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ABSTRACT: Flexible mnemonic mechanisms that adjust to different
internal mental states can provide a major adaptive advantage. How-
ever, little is known regarding how this flexibility is achieved in the
human brain. We examined brain activity during retrieval of false mem-
ories of a movie, generated by exposing participants to misleading infor-
mation. Half of the participants suspected the memory manipulation
(Distrustful), whereas the other half did not (Na€ıve). Distrustful dis-
played more accurate memory performance and a brain signature dif-
ferent than that of Na€ıve. In Distrustful, the ability to differentiate true
from false information was driven by a qualitatively distinct hippocam-
pal activity for endorsed items, consistent with the view that hippocam-
pal encoding allows recollection of a specific source. Conversely, in
Na€ıve, BOLD differences between true and false memories were line-
arly correlated with accuracy across participants, suggesting that Na€ıve
subjects needed to reinstate and evaluate stored information to discern
true from false. We propose that our results lend support to models sug-
gesting that hippocampal activity can exhibit different computational
schemes, depending on memorandum attributes. Furthermore, we show
that trust, considered as a subjective state of mind, may alter basic hip-
pocampal strategies, influencing the ability to separate real from false
memory. VC 2014 Wiley Periodicals, Inc.
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INTRODUCTION

Although episodic memories are supposed to reflect past events, peo-
ple report remembering events that never happened (Roediger and
McDermott, 1995; Loftus, 2005). Previous functional imaging studies
searched for brain signatures that distinguish retrieval of false versus
veridical memories. These studies tapped into memories of word lists
(Cabeza et al., 2001), abstract shapes (Slotnick and Schacter, 2004), and
pictures of objects (Gonsalves and Paller, 2000; Okado and Stark,
2003). Their results gave rise to the sensory reactivation hypothesis,
which posits that retrieval of true and false memories differs in activity

in stimuli-accordant sensory areas (Schacter and Slot-
nick, 2004). Puzzlingly, however, in medial temporal
lobe (MTL) regions, which are known to be critical
for episodic memory and recognition of previously
encountered items (Milner et al., 1998), such differ-
ential signature is usually not detected (Stark et al.,
2010; see Kim and Cabeza, 2007). The nature of
MTL computations during recognition judgments
and whether they are instrumental in distinguishing
correctly identified targets from false memories are
currently fundamental open questions in memory
research.

The lack of difference in MTL BOLD activity
found in false memory studies seems to accord well
with the predictions of constructive frameworks of
episodic memory, such as the source-monitoring
framework (SMF; Mitchell and Johnson, 2009) and
the constructive memory framework (CMF; Schacter
and Addis, 2007). These frameworks emphasize the
constructive nature of episodic retrieval and suggest
that false memories arise from these error prone con-
structive mechanisms (Johnson and Raye, 1998;
Schacter and Addis, 2007). If both veridical and false
memories arise from similar retrieval processes, their
BOLD brain signature indeed may not differ. Further-
more, the SMF suggests that there is no single piece
of information which differentiates correct from dis-
torted memories. Rather, memories from different
sources differ in their phenomenal qualities, such as
the perceptual details associated with them. Monitor-
ing processes use these differences to evaluate the
source (Mitchell and Johnson, 2009). This suggests
that the details associated with real and distorted
memories, both endorsed and rejected, may need to
be reactivated and evaluated, eliciting similar brain
activity patterns.

Nevertheless, although human episodic memory is
not completely accurate, we are able in many cases to
make fine grained discriminations between informa-
tion arising from different sources even when these
are very similar. This ability is thought to involve the
hippocampus (Yassa and Stark, 2011). Computational
models suggest that the hippocampus performs pat-
tern separation, that is, encodes similar representations
in a distinct and nonoverlapping manner. Such dis-
tinct representations later allow pattern completion,
that is, given only partial cues the hippocampus can
reactivate a specific trace (Marr, 1971; Treves and
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Rolls, 1994; Hasselmo, 1995; Norman and O’Reilly, 2003), pro-
vided that the given cues are aptly matched with the encoded
trace (Norman et al., 2008). These frameworks refer to the
mechanistic level of neural computations and do not make spe-
cific predictions in regard to false memories. Yet they suggest that
under certain circumstances, postevent misleading episodes may
be encoded as traces which are separate from the original event
(Norman et al., 2008). What role such mechanisms play in false
memory tasks, and how they relate to the predictions of con-
structive frameworks in regard to false memories, is yet unclear.

In the current study, we examined MTL activity during false
episodic retrieval induced by a misinformation paradigm. We
presented participants with a life-like documentary movie
(“study” phase, see Fig. 1 for the protocol). Three weeks later,
false memories were induced using a memory questionnaire
planted with information about scenes never depicted in the
movie (“manipulation” phase). One week following the
“manipulation,” participants returned for the “test” phase. In the
“test,” participants underwent brain fMRI scanning, while pre-
sented with statements describing events from the movie
(Movie), planted manipulation events (Manipulation), and novel
information (New), and determined whether these events
appeared in the movie or not. Participants were instructed to
answer solely based on their memory of the movie.

In the analysis, we examined if MTL BOLD activity in this
task seems to accord with the concepts of constructive models
of episodic memory described above, as well as with the postu-
lated pattern separation mechanisms. The participants’ task was
to endorse items which elicit the recollection of a movie scene.
Specifically, we hypothesized that if accuracy discerning Movie
and Manipulation is driven by distinct, pattern-separated hip-
pocampal representations of the two sources, most Manipula-
tion items would not elicit recollection of movie details, as
manipulation information never co-occurred with the sensory
input of the movie (Norman et al., 2008). Thus, pattern-
separated representations will allow rejection of most Manipu-
lation items without necessitating access to the detailed content
of the manipulation information itself (Norman and O’Reilly,
2003). Notably, recollecting the appearance of an item in the
“manipulation” phase alone cannot serve as sufficient evidence
for rejection, as veridical movie information appeared in this
phase as well. Hence, if pattern separation was successful and
separable representations were encoded, endorsed items are
likely to elicit hippocampal activity (representing access to epi-
sodic details), whereas correctly rejected Manipulation ones will
not. Alternately, if the traces of the movie and manipulation
phases were not sufficiently separated, Manipulation items may
elicit recollection of movie details (Hasselmo, 1995; Norman

FIGURE 1. Experimental protocol. Top: “Study” phase: Participants watched a documentary
film following life events of a woman. Middle: “Manipulation” phase: 3 weeks after the study
phase, they completed a memory test inquiring on details of movie scenes, but also of scenes not
depicted in it. Bottom: “Test” phase: A week after the manipulation phase (4 weeks after the study
phase), participants performed a brain MRI scan. They were presented with statements describing
Movie and Manipulation events and asked if they recall them from the movie.
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et al., 2008). When traces are not separated, the CLS predicts
that hippocampal activity will correspond with a signal detec-
tion process (Norman and O’Reilly, 2003). This is consistent
with the proposition of the SMF that the quality of the mem-
ory will affect the ability to identify the source, and thus
exhaustive source-monitoring processes are likely to be used to
discern between Movie and Manipulation, and participants are
expected to try and access the content associated with these
items, activating the hippocampus in both cases (Johnson and
Raye, 1998; Mitchel and Johnson, 2000; Norman and
O’Reilly, 2003; Schacter and Addis, 2007). Furthermore,
according to the SMF, participants would likely expect movie
items to be more vivid and contain more visual and audio
details than the gist-based manipulation items. They would
then use this information by judging an item associated with
more detailed and vivid recollection as a Movie item (Johnson
and Raye, 1998; Schacter and Addis, 2007). Such a strategy
could be apparent in hippocampal activity, which is modulated
by the amount of retrieved details (Addis et al., 2004).

As hippocampal activity is specifically predicted to corre-
spond with a signal-detection process when traces are not sepa-
rated (Norman and O’Reilly, 2003), we hypothesized that
behavioral accuracy will be linearly correlated with per subject
differences between MTL activity during evaluation of Movie
and Manipulation items. We assessed MTL fMRI data accord-
ing to these predictions.

We further conjectured that participants’ subjective internal
state may be an important factor affecting mnemonic computa-
tions. Previously, we and others demonstrated that in manipula-
tion paradigms, the subjective internal state differed between
participants that suspected the manipulation and ones that did
not, resulting in different behavioral and neuronal patterns (Lind-
say, 1990; McDermott and Roediger, 1998; Edelson et al., 2011).
Thus, we set out to examine if trust in the suggested information
can alter MTL activity patterns in this misinformation paradigm.

MATERIALS AND METHODS

Participants

Thirty-seven participants took part in the experiment (age:
23–34 years, mean: 28 years, 14 females). We omitted three
participants from the analysis due to excessive motion in the
scanner, one participant as he had a negative accuracy value
and one as she did not have a sufficient number of events in
the condition of interest (only two endorsed Manipulation
statements). We omitted additional three participants as they
had an excessive number of inconsistencies between answers
given at two stages of the “test” phase: the scan and a phase
performed immediately afterward, in which confidence and viv-
idness reports were collected (see below). This resulted in 29
participants included in the analysis. Two additional experi-
ments were performed to verify the effect of the manipulation
(see details below). Nine participants took part in a group

which performed the experiment without the memory manipu-
lation (“No Manip” group; age: 23–31 years, mean: 27 years,
four females), and another nine in a group which performed
the experiment without watching the movie (the “No Movie”
group; age: 23–34 years, mean: 30 years, five females). All par-
ticipants had normal or corrected to normal vision and were
fluent in Hebrew. Participants who performed an fMRI scan
were all right-handed. All participants were paid for their time.

Study Material

The study material was a 27-min long documentary movie
produced in house, which follows the course of a day in the
life of a woman, E.S., depicting real-life events in Tel-Aviv
(Mendelsohn et al., 2008). Both the movie and the following
questionnaires (see Experimental Protocol) were in Hebrew.

Experimental Protocol

The experimental protocol was approved by the Institutional
Review Board of the Edith Wolfson Medical Center, Holon.

The experiment consisted of three phases. Participants were
briefed before each phase using detailed written instructions.
Before the “manipulation” and “test” phases participants per-
formed practice trials to make sure they understood the task.
The questions used in the practice trials were not drawn from
the question set used in the experiment itself.

In the “study” phase, participants watched the movie (top of
Fig. 1). They were not required to do any specific mnemonic
task or exert effort. Three weeks later, the participants returned
for the second “manipulation” phase (middle of Fig. 1). In this
phase, participants completed a test which included 126 ques-
tions about the movie contents that followed the order of
events in the movie. First, a statement describing a movie scene
and a detail from that scene appeared for 5 s. Subsequently, a
question inquiring whether the statement was correct or incor-
rect appeared on the screen. Then, the participants were asked
to rate their confidence in their answer (highly confident, fairly
confident, or guessing) and report if the memory was reenacted
(i.e., accompanied by some sense of vividness) or not. For each
of these questions, participants were given up to 20 s to
answer. Sixty questions inquired about details of actual movie
scenes (e.g., “When E.S. is going down the stairs, she puts her
keys in her bag.”). These questions aimed to give the partici-
pants the narrative context into which they could anchor the
false information presented in subsequent questions, and also,
being quite hard to answer, to reduce the participants’ confi-
dence in their own memory. The real movie scenes asked about
in this phase were not the scenes asked about in the Movie
questions of the “test”. Thus, when participants are trying to
answer Movie questions in the “test”, they are probably not rec-
ollecting “manipulation” phase questions (see below). The
remaining 66 questions referred to scenes that were never pre-
sented in the movie. For example, “When E.S. and the pianist
move the piano, E.S. complains that it is heavy,” although
both E.S. and the pianist are characters in the movie, and the
pianist is shown playing the piano, they were never seen

242 LUDMER ET AL.

Hippocampus



moving the piano. The questions that contained planted infor-
mation were intermixed with the questions about real movie
scenes and presented in a plausible arrangement along the
sequence of events. Participants were forced to answer the false
questions, and there was no “I don’t remember” option (to
force the participant to confabulate rather than dismiss the
question; see Ackil and Zaragoza, 1998). They were also
encouraged to try and re-live the scene. Naturally, a few of the
participants expressed puzzlement on being asked about scenes
they could not remember. They were not given any response
by the experimenter, but rather were instructed to report their
feedback in a form they completed immediately after the test.

A week after the “manipulation” phase (i.e., 4 weeks after
they had watched the movie), participants returned for the
third “test” phase (bottom of Fig. 1). This consisted of two ses-
sions: the first was done in the MRI scanner, and the second
was conducted outside the magnet. At the first session, partici-
pants were scanned while they answered the memory test.
They were presented with statements describing possible movie
events, each presented for 6 s. Subsequently, a question
appeared on the screen, while the statement itself was still pres-
ent, inquiring whether it was correct or incorrect, that is, did
the described event happen in the movie or not. Participants
had up to 10 s to respond. The memory taxed in the questions
was of the main event taking place and not of fine/peripheral
details. When participants were briefed before the “test,” it was
well emphasized both in the written instructions and orally
that their answers should be based on the movie memory only
(the text used in the instructions was “when you answer, please
rely only on the movie and not on details that appeared in the
previous test”). The test contained 30 Movie questions (state-
ments that describe veridical movie events, e.g., “The pianist
demonstrates to E.S. how to sing”), 30 Manipulation questions
(statements that describe events that were not depicted in the
movie, but were described in the “manipulation”, e.g., “The
pianist and E.S. move the piano”), and 30 New questions
(statements that describe events that were never presented, nei-
ther in the movie nor in the “manipulation”, e.g., “The pianist
talks about a book he read”). Importantly, and as mentioned
above, the Movie questions asked about real movie scenes that
were not tapped in the “manipulation” phase. Hence, in regard
to real movie information, participants were probably not using
their answers of the previous test, but needed to remember the
movie. Again, the questions followed the order of events in the
movie. Each question trial was followed by an intertrial interval
of 4–8 s (bottom panel of Fig. 1).

In addition, the participants were presented with 30 Baseline
questions, in which the letters of randomly picked Movie,
Manipulation, and New statements were scrambled. The scram-
bling yielded meaningless gibberish sentences (e.g., “anis motn-
gons wttepo osraest hiesh tdeti”). Participants were asked to
determine whether certain letters appeared in the sentence
more than once (see Mendelsohn et al., 2010). The Baseline
questions were randomly distributed along the memory test.

The second session of the “test” followed immediately after
the MRI scan was completed and was performed outside the

scanner. At this stage, participants were presented again with
the same Movie, Manipulation, and New statements that were
presented during the scan and were requested to answer again
whether they described events from the movie. This time, how-
ever, they were additionally asked also to report their confi-
dence in their answer (“highly confident”, “fairly confident”, or
“guessing”). Finally, they were asked to rate the vividness of re-
living the scene, that is, to report the number of retrieved
details—“very vivid: the memory is clear and detailed”,
“medium vividness: the memory is quite clear yet not
detailed”, “poorly vivid: the memory is vague and with no
details”, and “not vivid: I did not re-live the memory at all”.
Re-living was defined in the instructions as re-experiencing,
hearing, or seeing in their minds’ eye the relevant movie scene
(Furman et al., 2012). Participants were asked to refrain from
generating this feeling artificially, but only report it when it
occurs naturally. If the participants re-lived a certain scene, but
thought it happened differently than described in the state-
ment, they were instructed to answer it was incorrect, and
nevertheless report the vividness. For each of these stages, par-
ticipants were given up to 20 s to respond. At this session, the
Baseline questions were not presented.

At the end of the “test” phase, the participants completed a
written feedback form, in which, among other questions, they
were inquired if the “manipulation” phase influenced their per-
formance in the “test” in any way, and if so how (“did you feel
that the first test influenced your responses at the second test?
If so, in what way?”. They were also asked to speculate on the
purpose of the experiment (“What do you think was the pur-
pose of this experiment?”). Participants were classified accord-
ing to their answers to Distrustful, participants who, in any
manner, reported they suspected being manipulated, or to
Na€ıve, that is, participants who did not. The classification was
performed by an unbiased individual, uninformed of the pur-
pose of the analysis. The criteria for a participant to be labeled
as Distrustful was that they made an explicit reference to false
memory, planted or fabricated information, or to scenes that
they knew were never presented in the movie (see Supporting
Information Tables S1 and S2 for the text of participants’
answers).

Questions for which the participants’ answer was not con-
sistent between the two stages of the “test” were omitted from
the analysis. For most participants, the number of these events
was low (on average 0.9 6 0.2 Movie items endorsed in the
scan, and 1.3 6 0.3 Manipulation items, endorsed in the scan
were rejected at the second session). However, three partici-
pants were omitted from the analysis as they had an excessive
number of questions answered differently between the two ses-
sions of the “test” (mean plus two standard deviations
7.6 6 10.4). This was done to make sure that we included only
participants who understood the task, which should be mani-
fested in consistency between the two stages.

Two additional groups of participants performed different
versions of the experiment. Participants in these groups were
not scanned, and only their behavioral results were assessed.
The first, the No Manip group, was performed to explore the
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influence of the manipulation, beyond other possible factors
such as decay over time, attention, and memory load. Partici-
pants in this group performed the same three phases as the
manipulated group; however, in the second phase, they were
not presented with questions containing planted information.
Thus, in this phase, only questions relating to veridical movie
events were presented (60 questions).

The second, the No Movie group, was performed to validate
that the questions presented at “test” were not inherently
biased. Participants in this group performed only the “test”
phase (i.e., they did not watch the movie or perform the
“manipulation” phase). They were informed that they are par-
ticipants in a control group and are about to answer questions
about a movie they did not see. They were instructed to use
any strategy of their choice to do so.

Statistical analysis of the behavioral data was done using Sta-
tistica (version 8; www.statsoft.com; StatSoft, Inc., 2007).

Functional Neuroimaging

Prior to scanning, all participants signed informed consent
and MRI safety forms. The MRI scanning during the first
stage of the “test” was conducted on a 3T Trio Magnetom Sie-
mens scanner at the Weizmann Institute of Science. All images
were acquired using a 12-channel head matrix coil. Three-
dimensional T1-weighted anatomical scans were acquired with
a high resolution of 1-mm slice thickness (3D MP-RAGE
sequence, TR 5 2,300 ms, TE 5 2.98 ms, 1 mm3 voxels).
Functional scans were acquired resulting in 3 mm 3 3 mm 3

4 mm voxels (35 slices without gap, TR 5 2,000 ms, TE 5 30
ms, flip angle 5 80�). The slices were obtained at 30� toward
the coronal plane from ACPC and covered the whole brain.

fMRI Data Analysis

Unless otherwise indicated, fMRI data were processed using
the BrainVoyager QX 2.1 software package (Brain Innovation,
Maastricht, The Netherlands). The first 4 TRs were removed
from each functional dataset to allow for signal equilibrium.
The functional data were then corrected for head motion
(scans with head movement larger than 2 mm were rejected),
for slice-timing acquisition, low frequencies were filtered out,
and the data were spatially smoothed with a 6-mm (full-width
at half-height) Gaussian kernel. Both anatomic and functional
datasets were converted into Talairach space and resliced into
isovoxels of 1 mm3.

General Linear Model Analysis

To delineate the Retrieval Network MTL regions (Maguire,
2001; Svoboda et al., 2006; Mendelsohn et al., 2009), we con-
structed a general linear model (GLM), which classified the
memory questions according to type (Movie, Manipulation,
and New) and response (endorsed as a movie event or rejected).
Each event started at the onset of the statement presentation
on screen and ended at the participant’s button press. An addi-
tional regressor was created for the baseline task questions

(Baseline). A canonical BOLD response was incorporated into
the GLM to account for the hemodynamic delay. Using this
GLM, we contrasted retrieval trials, collapsed across type
(Movie, Manipulation, and New) and response (endorsed as a
movie event or rejected), with the Baseline ones (retrieval net-
work identification). The conditions of interest (endorsed
Movie, endorsed Manipulation, and rejected Manipulation)
were excluded from this contrast to avoid circularity in follow-
ing contrasts. The Retrieval Network is a broad network of
regions, including medial and lateral temporal, parietal, and
prefrontal regions, known to be engaged during episodic
retrieval. The contrast was performed at the group level using a
random effects analysis, separately for Na€ıve and Distrustful.
Notably, the resulted network was similar for both groups and
contained the same regions (see Supporting Information Tables
S3 and S4). The voxels in the obtained statistical map were
considered significant if they exceeded a threshold of q 5 0.01,
using the Benjamini-Hochberg false discovery rate to correct
for multiple comparisons (Benjamini and Hochberg, 1995).
This strict correction was used to avoid false positive results
(Kriegeskorte et al., 2009). This contrast resulted in activations
in a network of regions consistent with previous literature
(Mendelsohn et al., 2009; see Supporting Information Tables
S3 and S4 for the full list). Given previous research regarding
the critical role of the MTL in declarative memory (Milner
et al., 1998), and our specific interest in testing the predictions
of the CLS framework, we focused only on the MTL regions,
that is, the hippocampus and parahippocampal cortex (PHC)
regions of interest (ROI; see right panel of Fig. 3).

Next, to examine the BOLD activity time courses, we used
deconvolution analysis (finite-impulse response model). This
was done by computing for the GLM described above, a corre-
sponding GLM which did not incorporate a typical BOLD
response, but assigned a predictor to each of the 10 TRs fol-
lowing the onset of each event. The deconvolution GLM was
computed for each participant separately. The resulted b-values
were then extracted into Matlab (version 7.11, 2010; The
Math-Works, Inc., Natick, MA), where we computed the
group mean and standard error for each condition at each TR.
To have a measure of the difference between the activity distri-
butions of endorsed Movie and Manipulation items for each
subject, in each ROI, we computed the area-under-the-curve
(AUC) of the peak of the estimated BOLD response (TRs 4–8)
of these conditions and subtracted the AUC value for endorsed
Manipulation from the value for endorsed Movie. Following that
we computed the correlation of these values with the relevant
behavioral measures across participants.

To examine a possible parametric relationship between
BOLD activity and participants’ subjective reports on the num-
ber of retrieved details, an additional GLM was constructed, to
which we added a predictor modeling endorsed Movie and
Manipulation questions, collapsed together, according to the
vividness assigned to them (very vivid 5 1, medium viv-
idness 5 0, and poorly vivid 5 21). Notably, not all partici-
pants had a sufficient number of events to be included in this
analysis (a minimum of two events per vividness level and
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hence a minimum of six events for this predictor; 13 partici-
pants per group were included in this analysis). To examine
time courses for each vividness level, an additional deconvolu-
tion GLM was computed, in which separate predictors mod-
eled each vividness level. Nine Distrustful participants and 12
Na€ıve had a sufficient number of events (�5) to be included in
this analysis, which was reduced in statistical power, and was
used for visualization only.

RESULTS

Participants Were Either Na€ıve or Distrustful

Participants were debriefed about the manipulation only
after the conclusion of the experiment (for the protocol see
Fig. 1). Before the debriefing, and after the experiment ended,
they answered a questionnaire in which they were asked about
their awareness of the manipulation. They were then classified
according to their answers to Distrustful (14, 4 females) and
Na€ıve (15, 7 females) groups, that is, participants who reported
they suspected being manipulated, making an explicit reference
to false memory, planted, or fabricated information, and partic-
ipants who did not (see “Materials and Methods” section and
Supporting Information Tables S1 and S2).

When did the Distrustful suspicion of the manipulation
materialize? It seems reasonable that mistrust would arise
already at the “manipulation” phase, in which the erroneous

information presented contradicted participants’ movie recollec-
tions. Indeed, participants’ feedback forms seemed to confirm
that this was the case, with eight Distrustful participants report-
ing they noticed the erroneous information during the
“manipulation” (see Supporting Information Tables S1 and
S2).

Awareness of the Manipulation Reduced False
Recognition but Did Not Abolish It

In accordance with the previous findings (Lindsay, 1990;
McDermott and Roediger, 1998), Distrustful participants dis-
tinguished Manipulation items more accurately than Na€ıve.
However, manipulated participants (both Distrustful and Na€ıve)
were significantly less accurate than participants who did not
undergo manipulation (Fig. 2).

Na€ıve endorsed 74.9% (63.6, 22.5 of 30) of the Movie
statements, 44% (63, 13.2 of 30) of the Manipulation state-
ments, and 10.9% (62, 3.3 of 30) of the New statements. Dis-
trustful endorsed 79% (63.1, 23.7 of 30) of the Movie
statements, 32.6% (65.4, 9.8 of 30) of the Manipulation state-
ments, and 7.9% (61.5, 2.4 of 30) of the New statements.
Participants of the No Manip group endorsed 84.4% (62.4,
25.3 of 30) of the Movie statements, 16.7% (63.5, 5 of 30) of
the Manipulation statements, and 17% (64.1, 5.1 of 30) of
the New statements (items endorsed as guesses were not
included; Fig. 2, Panel A). To assess participants’ ability to dis-
tinguish Movie and Manipulation statements, we computed
participants’ d-prime sensitivity discriminating Movie and
Manipulation statements. Distrustful were, on average, more
accurate than Na€ıve, and both Distrustful and Na€ıve were less
accurate than the No Manip group (Distrustful d-prime sensi-
tivity 1.37 6 0.15, Na€ıve 0.9 6 0.12, No Manip 2.1 6 0.06;
one-way ANOVA by group P< 0.0001; post hoc Na€ıve vs.
Distrustful P< 0.05; Distrustful vs. No Manip P< 0.005; Fig.
2, Panel B). Using d-prime analysis, we also computed partici-
pants’ bias, that is, their tendency to set a lenient or stringent
criterion between Movie and Manipulation. The groups did not
differ for this measure (20.18 6 0.11, 20.3 6 0.09,
20.01 6 0.13; one-way ANOVA by group P 5 0.22; Fig. 2,
Panel C). They also did not differ for the d-prime sensitivity
discriminating between Movie and New statements (2.76 6 0.3,
2.33 6 0.3, 2.37 6 0.31; one-way ANOVA by group
P 5 0.54). No significant difference was found between Movie,
Manipulation, and New questions in the No Movie group (see
Supporting Information).

There was no difference between the Na€ıve and Distrustful
in their confidence ratings of endorsed Movie and Manipulation
statements, and in both groups, participants assigned signifi-
cantly more confidence to endorsed Movie statements (see Sup-
porting Information). The vividness ratings of endorsed Movie
statements were also significantly higher than those of endorsed
Manipulation and New statements. However, participants
reported a sense of vividness to some extent for all types of
endorsed questions (see Supporting Information). We found no
significant difference between the groups in regard to response

FIGURE 2. The manipulation affected Na€ıve participants
more than Distrustful ones. Panel A: Both Na€ıve and Distrustful
participants endorsed significantly more Manipulation statements
than participants of the “No Manip” group. However, Na€ıve
endorsed more Manipulation statements than Distrustful (Movie
endorsed in stripes; Manipulation endorsed in light gray; and New
endorsed in dark gray). Panel B: Distrustful (in light gray) were
significantly more accurate than Na€ıve (in dark gray, accuracy was
measured as d-prime sensitivity). Panel C: Distrustful and Na€ıve
did not show a significant difference in their criterion (measured
as d-prime bias).
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times, which varied in both groups with confidence and vivid-
ness (see Supporting Information).

Brain Mechanisms

The analysis focused on the hippocampus and parahippo-
campal cortex (PHC) ROIs (see “Materials and Methods” sec-
tion; Fig. 3). We examined if participants’ accuracy seems to be
driven by a distinct differentiation of BOLD activity for
endorsed and rejected items or by gradual activity differences
between Movie and Manipulation.

In Distrustful, but Not in Na€ıve, Left
Hippocampus Activity Tracked Endorsed and
Rejected Items

To examine if hippocampal activity tracked endorsed Movie
and rejected Manipulation items in either the Na€ıve or the Dis-
trustful, we compared the AUC for the peak TRs (4–8) of
these conditions per subject using repeated-measures ANOVA,
with group as a factor. This comparison revealed that in Dis-
trustful, but not in Na€ıve, the left hippocampus distinguished
these conditions, showing a significant group dependent differ-
ence (P< 0.05; condition 3 group interaction P< 0.05; post
hoc endorsed Movie vs. rejected Manipulation, Distrustful
P< 0.05, Na€ıve P 5 0.99; see left panel of Fig. 3). In the right

hippocampus and PHC ROIs, this comparison yielded no sig-
nificant results, neither between conditions nor between groups
(see middle panel of Fig. 3).

Moreover, in Distrustful, endorsed Movie and endorsed
Manipulation were significantly different from both rejected
Manipulation items and the baseline condition, whereas the
rejected Manipulation condition did not differ from baseline
(repeated-measures ANOVA P� 0.001; post hoc P� 0.05,
P� 0.01, and P 5 0.94). In Na€ıve, on the other hand, all three
mnemonic conditions (endorsed Movie, endorsed Manipulation,
and rejected Manipulation) showed similar activation and were
all different from baseline (repeated-measures ANOVA
P� 0.005; post hoc P< 0.05). Thus, in Distrustful, endorsed
items elicited hippocampal activity, while activity during cor-
rectly rejected Manipulation items remained at baseline levels.

In Na€ıve, Hippocampal and PHC Activity
Differences Between Movie and Manipulation
Correlated With Individual Accuracy

We examined if accuracy in Na€ıve and Distrustful was related to
the ability to differentiate between endorsed Movie and endorsed
Manipulation items (as assessed by the differences in the mean
BOLD signal between these two conditions). To that end, we
computed for each group the correlation between participants’

FIGURE 3. In Distrustful, left hippocampus activity distin-
guished endorsed and rejected items. In Distrustful (top panel),
activity during rejected Manipulation items (in green) was not sig-
nificantly different from the level of the baseline condition (set at
zero). Activity during endorsed Movie (in blue) and Manipulation
items (in red) was similar and significantly higher. In contrast, in

Na€ıve (bottom panel), all the three conditions elicited similar
activity and were all different from the baseline. The y-axis
denotes average b-values, estimated from the BOLD signal using a
GLM. Anatomical images on the right show the left hippocampus
ROI on a coronal section (top), and the left PHC and hippocam-
pus ROIs on a sagittal section (bottom) in Distrustful.
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accuracy (behavioral d-prime distinguishing Movie and Manipula-
tion) and the difference in the mean BOLD of these conditions. In
Na€ıve, in both hippocampus and PHC ROIs, the correlations
were significant; however, no significant correlations were found in
the Distrustful (Fig. 4). We applied a Fisher r-to-z transformation
on the obtained correlation coefficients. A z-statistic computed for
the difference between the transformed correlation coefficients of
the two groups confirmed that in both left and right hippocampi
and in the right PHC, the correlation of accuracy and BOLD dif-
ference was significantly higher in Na€ıve in comparison with Dis-
trustful (P� 0.05, one-tailed).

Notably, the correlation was found only when exploring the
relationship between accuracy and the differential BOLD value.
No correlations were found across Na€ıve participants between
accuracy and the BOLD activity for each condition separately.
Additionally, no correlations were found between the percent
of endorsed Movie or Manipulation statements and their
respective BOLD signal. Thus, these results suggest that accu-
racy of Na€ıve participants correlated with brain activity differ-
entiation between Movie and Manipulation items rather than
with individual properties of each distribution. Notably, all the
aforementioned imaging results were not explained by accuracy
differences between the groups (see Supporting Information).

In Distrustful, Hippocampal Activity Varied
Parametrically With Vividness

As hippocampal activity during recollection was previously
shown to correlate with the amount of reinstated details (Addis
et al., 2004), and as the phenomenal qualities of memories were
postulated to be used by source-monitoring processes (Mitchell
and Johnson, 2009), we examined if in the current data there is
a relationship between BOLD activity and vividness.

To examine if BOLD activity in the different ROIs varied in rela-
tion to the number of retrieved details, we computed a GLM which
includes a predictor that varies parametrically with vividness ratings
of Movie and Manipulation statements (see “Materials and Methods”
section). In Distrustful, in both hippocampi, this predictor was signif-
icant (left hippocampus P� 0.05; right hippocampus P� 0.001;
Fig. 5). This predictor was not significant in the PHC ROI (left
P 5 0.73; right P 5 0.27). In Na€ıve, on the other hand, the paramet-
ric vividness predictor was not significant, neither in the hippocam-
pus nor in the PHC (left hippocampus P 5 0.54; right hippocampus
P 5 0.57; left PHC P 5 0.48; and right PHC P 5 0.28), even when
computed for endorsed Movie items separately.

Notably, in Distrustful, even though activity in the left hip-
pocampus varied with vividness, items endorsed with poor viv-
idness elicited significantly higher activity than rejected
Manipulation items [t(11) P 5 0.02]. This was not evident in
the right hippocampus. Thus, the activity difference between
endorsed and rejected items found in the left hippocampus of
Distrustful cannot be readily explained by vividness alone.

In Na€ıve, Vividness Differences Correlated With
Hippocampal and PHC Differentiation Between
Movie and Manipulation

As hippocampal activity in Na€ıve did not vary with vivid-
ness, as it did in Distrustful, we hypothesized that the pattern
of activity differentiation found for accuracy may be manifested
for vividness as well.

To examine this hypothesis, we computed the correlation of
the activity discrimination between endorsed Movie and Manip-
ulation (per subject differences between the average BOLD sig-
nal for endorsed Movie and Manipulation) and the
corresponding mean vividness differences between endorsed

FIGURE 4. In Na€ıve, activity differences between Movie and Manipulation correlated with
accuracy. In Na€ıve (circles), the difference between Movie and Manipulation time courses AUC-
s (y-axis) was significantly correlated with participants’ Movie versus Manipulation d-prime (x-
axis). We did not find such correlations in the Distrustful (squares).
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Movie and Manipulation items. This correlation was significant
in Na€ıve, in both hippocampus and PHC, but not in Distrust-
ful (Fig. 5). As with accuracy, the correlation was not found
for each condition separately. We applied a Fisher r-to-z trans-
formation on the obtained correlation coefficients. A z-statistic
computed for the difference between the transformed correla-
tion coefficients of the two groups confirmed that in both left
and right hippocampi, the correlation of vividness difference
and BOLD difference was significantly higher in Na€ıve in com-
parison with Distrustful (P� 0.005, one-tailed). In the PHC
ROI, the difference between the correlation coefficients of
Na€ıve and Distrustful did not reach significance (P 5 0.15).

As both accuracy and vividness scores correlated with
endorsed Movie and Manipulation BOLD differences in Na€ıve,
it may be that these behavioral measures explain the same var-
iance in the signal. Thus, it may be that hippocampal activity
reflected only the subjective vividness score assigned to each
endorsed event and did not contribute to veracity judgments.
However, accuracy and vividness difference were weakly corre-
lated in Na€ıve (Pearson r 5 0.34). Furthermore, a multiple
regression analysis performed in this group, in which both d-
prime accuracy and vividness differences were independent varia-
bles, showed that in the left hippocampus, the b-value for both

measures was significant (d-prime b 5 0.36, P� 0.05; vividness
difference b 5 0.7, P� 0.0005). In contrast, in the right hippo-
campus only, the vividness variable was significant (d-prime,
b 5 0.3, P 5 0.09; vividness difference, b 5 0.69, P� 0.001),
and in the PHC ROI, none of the variables were significant in
this analysis. Furthermore, we computed partial correlations
between these measures. In Na€ıve, the partial correlation
between differential activity and vividness differences taking
accuracy into account was significant in both hippocampi. The
partial correlation between differential activity and accuracy dif-
ferences taking vividness differences into account was significant
in the left hippocampus and in the right PHC. None of the par-
tial correlations were significant in Distrustful (Supporting Infor-
mation Fig. S2). These analyses indicate that at least in the left
hippocampus, both vividness and accuracy affect activation.

BOLD Signature Differences Between
Distrustful and Na€ıve Were Not Driven by
Accuracy

The possibility could be raised that the distinction between
Naive and Distrustful was driven by memory accuracy, rather
than the other way around. Thus, participants with a better

FIGURE 5. Hippocampal activity in Distrustful varied para-
metrically with vividness. Panel A: A parametric GLM predictor
for vividness was significant in both hippocampi (left hippocam-
pus P�0.05; right hippocampus P �0.001). This predictor was
not significant in the PHC ROI or in the Na€ıve group. Panel B:

In Na€ıve (circles), the difference between Movie and Manipulation
time courses AUC-s (y-axis) was significantly correlated with the
difference between average vividness scores of endorsed Movie and
Manipulation for each participant (x-axis). We did not find such
correlations in the Distrustful (squares).
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memory of the movie were more likely to suspect they were
being manipulated. In this case, the activity differences we found
may reflect a more vivid memory of the movie in Distrustful par-
ticipants. To explore this issue, we analyzed our data controlling
for memory performance in three complementary approaches.

First, we repeated the contrast between BOLD activity during
evaluation of endorsed Movie items versus rejected Manipulation
items using a GLM with group (i.e., Distrustful or Na€ıve) as a
categorical factor. However, in this analysis, we controlled for
memory performance per subject by adding the behavioral accu-
racy measures (performance levels on Movie, Manipulation, and
New items) as continuous factors (covariates) in this GLM. We
found that the result remains significant (P< 0.05). Moreover,
these covariates did not explain the variance in the aforemen-
tioned contrast (homogeneity of slopes analysis was computed
for the covariates and was not significant; P> 0.1). As a compli-
mentary approach, we also performed the analysis when control-
ling for memory accuracy using different behavioral measures of
performance. When adding the two d-prime measures (Movie vs.
Manipulation, Movie vs. New) as covariates in the GLM (instead
of performance levels), the result remained significant
(P< 0.05). The covariates were not found to explain a significant
amount of variance (P> 0.1).

Finally, we repeated the analysis but instead of dividing the
participants to Distrustful and Na€ıve, we classified them to
Accurate and Inaccurate according to their behavioral accuracy.
This was done thrice, once using Movie vs. Manipulation d-
prime, once using Movie vs. New d-prime, and once using a z-
scored summation of these two measures. In each of these
computations, the Inaccurate group contained five Distrustful
subjects and 10 Na€ıve (the identity of which differed between
the three computations). In all three analyses, the ANOVA
yielded a significant or close to significant difference between
the endorsed Movie and rejected Manipulation conditions
(P< 0.05, P< 0.05, and P 5 0.053, respectively), yet no group
3 condition effect (P 5 0.15, P 5 0.08, and P 5 0.8 respec-
tively). Correlations computed between differential BOLD and
accuracy or vividness differences were nonsignificant in all Inac-
curate and Accurate groups.

It is of note that Distrustful and Na€ıve did not differ in their
performance in regard to Movie and New questions (see Sup-
porting Information Fig. S1, Panel A, and see in comparison
the behavioral performance for the Accurate and Inaccurate
groups in panels B and C).

DISCUSSION

We manipulated movie memories and examined MTL activ-
ity patterns during episodic retrieval. Some participants sus-
pected the manipulation (Distrustful), whereas others did not
(Na€ıve). We found that Distrustful and Na€ıve varied in both
memory performance and hippocampal activity signature,
albeit that both groups performed the same protocol, yet dif-

fered in their trust in the erroneous information. In Distrustful,
the left hippocampus distinguished endorsed items from
rejected ones, which remained at baseline level. In contrast, in
Na€ıve, hippocampal activity did not distinguish between the
different conditions (Fig. 3). Rather, differences between the
mean BOLD of Movie and Manipulation correlated with Na€ıve
participants’ individual behavioral accuracy, in both hippocam-
pus and PHC ROIs (Fig. 4).

Distrustful and Na€ıve differed also in regard to the relationship
between MTL BOLD and subjects’ vividness ratings. Previous
studies found that hippocampal activity varies with the number of
retrieved details (Addis et al., 2004) and with subjective confi-
dence of recognition judgments (Mendelsohn et al., 2010). Con-
sistently, we found that in Distrustful, activity in both hippocampi
parametrically varied with the number of retrieved details,
reported as the vividness level of endorsed items. In Na€ıve, on the
other hand, we found no such parametric relationship. Rather, we
again found that BOLD differences between Movie and Manipula-
tion in both hippocampal and PHC ROIs correlate with individ-
ual behavior, in this case with the difference in the average
vividness assigned to Movie and Manipulation.

What might explain these different patterns of brain activ-
ity? Although on average, Distrustful were more accurate than
Na€ıve, individual accuracy neither explained the differences
between the groups nor did the behavioral discrimination cri-
teria (see “Results” section). It is possible that Na€ıve endorsed
“test” items by familiarity alone, rather than recollecting the
movie, or that they did not perceive the manipulation source
as erroneous, and hence did not refrain from recollecting it as
a reliable source of information. This would explain why hip-
pocampal activity in Na€ıve does not seem to distinguish
endorsed and rejected items. The behavioral results, however,
do not seem to support such explanations. Although during
the “test,” information in both Movie and Manipulation state-
ments was not novel, Na€ıve (while less accurate than Distrust-
ful) did discriminate between these different conditions (Fig.
2). Furthermore, Na€ıve rated about 40% of endorsed Manip-
ulation items as eliciting medium or high vividness, and only
10% as eliciting no vividness at all. As participants were
requested to rate vividness as a feeling of reliving events spe-
cifically from movie and not from the manipulation, Na€ıve
participants probably did believe that endorsed Manipulation
items originated from the film. Another possibility is that in
Distrustful, the criterion set on the PHC inputs which elicit
hippocampal response is more stringent than in Na€ıve. Such
a stringent criterion may culminate in a significant difference
between the activity elicited by endorsed and rejected items
in the hippocampus of Distrustful subjects and explain the
difference between the groups. However, this also suggests
that endorsed and rejected items elicit differential PHC activ-
ity, and hence that PHC activity should have predicted accu-
racy in Distrustful, which was not evident (see Figs. 3 and 4).

We propose that a plausible account of these results can be
offered by a combination of the SMF and computational mod-
els of hippocampal mechanisms. Notably, a major difference
between the groups was found for Manipulation items that all
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participants eventually rejected (Fig. 3). In Na€ıve, these items eli-
cited a response in the left hippocampus, whereas in Distrustful,
they tracked participants’ subjective accuracy. We suggest that the
activity pattern in Distrustful is consistent with pattern-separated
hippocampal representations driving accuracy in these subjects.
In Na€ıve, on the other hand, all event types elicited similar hip-
pocampal activity levels, indicating that a different process
guided the behavioral performance of these subjects. Thus, when
Distrustful tried to distinguish Movie and Manipulation, they
could reject most Manipulation items without reinstating the
items’ content, using pattern-separated mapping, whereas Na€ıve
needed in most cases to access source information. Moreover, the
correlation we found in Na€ıve between differential BOLD activ-
ity and both accuracy and vividness suggests that the content of
this retrieved information was used to drive accuracy, as sug-
gested by the SMF (Mitchell and Johnson, 2009). As Movie
items are likely to be more vivid and contain more visual and
audio details than the gist-based Manipulation, it is reasonable
that source-monitoring evaluation in this task will mostly use an
individual memory strength index.

Our results suggest a correspondence with a computational
framework of MTL processes, the Complementary Learning Sys-
tems approach (CLS; McClelland et al., 1995; Norman and
O’Reilly, 2003). The CLS posits complementary roles for MTL
cortical regions (parahippocampal and perirhinal cortices), which
encode similar stimuli with overlapping representations, and for
the hippocampus, which creates separated representations for dif-
ferent episodes. Such distinct representations later allow pattern
completion, enabling the recollection of a specific studied pattern
using partial cues (Norman and O’Reilly, 2003). According to
the CLS approach, as hippocampal representations are distinct,
they also enable distinguishing lures, which should not trigger
any recollection. This postulated diagnostic hippocampal mode
fits the results of a recent fMRI study examining MTL activity
during encoding (LaRocque et al., 2013) and the results of Dis-
trustful participants, in which rejected lures elicited activity in the
PHC but not in the hippocampus.

However, the CLS model maintains that the ability of the
hippocampus to distinguish studied items from lures may
break down, predicting a change in the hippocampal computa-
tional mode (Norman and O’Reilly, 2003). When there is a
high similarity between neocortical representations of studied
items, which serve as the input into the hippocampus, pattern
separation mechanisms fail, resulting in overlapping hippocam-
pal representations for different items (Norman and O’Reilly,
2003). Furthermore, it may be that the representations of
movie and manipulation information have blended due to the
recollection of movie information during the “manipulation”
phase. Thus, Manipulation items may elicit recollection of
movie details (Hasselmo, 1995; Norman et al., 2008). The
CLS predicts that pattern separation failure will culminate in
recollection in response to similar lures and in a nondiagnostic
hippocampal mode, operating as a signal detection process, in
which the activity elicited by targets and lures will correspond
with two overlapping Gaussian distributions. This hypothesized
nondiagnostic mode is in accordance with Na€ıve showing simi-

lar levels of hippocampal activity for endorsed Movie, endorsed
Manipulation, and rejected Manipulation, as well as a correla-
tion between accuracy, measured as d-prime sensitivity, and
BOLD differences between Movie and Manipulation. Moreover,
the CLS model predicts that recollection in this case will be
characterized by reinstatement of generic features, repeated
across items, rather than item specific features, hence hippo-
campal activity may not translate parametrically into a feeling
of vividness. This effect is expected to increase with representa-
tions overlap. In accordance we find that in Na€ıve, hippocam-
pal activity did not vary with vividness, but rather BOLD
differences in both the hippocampus and PHC, which prob-
ably correspond with the representations overlap, correlated
with vividness differences.

This computational framework relates to a long-standing
debate in regard to the brain processes that underlie performance
in tasks of recognition memory, in which participants are asked
to discern previously encountered items from novel ones. One
view holds that recognition memory judgments arise from a sin-
gle process, computed in the hippocampus and in the adjacent
medial temporal cortex (perirhinal and parahippocampal corti-
ces; Squire et al., 2007). According to this view, recognition
judgments accompanied by a vivid recollection of the encoded
episode, and those with merely a vague feeling of familiarity, rep-
resent the extremities of a single continuous process. MTL activ-
ity during recognition judgments may hence be construed as a
signal detection process, and items that elicit activity surpassing a
decision criterion are endorsed as old, whereas items associated
with subthreshold activity are rejected (Wixted, 2007). In con-
trast, dual-process model (Yonelinas, 2002) maintains that MTL
cortical regions perform a process qualitatively different from
that performed by the hippocampus. According to this view,
MTL cortex supports item familiarity, a measure which increases
gradually with activity, and corresponds with a signal detection
recognition process. Hippocampal activity, on the other hand,
underlies the feeling of recollection, involving retrieval of contex-
tual details linked to the item. Recollection according to this
view is a separate process that generates specific information
about the encoded episode and makes a qualitative contribution
to recognition judgments. Interestingly, experimental evidence
has accumulated in support of both views (Fortin et al., 2004;
Diana et al., 2010; Smith et al., 2011). The framework suggested
by the CLS model goes beyond the dichotomy of single versus
dual process models and suggests that the hippocampus may
implement processes which correspond with both views (Wixted
and Mickes, 2010; Yonelinas et al., 2010).

Our results indeed seem to suggest that in retrieval, the hippo-
campus may operate in two modes, one corresponding with a
dual process model and the other with a signal detection model,
in correspondence with participants’ belief in the potential
authenticity of the memoranda. To the best of our knowledge,
this is the first demonstration of such dissociation of hippocam-
pal activity pattern within a single episodic recognition experi-
ment. The CLS model refers to similarity within the studied
material as a crucial factor determining the hippocampal mode.
However, here both Distrustful and Na€ıve were presented with
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the same memoranda, and they appear to show different retrieval
modes. We suggest that participants’ internal context in regard to
the planted information altered hippocampal computations. The
hippocampal computational processes may thus show state
dependency, a fundamental biological attribute referring to the
ability of internal states of the organism to select or instruct cog-
nitive processes and expression, mostly studied so far in the con-
text of physiological influences on behavioral mnemonic
expression (Shulz et al., 2000; Dudai, 2002; Otten et al., 2002).
As we do not have brain activity data from the “manipulation”
session, it is unclear whether the differences between Distrustful
and Na€ıve may be driven by state dependency during the encod-
ing and consolidation of the “manipulation” information, during
retrieval or during both stages. However as the majority of the
Distrustful participants demonstrated overt suspicion already at
the “manipulation” phase (as indicated by their written feedback,
see Supporting Information Table S1) and in light of the corre-
spondence with the CLS model, it seems more likely that the
groups differed already at the “manipulation” stage. We think
that Distrustful thus encoded the “manipulation” information to
a dissimilar hippocampal representation, separated from the
“movie” representation, whereas Na€ıve, who believed the manip-
ulation to portray credible movie information, created overlap-
ping representations of the sources, leading them to answer based
on a general memory strength index, corresponding with a signal
detection process. However, further research is needed to exam-
ine these suggestions.

To summarize, our results suggest that during retrieval in a
realistic false memory experiment, hippocampal activity in
Na€ıve and Distrustful participants accorded with two different
activity patterns. In one, accuracy seemed to be driven by
pattern-separated representations, and in the other by evalua-
tion of trace content. The results are in accordance with the
suggestions of the CLS model of MTL processes. Our data
show how trust can interact with hippocampal pattern separa-
tion mechanisms, affecting our ability to tell the true from the
false. We interpret our results to indicate that the nature of
hippocampal computations display state dependency, as they
can be modulated by one’s subjective state of mind in regard
to the encoded information, potentially contributing to flexibil-
ity and adaptability of brain memory systems.
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