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Abstract

Previous studies have revealed top-down control during memory retrieval from the prefrontal cortex to the temporal cortex.
In the present functional MRI study, we investigated whether the fronto-temporal functional interaction occurs even during
fixation periods after memory retrieval trials. During recency judgments, subjects judged the temporal order of two items in
a study list. The task used in the present study consisted of memory trials of recency judgments and non-memory trials of
counting dots, and post-trial fixation periods. By comparing the brain activity during the fixation periods after the memory
trials with that during the fixation periods after the non-memory trials, we detected heightened brain activity in the lateral
prefrontal cortex, the lateral temporal cortex and the hippocampus. Functional interactions during the fixation periods after
the memory vs. non-memory trials as examined using a psychophysiological interaction revealed a decreased interaction
from the lateral prefrontal cortex to the lateral temporal cortex, but not to the hippocampus. The functional interaction
between the same frontal and temporal regions was also present during the memory trials. A trial-based functional
connectivity analysis further revealed that the fronto-temporal interaction was positive and decreased during the fixation
periods after the memory trials, relative to the fixation periods after the non-memory trials. These results suggest that the
fronto-temporal interaction existed during the post-trial fixation periods, which had been present during the memory trials
and temporally extended into the fixation periods.

Citation: Katsura M, Hirose S, Sasaki H, Mori H, Kunimatsu A, et al. (2014) Decreased Fronto-Temporal Interaction during Fixation after Memory Retrieval. PLoS
ONE 9(10): e110798. doi:10.1371/journal.pone.0110798

Editor: Michal Zochowski, University of Michigan, United States of America
Received June 21, 2014; Accepted September 17, 2014; Published October 23, 2014

Copyright: © 2014 Katsura et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Data Availability: The authors confirm that all data underlying the findings are fully available without restriction. Here we confirm that there are ethical or legal
restrictions on our data set that prohibit us from making the raw data publicly available. The study was approved by the institutional review board back in 2009,
and was conducted from 2010-2011. At that time, secondary usage of acquired data by putting the data in a public repository was not included in the study plan,
so we have not obtained the permission of the secondary usage from the IRB or our subjects. However, we think that checking the validity of our study is not the
secondary use of the data, and we are happy to provide the data upon request to anyone who contacts me (Seiki Konishi: skonishi@juntendo.ac.jp).

Funding: Funding was provided by the Uehara Memorial Foundation and a Grant-in-Aid for Scientific Research B (22300134). The funders had no role in study

* Email: skonishi@juntendo.ac.jp

@ These authors contributed equally to this work.

design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

Introduction

The lateral prefrontal cortex has been implicated in various
types of cognitive control that guides our behavior, including
memory control. The contribution of the lateral prefrontal cortex
to control of memory retrieval has widely been acknowledged,
such as selection or suppression of memory [1-17]. Previous
studies also revealed that the memory representations in the
temporal cortex were activated at the same time with the
prefrontal cortex during memory retrieval [18-19], and that fiber
density between prefrontal and temporal cortex predicted episodic
memory performance [20], suggesting a top-down interaction
from the prefrontal cortex to the temporal cortex.

Memory retrieval tasks are often designed as the alternation of
memory trials and inter-trial intervals of post-trial fixation periods
used as a control for memory retrieval. It is possible that memory
retrieval processes and fronto-temporal interaction continue even
after memory retrieval trials are completed, which may raise the
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possibility that the post-trial fixation periods may not be regarded
as an ideal low-level control. In the present functional MRI study,
we investigated whether functional interaction between the lateral
prefrontal cortex and the temporal cortex exists even after
memory retrieval trials. A recency judgment task was employed
where two studied items were judged as to which was presented
more recently [21-44]. The task consisted of recency judgment
trials, non-memory trials of counting dots, and post-trial fixation
periods of the same durations (3 sec each). The recency judgment
task can be expected to require retrieval of greater amount of
episodes for judgment of temporal order of studied items, which
might resulted in greater degree of recruitment of processing
related to memory retrieval even after the memory trials are
completed. By comparing the brain activity during the post-trial
fixation periods that followed the recency judgment trials with that
during the post-trial fixation periods that followed the non-
memory trials, we detected heightened brain activity. Further, a
functional interaction among the brain activations identified in the
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Figure 1. The memory paradigm of the present study. The task in the test phase contained memory trials of recency judgments with high and
low retrieval loads (HM and LM), non-memory trials of counting dots (NM), and post-trial fixation periods (pHM, pLM and pNM) that lasted 3 sec each.
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doi:10.1371/journal.pone.0110798.9001

prefrontal and temporal cortex was examined using a psycho-
physiological interaction (PPI) [45-46] analysis. We also used
resting-state data to contrast with the post-trial fixation periods
where control processing was enhanced.

Materials and Methods

Subjects

Written informed consent was obtained from 31 healthy right-
handed subjects (18 males; 13 females, age: 20-29 years). Three
experiments were performed in a 2-hour session (Exp. 1: recency
judgments; Exp. 2: dot counting and control fixation, Exp. 3:
resting state). In the third experiment, 5 subjects did not complete
the experiment due to the limitation of scanner time, and data
from the 26 subjects were analyzed. They were scanned using
experimental procedures approved by the institutional review
board of the University of Tokyo School of Medicine.

MRI procedures

The experiments were conducted using a 3T fMRI system.
Scout images were first collected to align the field of view centered
on the subject’s brain. T1l-weighted images were obtained for
anatomical reference (76 slicesx2 mm slices; in-plane resolu-
tion=1x1 mm). For functional imaging, a gradient echo echo-
planar sequence was used (TR =2.0 s; TE = 35 ms; flip angle = 90
degrees; 30 x4 mm slices; in-plane resolution of 4x4 mm). Each
run contained 36 volume images, and the first six functional
images in each run were excluded from the analysis to take into
account the equilibrium of longitudinal magnetization.

Behavioral Procedures

The task in Exp. 1 consisted of two main phases, study and test
(Fig. 1). During the study phase, the subjects were presented with a
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sequence of words (list size: 12 words). Each word was presented
for 3 sec, with an inter-stimulus interval (presentation of a white
fixation cross) of 1 sec. Subjects were instructed to relationally
encode them for later recency judgments [33,47-48]. More
specifically, subjects were instructed to make up their own story
from the list words, and this instruction is supposed to encourage
the subjects to relate sequentially presented words that had
otherwise no contexts among them. The words were concrete
nouns taken from an object stimulus set [49], and were presented
in strings of Japanese characters. To prevent the subjects from
rehearsing the words between the study and test phases, the
subjects performed a modified Wisconsin card sorting task for
approximately 30 s as a distracter task [28,33,41,50].

The test phase was administered while functional images were
acquired. In each of twelve runs administered to the subjects, the
test phase contained four recency judgment trials with high or low
mnemonic load (two “HM” and two “LM” trials) and four non-
mnemonic odd/even judgment trials (“NM”), presented in a
pseudorandom order. Therefore, the total numbers of HM, LM
and NM trials were 24, 24 and 48, respectively. Each trial lasted
for 3 sec, followed by a 3-sec fixation period, which consisted of
three types of post-trial fixation periods (“pHM”, “pLM” and
“pNM”). During the recency judgment trials (HM and LM), two
words in the studied list were simultaneously presented, one to the
right and the other to the left. The subjects were instructed to
choose which word had been studied more recently. The right or
left word was chosen by pressing a right or left button, respectively,
using the same right thumb. The word pair to be judged for LM
trials included one or two end words in the study list, and the
temporal distance between the paired words was greater, whereas
the word pair for HM trials did not include any end words, and
the temporal distance between the paired words was smaller. By
contrast, during the odd/even judgment trials (NM), subjects were
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Figure 2. Behavioral data. A) Accuracy in the three types of trials,
HM, LM and NM. B) Reaction time in correct trials in HM, LM and NM. C)
Contents of thought during fixation periods after correct LM and NM
trials. *: p<.05, **: p<.01, ***: p<<.001.
doi:10.1371/journal.pone.0110798.9g002

mstructed to count 3 to 8 white dots presented in the screen and to
judge whether the number of the dots was even or odd. The even
or odd number was chosen by pressing a right or left button,
respectively, using the same right thumb. Therefore, HM and LM
trials required memory retrieval processes to a greater degree than
NM trials. During the post-trial fixation period, on the other hand,
subjects were instructed to fixate on a cross presented at the center
of the screen, but were not encouraged or discouraged to think
about a particular thing. In order to avoid unwanted confound
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related to the difference in task performance prior to the fixation
periods, the accuracy and reaction time in LM and NM trials were
matched by modulating the number of dots in NM trials.
Therefore, the contrast of pLM vs. pNM of central interest in
the present study is expected to reveal the brain activity associated
with memory-related processes after the memory trials. In other
words, we focused on the pLM vs. pNM effect because, unlike the
high memory conditions, this comparison was not confounded by
reaction time or difficulty difference.

It is possible that a relatively weaker level of memory-related
processes was recruited during the pNM presented in the runs that
included recency judgment trials (HM and LM). In order to
control for the possible confound, two runs of a control task were
administered where five NM trials were presented in a block for
16 sec, followed by a fixation period for 16 sec, and the cycles
were repeated five times for each run (Exp. 2). In addition, in
order to examine the resting-state functional connectivity between
the frontal and temporal regions of interest (ROIs), four runs were
administered where subjects fixated on a cross hair throughout the
run, approximately for 5 min (Exp. 3). The resting-state runs were
not completed in 5 of the 31 subjects due to limitation in scanner
time, and data from the 26 subjects were analyzed for the resting-
state functional connectivity.

Data analysis

Data were analyzed using SPMS8 software (http://www.fil.ion.
ucl.ac.uk/spm/). Functional images were realigned, slice timing
corrected, normalized to the Montreal Neurological Institute
template with interpolation to a 2x2x2 mm space, and spatially
smoothed (full width half maximum =8 mm). Then event timing
was coded into a general linear model (GLM) [51]. The eight types
of events, correct trials (HM, LM and NM), error trials, and
subsequent fixation periods (pHM, pLM, pNM and post-error
periods), together with run-specific regressors as effects of no
interest, were coded using the canonical hemodynamic response
function in SPM8, time-locked to the onset of these events. The
brain activation associated with memory-related processes during
the post-trial fixation periods was calculated based on the contrast
of pLM vs. pNM. Group analyses were conducted using a random
effects model. Significant activations were detected using a
combined threshold of (1) p<<0.05 corrected by the false discovery
rate (FDR) [52,53] and (2) p<0.001 (uncorrected).

A psychophysiological interaction (PPI) [45,46] analysis was
conducted to investigate functional interaction among brain
regions during post-trial fixation periods. Based on the spherical
ROIs (radius =8 mm) determined by the post-trial contrast of
pLM vs. pNM, PPIs from each of the ROIs in the left lateral
prefrontal cortex to one ROI in the left temporal cortex and one
ROI in the left hippocampus were calculated between two
psychological conditions, pLM and pNM, in a single-subject level.
A significant PPI means the regression of temporal responses
depending on prefrontal top-down control processing in the low
versus no-memory conditions. This regression is a simple linear
form of effective connectivity and is interpreted as prefrontal
influence on temporal processing. Group analyses were then
conducted using a random effects model. In order to test the
across-data reproducibility of the functional interaction during
post-trial fixation periods, PPIs were also calculated between pHM
and pNM based on the ROIs determined by the contrast of pLM
vs. pNM, where PPIs had already been calculated between pLM
and pNM.

Another type of a functional connectivity analysis was also
performed on a trial by trial basis [54]. Briefly, each of the trials
(HM/LM/NM) and post fixation periods (pHM/pLM/pNM) was
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Figure 3. Statistical activation maps for signal increase in the contrast of pLM vs. pNM and pHM vs. pNM. Activation maps are
displayed as transverse sections and are overlaid on top of the anatomic image averaged across subjects. Statistical significance is indicated using the
color scale, and the transverse section level is indicated by the Z coordinates of Talairach space.

doi:10.1371/journal.pone.0110798.9003

coded into GLM, and the parameter estimate (beta value) for each
trial in these six conditions was extracted. The beta values in one
condition were plotted against two ROIs, and the correlation
coeflicient (r) across trials was calculated. The beta values in the
two ROI were averaged across all the voxels in the sphere that
were selected from the frontal and temporal regions activated
during pLM minus pNM. The correlation coefficient (r) was
converted to Fisher’s z values and then to z-score in a Gaussian
distribution, and the z-score was subject to a t-test in a group
analysis, to estimate a functional interaction between two ROlIs in
one condition.

The data analysis procedures for resting-state functional
connectivity were essentially the same as those used in previous
literatures [55-57]. Briefly, the acquired images were realigned,
slice-timing corrected, and normalized to the standard template
image. The images were subject to further preprocessing including
temporal band-pass filter (0.009 Hz, f, 0.08 Hz), spatially
smoothed, regression of six parameters obtained by head motion
correction, whole brain signal averaged over the whole brain,
ventricular signal averaged from ventricular ROI, and white
matter signal averaged from white matter ROIL Functional
connectivity analyses were performed on the resultant time series
data, on a timepoint by timepoint basis, between a seed ROI and a
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Table 1. Brain regions in the left lateral prefrontal cortex and left temporal cortex showing signal increase in the contrasts pLM vs.
PNM.
X y z t Label
Left lateral prefrontal cortex —50 10 40 5.8 Frontal1
—42 22 44 5.1 Frontal2
—46 50 4 4.7 Frontal3
—34 58 14 4.5 Frontal4
—28 50 4 4.2 Frontal5
—46 46 18 4.2 Frontalé
Left temporal cortex —66 —44 -20 5.0 Lat Temporal
—-22 —32 —4 4.7 Hippocampus
doi:10.1371/journal.pone.0110798.t001
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Figure 4. Inhibitory fronto-temporal interaction revealed by a PPl analysis. A) PPIs between pLM and pNM from the lateral prefrontal to the
lateral temporal regions. B) PPIs between pHM and pNM from the same lateral prefrontal to the same lateral temporal regions. C) PPIs between LM/
HM and NM from the same lateral prefrontal to the same lateral temporal regions. D) PPIs between pLM/pHM and pNM from the same lateral
prefrontal to the lateral temporal/hippocampal regions. *: p<<.05, **: p<<.01, ***: p<<.001.

doi:10.1371/journal.pone.0110798.g004
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target ROI or between a seed ROI and all the voxels in the whole
brain. To estimate the statistical significance of the functional
connectivity, the Fischer z transformation was applied to the
correlation coefficients.

Interview on the contents of thought during post-trial
fixation period

In order to ensure that memory-related processes were recruited
during the post-trial fixation periods, questionnaire about the
content of thought during the fixation period was administered to
a different set of 11 subjects (6 males, 5 females, age: 20-29 years).
The subjects performed 5 runs of 2 LM and 2 NM trials (not
scanned). After the task, the subjects were asked to report the
contents of thought during fixation periods that followed LM or
NM trials. The task was basically the same except that the task
contained only LM and NM trials. HM trials were not included in
this task because subjects cannot completely discriminate HM
from LM at the time of questionnaire. More specifically, in the
surprise report, they were asked to classify the contents of thought
into four categories: (1) reflection on previous memory trials, (2)
reflection on previous counting trials, (3) others and (4) no thinking
activity. The scores were provided for pLM and pNM separately.
The score ranged from 0 to 10 based on the time spent in that
thought, and the sum of the four scores had to be ten.

Results

Behavioral results

The correct performance was 85.6%10.9 (mean = SD),
98.0£2.8 and 98.3£2.4% in HM, LM and NM trials, respectively
(Fig. 2A). The difference was significant between HM and LM
trials [t (30)=6.4, P<.001] and between HM and NM trials [t
(80)=6.4, P<.001]. The reaction time was 2034*265 (mean *
SD), 1582£198 and 1563+247 ms, in HM, LM and NM trials,
respectively (Fig. 2B). The difference was significant between HM
and LM trials [t (30)=14.2, P<.001] and between HM and NM
trials [t (30)=10.6, P<.001]. However, no significant difference in
the behavioral performance was found between LM and NM.
Therefore, the behavioral scores were successfully matched
between LM and NM.

Post-task questionnaire administered on a different set of
subjects revealed that memory-related processes were recruited
more during pLM than during pNM. Subjects reflected on
previous memory trials during pLM for 41%, and reflected on
previous counting trials during pNM for 22% (Fig. 2C). A
repeated measures two-way ANOVA revealed significant interac-
tion between trial-type and thought-content [I (1, 10)=14.1, P<
.003]. These results confirm that memory-related processes during
memory trials were prolonged and were recruited during pLM.

Neuroimaging results

The brain activation associated with memory-related processes
during the post-trial fixation periods was calculated based on the
contrast of pLM/pHM vs. pNM. As shown in Fig. 3, significant
signal increase was observed in several regions, including the
regions in the left lateral prefrontal cortex, the left lateral temporal
cortex and the left hippocampus. Table 1 lists the peak
coordinates of the significant activations during pLM vs. pNM
in the lateral prefrontal cortex and the temporal lobe that were
used as regions of interest in later analyses.

To investigate functional interaction among brain regions
during the post-trial fixation periods, we next conducted a
psychophysiological interaction (PPI) [45,46] analysis. Six PPIs
were calculated between two psychological conditions, pLM and
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pNM, from each of the six ROIs in the left lateral prefrontal cortex
to the one ROI in the left lateral temporal cortex determined by
the contrast of pLM vs. pNM (Fig. 4A). As shown in Fig. 4A,
overall tendency of negative PPIs from the lateral frontal regions to
the lateral temporal region was observed, suggesting decreased
fronto-temporal interaction during the post-fixation periods after
the memory trials. To summarize the six frontal ROIs, a PPI from
the averaged frontal regions to the temporal region was
significantly negative [t (30)=—2.6, P<<.05]. In order to test the
reproducibility of the negative PPIs, PPIs were also calculated
between pHM and pNM in the same ROIs based on the contrast
of pLM vs. pNM (Fig. 4B). We found consistent tendency of
negative PPIs, and the PPI from the averaged frontal regions to the
temporal region was significantly negative [t (30) = —3.8, P<<.001].
The PPI from the averaged frontal regions to the temporal region
was also significantly negative when pLM and pHM were
averaged [t (30)= —3.5, P<.005]. Further, to test whether the
functional interaction after the memory trials was also present
during the memory trials, the PPIs were calculated between LM/
HM and NM in the same ROIs based on the contrast of pLM vs.
pNM. The negative PPI from the averaged frontal regions to the
temporal region was significant between LM and NM [t (30)=
—2.1, P<.03], close to significance between HM and NM [t
(30)=—1.8, P=.08], and significant when HM and LM were
averaged [t (30)=—2.1, P<.05].

As a reference, we also examined functional interaction between
the left lateral prefrontal cortex and the left hippocampus
(Fig. 4D). A PPI was calculated between pLM and pNM, from
the average of the six ROIs in the lateral prefrontal cortex to the
one ROI in the hippocampus determined by the contrast of pLM
vs. pNM. The PPI was close to 0. When compared with the PPI to
the lateral temporal cortex, the difference was significant [t
(80)=2.1, P<.05]. In order to test the across-data reproducibility,
PPIs were also calculated between pHM and pNM based on the
same ROIs of the contrasts of pLM vs. pNM. The difference
between the two PPIs was also significant [t (30) =4.2, P<.001].
When pLLM and pHM are averaged, the PPI difference was also
significant [t (30)= —3.3, P<<.005]. These results suggest that the
lateral prefrontal cortex interacted specifically with the lateral
temporal cortex during post-trial fixation periods.

The fronto-temporal interaction during post-trial fixation
periods was analyzed further using functional connectivity on a
trial-by-trial basis [54]. To confirm that the parameter estimates
for individual single events were properly calculated, the activation
map was re-generated by averaging the parameter estimates for
individual trials. Figure 5A demonstrates that, although the overall
activation pattern appears relatively weaker, the frontal and
temporal activations during pLM vs. pNM that were originally
detected by the standard analysis presented in Figure 3 were
successfully reproduced using the parameter estimates for individ-
ual single events. Next, the parameter estimates for individual
single events were plotted against the frontal and temporal ROIs
in one particular period. One example is shown in Fig. 5B, where
the parameter estimates during pHM/pLM/pNM were plotted
against the frontal (Frontal 3, see Table 1) and the lateral temporal
ROIs in one subject. To match the number of plots in each period,
pNM was divided into two halves (odd and even). The fronto-
temporal interaction was investigated thoroughly, calculating the
group average for every combination of the six frontal ROIs and
the lateral temporal ROI during pHM, pLM and pNM (odd and
even) (Fig. 5C). The difference in functional connectivity was
calculated between pHM/pLM and pNM (averaged for odd and
even) (Fig. 5D), to compare the results with those by the PPI
analysis presented in Fig. 4. The difference between pHM/pLM
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and pNM when six frontal ROIs were averaged was significantly
negative [t (30) = 2.2, P<.05]. Importantly, although the difference
in functional connectivity was negative, the functional connectivity
during each period was positive. That is, the positive fronto-
temporal functional connectivity during pNM decreased during
pHM/pLM.

Although the memory-related processes during pNM are
expected to be minimal (Fig. 2C), we further examined control
periods in two runs without any recency judgment trials, where
blocks of odd/even judgment trials (NM) and fixation blocks were
alternated (see Materials and Methods). Twenty-four events were
individually coded in the fixation control periods, and parameter
estimates were calculated using similar procedures. Figure 6A
demonstrates that the fronto-temporal functional connectivity
during the control period was positive, and the difference was
significantly negative between pHM/pLM and pNM [t (30)=2.2,
P<.05] and between pHM/pLM and control periods [t (30) = 2.8,
P<.01]. To investigate the positive functional connectivity during
the control fixation periods, a resting-state functional connectivity
was calculated further, using four runs where subjects fixated on a
hair cross (see Materials and Methods). As shown in Figs. 6B and
6C, the resting-state functional connectivity between the frontal
and temporal ROIs was significantly positive [t (25)=4.5, P<
.001].

Discussion

In the present fMRI study, we tested whether the fronto-
temporal interaction that is known to occur during memory
retrieval occurred even during the fixation periods where the
memory trials were completed. The contrast of the post-trial
fixation periods (pLM vs. pNM) in our modified recency judgment
task revealed the heightened brain activity in several regions
including the lateral prefrontal cortex, the lateral temporal cortex
and the hippocampus. A PPI analysis revealed significant negative
functional interaction from the lateral prefrontal to the lateral
temporal cortex, but not to the hippocampus. The PPI was also
significant during the memory retrieval trials. A trial-based
functional connectivity analysis revealed positive fronto-temporal
interaction that decreased during pLM relative to pNM.
Moreover, a resting-state functional connectivity analysis revealed
a positive fronto-temporal functional connectivity during the
resting state. These results suggest that at least one part of the top-
down prefrontal processing that occurred during memory retrieval
was extended into the subsequent fixation periods, and raise the
possibility that the post-task fixation periods may not be regarded
as an ideal low-level control.

The present study revealed that the fronto-temporal functional
connectivity was positive during control fixation periods, and the
functional connectivity decreased during post-retrieval fixation
periods. The decrease of the positive functional connectivity
implies two straightforward interpretations: One is that the
prefrontal control over the temporal cortex yields positive
functional connectivity, and the prefrontal control is weakened
during post-retrieval fixation periods, relative to the control
fixation periods. The other is that the positive functional
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The posterior lateral temporal cortex has been implicated in
specific semantic knowledge [60-71]. The post-task questionnaire
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Mental activity during fixation is most often associated with
default mode network [76-78]. The hippocampus and the lateral
temporal cortex reported in the present study appear to belong to
the default mode network, and the lateral prefrontal cortex also
appears to belong to the fronto-parietal control network [79,80].
The decrease of fronto-temporal functional connectivity during
post-retrieval processing revealed in the present study is consistent
with decreased coupling between the fronto-parietal control
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Author Contributions

Conceived and designed the experiments: MK SK. Performed the
experiments: MK HS HM AK KO K]J SK. Analyzed the data: MK SH
SK. Contributed to the writing of the manuscript: MK SH SK.

3. Fletcher PC, Henson RN (2001) Frontal lobes and human memory: insights
from functional neuroimaging. Brain 124: 849-881.

4. Badre D, Wagner AD (2002) Semantic retrieval, mnemonic control, and
prefrontal cortex. Behav Cogn Neurosci Rev 1: 206-218.

5. Buckner RL (2003) Functional-anatomic correlates of control processes in
memory. J Neurosci 23: 3999-4004.

October 2014 | Volume 9 | Issue 10 | €110798



20.

21.

22.

23.

24.

26.

27.

28.

29.

30.

31.

33.

34.

. Anderson MC, Ochsner KN, Kuhl B, Cooper J, Robertson E, et al. (2004)

Neural Systems Underlying the Suppression of Unwanted Memories. Science

303: 232-235.

. Aron AR, Robbins TW, Poldrack RA (2004) Inhibition and the right inferior

frontal cortex. Trends Cogn Sci 8: 170-177.

. Kan IP, Thompson-Schill SL (2004) Selection from perceptual and conceptual

representations. Cogn Affect Behav Neurosci 4: 466-482.

. Badre D, Poldrack RA, Paré-Blagoev EJ, Insler RZ, Wagner AD (2005)

Dissociable controlled retrieval and generalized selection mechanisms in
ventrolateral prefrontal cortex. Neuron 47: 907-918.

. Duarte A, Ranganath C, Knight RT (2005) Effects of unilateral prefrontal

lesions on familiarity, recollection, and source memory. J Neurosci 25: 8333~

8337.

. Werkle-Bergner M, Mecklinger A, Kray J, Meyer P, Diizel E (2005) The control

of memory retrieval: insights from event-related potentials. Brain Res Cogn
Brain Res 24: 599-614.

. Badre D, Wagner AD (2007) Left ventrolateral prefrontal cortex and the

cognitive control of memory. Neuropsychologia 45: 2883-2901.

. Depue BE, Curran T, Banich MT (2007) Prefrontal regions orchestrate

suppression of emotional memories via a two-phase process. Science 317: 215~

219.

. Davachi L, Dobbins IG (2008) Declarative Memory. Curr Dir Psychol Sci 17:

112-118.

. Levy BJ, Anderson MC (2008) Individual differences in the suppression of

unwanted memories: the executive deficit hypothesis. Acta Psychol (Amst) 127:
623-635.

. Benoit RG, Anderson MC (2012) Opposing mechanisms support the voluntary

forgetting of unwanted memories. Neuron 76: 450-460.
Gagnepain P, Henson RN, Anderson MC (2014) Suppressing unwanted
memories reduces their unconscious influence via targeted cortical inhibition.

Proc Natl Acad Sci USA 111, E1310-1319.

. Diizel E, Cabeza R, Picton TW, Yonelinas AP, Scheich H, et al. (1999) Task-

related and item-related brain processes of memory retrieval. Proc Natl Acad Sci

USA 96: 1794-1799.

. Ranganath C, Heller AS, Wilding EL (2007) Dissociable correlates of two classes

of retrieval processing in prefrontal cortex. Neuroimage 35: 1663-1673.
Schott BH, Niklas C, Kaufmann J, Bodammer NC, Machts J, et al. (2011) Fiber
density between rhinal cortex and activated ventrolateral prefrontal regions
predicts episodic memory performance in humans. Proc Natl Acad Sci USA
108: 5408-5413.

Milner B (1971) Interhemispheric differences in the localization of psychological
processes in man. Br Med Bull 27: 272-277.

Petrides M (1991) Functional specialization within the dorsolateral frontal cortex
for serial order memory. Proc Biol Sci. 246: 299-306.

Zorrilla LT, Aguirre GK, Zarahn E, Cannon TD, D’Esposito M (1996)
Activation of the prefrontal cortex during judgments of recency: a functional
MRI study. Neuroreport. 7: 2803-2806.

Cabeza R, Mangels J, Nyberg L, Habib R, Houle S, et al. (1997) Brain regions
differentially involved in remembering what and when: a PET study. Neuron 19:
863-870.

. Cabeza R, Anderson ND, Houle S, Mangels JA, Nyberg L (2000) Age-related

differences in neural activity during item and temporal-order memory retrieval:
a positron emission tomography study. J Cogn Neurosci 12: 197-206.
Hintzman DL (2001) Judgments of frequency and recency: how they relate to
reports of subjective awareness. J Exp Psychol Learn Mem Cogn 27: 1347
1358.

Dobbins IG, Foley H, Schacter DL, Wagner AD (2002) Executive control
during episodic retrieval: multiple prefrontal processes subserve source memory.
Neuron 35: 989-996.

Konishi S, Uchida I, Okuaki T, Machida T, Shirouzu I, et al. (2002) Neural
correlates of recency judgment. J Neurosci 22: 9549-9555.

Suzuki M, Fujii T, Tsukiura T, Okuda J, Umetsu A, et al. (2002) Neural basis of
temporal context memory: a functional MRI study. Neuroimage 17: 1790-1796.
Dobbins 1G, Rice HJ, Wagner AD, Schacter DL (2003) Memory orientation
and success: separable neurocognitive components underlying episodic recog-
nition. Neuropsychologia 41: 318-333.

Hintzman DL (2003) Judgments of recency and their relation to recognition
memory. Mem Cognit 31: 26-34.

. Fujii T, Suzuki M, Okuda J, Ohtake H, Tanji K, et al. (2004) Neural correlates

of context memory with real-world events. Neuroimage 21: 1596-1603.
Konishi S, Asari T, Jimura K, Chikazoe J, Miyashita Y (2006) Activation shift
from medial to lateral temporal cortex associated with recency judgments
following impoverished encoding. Cereb Cortex 16: 469-474.

Rajah MN, Mclntosh AR (2006) Dissociating prefrontal contributions during a
recency memory task. Neuropsychologia 44: 350-364.

. Dudukovic NM, Wagner AD (2007) Goal-dependent modulation of declarative

memory: neural correlates of temporal recency decisions and novelty detection.

Neuropsychologia 45: 2608-2620.

. Rajah MN, McIntosh AR (2008) Age-related differences in brain activity during

verbal recency memory. Brain Res 1199: 111-125.

St Jacques P, Rubin DC, LaBar KS, Cabeza R (2008) The short and long of it:
neural correlates of temporal-order memory for autobiographical events. J Cogn
Neurosci 20: 1327-1341.

PLOS ONE | www.plosone.org

Decreased Fronto-Temporal Interaction during Fixation after Retrieval

38.

39.

40.

41.

42.

43.

44.

46.

47.

48.

49.

50.

53.

54.

56.

57.

58.

59.

60.

66.

67.

68.

Grove KL, Wilding EL (2009) Retrieval processes supporting judgments of

recency. J Cogn Neurosci 21: 461-473.

Lehn H, Steffenach HA, van Strien NM, Veltman DJ, Witter MP, et al. (2009) A

specific role of the human hippocampus in recall of temporal sequences.

J Neurosci 29: 3475-3484.

Greve A, Doidge AN, Evans CJ, Wilding EL (2010) Functional neuroanatomy

supporting judgments of when events occurred. J Neurosci 30: 7099-7104.

Kimura HM, Hirose S, Kunimatsu A, Chikazoe J, Jimura K, et al. (2010)

Differential temporo-parietal cortical networks that support relational and item-

based recency judgments. Neuroimage 49: 3474-3480.

Rajah MN, Crane D, Maillet D, Floden D, Valiquette L. (2011) Similarities in

the patterns of prefrontal cortex activity during spatial and temporal context

memory retrieval after equating for task structure and performance. Neuroimage

54: 1549-1564.

Rajah MN, Languay R, Grady CL (2011) Age-related changes in right middle

frontal gyrus volume correlate with altered episodic retrieval activity. J Neurosci
31: 17941-1754.

Hirose S, Kimura HM, Jimura K, Kunimatsu A, Abe O, et al. (2013)
Dissociable Temporo-Parietal Memory Networks Revealed by Functional
Connectivity during Episodic Retrieval. PLoS One 8: ¢71210.

Friston KJ, Buechel C, Fink GR, Morris J, Rolls E, et al. (1997)
Psychophysiological and modulatory interactions in neuroimaging. Neuroimage
6: 218-229.

Gitelman DR, Penny WD, Ashburner J, Friston KJ (2003) Modeling regional
and psychophysiologic interactions in fMRI: the importance of hemodynamic
deconvolution. Neuroimage 19: 200-207.

Davachi L, Wagner AD (2002) Hippocampal contributions to episodic encoding:
Insights from relational and item-based learning. J Neurophysiol 88: 982-990.
Tubridy S, Davachi L (2011) Medial temporal lobe contributions to episodic
sequence encoding. Cereb Cortex 21: 272-280.

Snodgrass JS, Vanderwart M (1980) A standardized set of 260 pictures: norms
for name agreement, image agreement, familiarity, and visual complexity. J Exp
Psychol Hum Learn 9: 164-215.

Jimura K, Yamashita K, Chikazoe ], Hirose S, Miyashita Y, et al. (2009) A
critical component that activates the left inferior prefrontal cortex during
inference resolution. Eur J Neurosci 29: 1915-1920.

. Worsley KJ, Friston KJ (1995) Analysis of fMRI time-series revisited—again.

Neuroimage 2: 173-181.

Genovese C, Lazar NA, Nichols T (2002) Thresholding of statistical maps in
functional neuroimaging using the false discovery rate. Neuroimage 15: 870—
878.

Chumbley JR, Friston KJ (2009) False discovery rate revisited: FDR and
topological inference using Gaussian random fields. Neuroimage 44: 62-70.
Rissman J, Gazzaley A, D’Esposito M (2004) Measuring functional connectivity
during distinct stages of a cognitive task. Neuroimage 23: 752-763.

5. Fox MD, Snyder AZ, Vincent JL, Corbetta M, Van Essen DC, et al. (2005) The

human brain is intrinsically organized into dynamic, anticorrelated functional
networks. Proc Natl Acad Sci USA 102: 9673-9678.

Fair DA, Schlaggar BL, Cohen AL, Miezin FM, Dosenbach NU, et al. (2007) A
method for using blocked and event-related fMRI data to study "resting state"
functional connectivity. Neuroimage 35: 396-405.

Hirose S, Watanabe T, Wada H, Imai Y, Machida T, et al. (2013) Functional
relevance of micromodules in the human association cortex delineated with
high-resolution FMRI. Cereb Cortex 23: 2863-2871.

Buckner RL, Andrews-Hanna JR, Schacter DL (2008) The brain’s default
network: anatomy, function, and relevance to disease. Ann N'Y Acad Sci 1124:
1-38.

Honey CJ, Thivierge JP, Sporns O (2010) Can structure predict function in the
human brain? Neuroimage 52: 766-776.

Sakai K, Miyashita Y (1991) Neural organization for the long-term memory of
paired associates. Nature 354: 152-155.

. Damasio H, Grabowski TJ, Tranel D, Hichwa RD, Damasio AR (1996) A

neural basis for lexical retrieval. Nature 380: 499-505.

. Higuchi S, Miyashita Y (1996) Formation of mnemonic neuronal responses to

visual paired associates in inferotemporal cortex is impaired by perirhinal and
entorhinal lesions. Proc Natl Acad Sci USA 93: 739-743.

53. Martin A, Wiggs CL, Ungerleider LG, Haxby JV (1996) Neural correlates of

category-specific knowledge. Nature 379: 649-652.

54. Chao LL, Haxby JV, Martin A (1999) Attribute-based neural substrates in

temporal cortex for perceiving and knowing about objects. Nature Neurosci 2:

913-919.

. Messinger A, Squire LR, Zola SM, Albright TD (2001) Neuronal representa-

tions of stimulus associations develop in the temporal lobe during learning. Proc
Natl Acad Sci USA 98: 12239-12244.

Tsukiura T, Fujii T, Fukatsu R, Otsuki T, Okuda J, et al. (2002) Neural basis of
the retrieval of people’s manes: evidence from brain-damaged patients and
fMRI. J Cogn Neurosci 14: 922-937.

Naya Y, Yoshida M, Miyashita Y (2003) Forward processing of long-term
associative memory in monkey inferotemporal cortex. J Neurosci 23: 2861
2871.

Takashima A, Petersson KM, Rutters F, Tendolkar I, Jensen O, et al. (2006)
Declarative memory consolidation in humans: a prospective functional magnetic
resonance imaging study. Proc Natl Acad Sci USA 103: 756-761.

October 2014 | Volume 9 | Issue 10 | e110798



69.

70.

71.

73.

74.

Tsukiura T, Mochizuki-Kawai H, Fujii T (2006) Dissociable roles of the bilateral
anterior temporal lobe in face-name associations: an event-related fMRI study.
Neuroimage 30: 617-626.

Yamashita K, Hirose S, Kunimatsu A, Aoki S, Chikazoe J, et al. (2009)
Formation of longterm memory representation in human temporal cortex
related to pictorial paired associates. J Neurosci 29: 10335-10340.

Watanabe T, Kimura HM, Hirose S, Wada H, Imai Y, et al. (2012) Functional
Dissociation between Anterior and Posterior Temporal Cortical Regions during
Retrieval of Remote Memory. J Neurosci 32: 9659-9670.

. Rugg MD, Henson RN, Robb WG (2003) Neural correlates of retrieval

processing in the prefrontal cortex during recognition and exclusion tasks.
Neuropsychologia 41: 40-52.

Hayama HR, Johnson JD, Rugg MD (2008) The relationship between the right
frontal old/new ERP effect and post-retrieval monitoring: specific or non-
specific? Neuropsychologia 46: 1211-1223.

Hayama H (2009) Functional Significance of the Neural Correlates of Post-
retrieval Processing. Irvine: University of California. 254 p.

. Hayama HR, Rugg MD (2009) Right dorsolateral prefrontal cortex is engaged

during postretrieval processing of both episodic and semantic information.
Neuropsychologia 47: 2409-2416.

PLOS ONE | www.plosone.org

1

Decreased Fronto-Temporal Interaction during Fixation after Retrieval

77.

78.

79.

80.

81.

Greicius MD, Krasnow B, Reiss AL, Menon V (2003) Functional connectivity in
the resting brain: a network analysis of the default mode hypothesis. Proc Natl
Acad Sci USA 100: 253-258.

Fox MD, Raichle ME (2007) Spontaneous fluctuations in brain activity observed
with functional magnetic resonance imaging. Nat Rev Neurosci 8: 700-711.
Buckner RL, Krienen FM, Yeo BT (2013) Opportunities and limitations of
intrinsic functional connectivity MRI. Nat Neurosci 16: 832-837.
Andrews-Hanna JR, Reidler JS, Sepulcre J, Poulin R, Buckner RL (2010)
Functional-anatomic fractionation of the brain’s default network. Neuron 65:
550-562.

Spreng RN, Sepulcre J, Turner GR, Stevens WD, Schacter DL (2013) Intrinsic
Architecture Underlying the Relations among the Default, Dorsal Attention, and
Fronto-parietal Control Networks of the Human Brain. J] Cogn Neurosci 25: 74
86.

Spreng RN, Stevens WD, Chamberlain JP, Gilmore AW, Schacter DL (2010)
Default network activity, coupled with the frontopari control network, supports
goal-directed cognition. Neuroimage 53: 303-317.

Spreng RN, Schacter DL (2012) Default Network Modulation and Large-Scale
Network Interactivity in Healthy Young and Old Adults. Cereb Cortex 22:
2610-2621.

October 2014 | Volume 9 | Issue 10 | e110798



