positive/negative RPE and non-RPE regarding facial attractive-
ness. Second, significant functional connectivity between the RPE- 
related extended VS and the memory-related HC was identified most 
frequently when faces were successfully encoded with positive RPE in 
facial attractiveness. These findings suggest that the beneficial effect of 
face-based RPE on face memories is involved in interacting mechanisms 
between the extended VS regions, which represent RPE information, and 
the HC, which is related to successful encoding, and that the interaction 
is modulated by positive and negative RPE derived from face-based 
social rewards. 
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