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False memories are often demonstrated using the misinformation paradigm, in which a person’s recollection of a
witnessed event is altered after exposure to misinformation about the event. The neural basis of this phenomenon,
however, remains unknown. We used fMRI to investigate encoding processes during the viewing of an event and
misinformation to see whether neural activity during either encoding phase could predict what would be
remembered. fMRI data were collected as participants studied eight vignettes (Original Event phase). Shortly
afterward, participants studied the same vignettes during scanning, but with changes to several details, serving as the
misinformation (Misinformation phase). Two days later, their memories for the Original Event were assessed.
Activity that subsequently led to true and false memories was examined during both encoding phases. Two
interaction patterns between encoding phase (Original Event and Misinformation) and type of memory (true and
false) were observed in MTL and PFC regions. In the left hippocampus tail and perirhinal cortex, a predictive
item-encoding pattern was observed. During the Original Event phase, activity was greater for true than false
memories, whereas during the Misinformation phase, activity was greater for false than true memories. In other
regions, a pattern suggestive of source encoding was observed, in which activity for false memories was greater
during the Original Event phase than the Misinformation phase. Together, these results suggest that encoding
processes play a critical role in determining true and false memory outcome in misinformation paradigms.

Forgetting is a normal, well-accepted behavior in the human
memory system. Somehow, through the passage of time or learn-
ing of new information, memories are lost. While normal forget-
ting is a failing or “sin” (Schacter 1999) of memory, it is one that
is rather benign and readily forgiven. Other sins of memory in
which information is not lost, but is distorted, are not as benign.
For example, you may have a memory of witnessing an impor-
tant event such as your wedding day, or the birth of a child, or
even a traumatic crime or tragedy such as September 11, 2001.
You feel you remember these events, but the memories are most
likely distorted to some degree. These distortions, or false memo-
ries, represent significant flaws in our memory system, but just as
visual illusions have helped us understand the processes under-
lying visual perception, these memory distortions or illusions
may help us understand the processes underlying normal
memory.

False memories manifest themselves in various forms (for
review, see Schacter 1999), from changes in the context of a
memory (e.g., believing you saw something that was imagined or
believing you heard about an event on the television news rather
than from a friend) to changes in the content of the memory
itself (e.g., believing a criminal carried a gun rather than a knife),
making it possible that there are several mechanisms by which
these distortions occur.

An influential technique for studying these distortions and
their sources has been the misinformation paradigm (Loftus et al.
1978). Here, participants witness an event such as a crime and are
later exposed to misinformation about the crime. Participants
frequently report the misinformation at time of questioning as
part of the original event. What does this imply about how false
memories originate, and how do encoding processes contribute?
For example, if the crime is not encoded well, but the misinfor-

mation is—will this make it likely that the misinformation is
later recovered and misattributed to the original event (Loftus
and Hoffman 1989)? Do both the content and context of a
memory have to be successfully encoded for a true memory to be
recovered?

Here, we investigated activity during the two encoding
phases of the misinformation paradigm using fMRI (see Fig. 1).
Our study is based on the finding of numerous previous studies
that reported activity at time of encoding in medial temporal
lobe (MTL) and prefrontal cortex (PFC) regions that predicted
subsequent recognition memory accuracy—so-called Dm (differ-
ences due to memory) effects (e.g., Brewer et al. 1998; Wagner et
al. 1998; Fernandez et al. 1999, 2002; Eldridge et al. 2000; Kirch-
hoff et al. 2000; Otten et al. 2001; Paller and Wagner 2002;
Strange et al. 2002; Davachi et al. 2003; Stark and Okado 2003;
Gonsalves et al. 2004; Jackson and Schacter 2004; Kirwan and
Stark 2004). These studies have at times supported a division of
labor within the MTL according to traditional lines between the
hippocampus and the adjacent cortex, but sometimes have not
(Squire et al. 2004). Here, we attempt to shed light on this issue
by investigating false memories that clearly involve errors in ei-
ther content or contextual components.

In this study, we applied a Dm style of analysis to determine
whether activity during the two encoding phases (the Original
Event and the Misinformation phases) could be used to predict
whether the original event or misinformation was later reported
during a recognition test administered outside the scanner, and
to better understand what neural processes, specifically in the
MTL, are involved in true and false memories.

Results

Behavioral results
In the scanner, participants watched eight separate vignettes
(Original Event phase), and shortly afterward watched the same
eight vignettes, but unknowingly with changes made to 12 criti-
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cal items per vignette (Misinformation phase). Two days later,
participants took a three-alternative forced-choice recognition
test (Original Event item, Misinformation item, or Foil item) out-
side the scanner to assess their memory for what participants saw
in the Original Event. Accuracy on the recognition memory task
is shown in Figure 2. Participants endorsed misinformation items
significantly more often than foil items (t(19) = 13.0, P < 0.01),
suggesting that this paradigm reliably created false memories—
recognition of the items shown in the Misinformation phase
when asked about the Original Event phase.

To assess the quality of these false memories and to elimi-
nate simple guesses from our analyses, participants then took a
source memory test, in which they indicated from which source
they remembered their recognition test answers. Data from the
source test (Table 1) showed 68% of the trials were classified as
true memories (responding that they saw this item in the first
phase or that they noticed a conflict of items across phases) when
the item from the Original Event phase was endorsed on the
recognition test. When the item from the Misinformation phase
was recognized, 47% of the trials were classified as false memories
(responding that they saw it in either the first phase or in both
phases.)

fMRI results: MTL analysis
On the MTL, the ROI-AL (Regions Of Interest-based ALignment)
technique initially described by Stark and Okado (2003) was per-
formed to increase statistical power and precision of analyses
within the MTL. This analysis was distinct from the whole-brain
analysis. A voxel-wise three-factor ANOVA was first conducted
on the MTL data, where the ROI-AL technique had been applied
to identify regions that showed any interactions among type of
phase (Original Event or Misinformation) and type of subsequent
memory (true or false) within the MTL. Results of this analysis
identified five areas within the MTL that showed significant in-
teractions between these two factors (Fig. 3a). These regions con-
sisted of the following: the tail of the left hippocampus (approxi-
mate coordinates: x = �33, y = 31, z = �3), the body of the left
hippocampus (�22, �23, �8), the head and body of the right
hippocampus (32, �17, �7), the temporopolar portion of the
left perirhinal cortex (24, 1, �18), and the left parahippocampal
cortex (�9, �35, �1). These areas were then treated as function-
ally defined ROIs, and all voxels within each ROI were collapsed
for each participant for further analysis (an � threshold of
P < 0.05 was used in all comparisons).

Interestingly, two contrasting patterns of activity were ob-
served in this MTL analysis. First, the left hippocampus tail and
left perirhinal cortex showed similar interaction patterns
[F(1,19) = 13.9, P < 0.01 and F(1,19) = 22.6, P < 0.001, respectively]
that were consistent with activity related to item-encoding suc-
cess, or Dm effects (Fig. 3a,b). During encoding of the Original
Event, there was significantly more activity when participants
subsequently remembered the item shown in this phase (a true
memory), compared with when participants subsequently did
not remember the item. That is, there was more encoding activity
when an item was later remembered compared with when it was
forgotten (or another item was remembered instead). During the
Misinformation phase, this same Dm effect was observed. There
was more activity for subsequent false memories than for subse-
quent true memories. This difference in activity was significant
in the left hippocampus tail, but not in the left perirhinal cortex.
Again, there was more encoding activity for items subsequently
remembered (Misinformation items) compared with items sub-
sequently not remembered (Original Event items).

In addition, a comparison of activity across the two encod-
ing phases can be made if one assumes that our baseline task
(perceptual identification of an “X” or “T” in a white noise mask)
is associated with similar levels of activity in the Original Event
and Misinformation phases. Again, the activity is consistent with
a Dm effect. In the left hippocampus tail, activity for subse-

Figure 2. Endorsement rates during the recognition memory task for
the critical items (left three bars) and hit rate for the control items (right
bar). Error bars, SEM.

Figure 1. One of eight vignettes used in Session 1 of the behavioral misinformation paradigm. Each vignette was made of 50 still images. The Original
Event phase was presented first in the scanner. After a delay, the Misinformation phase was presented in the scanner. All 12 critical items change in the
Misinformation phase. The control items remain the same. Both critical and control items are later tested. The generic items remain the same and are
not tested.
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quently true memories was greater during the Original Event
phase than during the Misinformation phase, and activity for
subsequently false memories was significantly greater during the
Misinformation phase than during the Original Event phase. In
the left perirhinal cortex, the same pattern of results was ob-
served. Thus, the relative activity during the two encoding
phases was predictive of which version of the item would later be
remembered.

The three other MTL areas identified, right hippocampus
head and body, left hippocampus body, and left parahippocam-
pal cortex, showed a different and nearly opposite pattern from
the one described above [F(1,19) = 24.4, P < 0.001; F(1,19) = 14.4,
P < 0.01; and F(1,19) = 22.5, P < 0.001, respectively) (Fig. 3a,b).
Here, during the Original Event phase, there was a trend for sub-
sequently false memory activity to be greater than subsequently
true memory activity, but these differences were not significant
in all three regions. During the Misinformation phase, activity
for subsequently true memories was significantly greater than
activity for subsequently false memories in all three regions.
Comparing across phases, activity for subsequently true memo-
ries was similar (and not significantly different) for the Original
Event phase and Misinformation phase, and activity for subse-
quently false memories was significantly greater during the Origi-
nal Event phase than during the Misinformation phase in all
three regions (Fig. 3b). This pattern is suggestive of encoding
source or contextual aspects of an event when considering that in
order to misattribute an item from the Misinformation phase to
the Original Event phase to have a false memory, source infor-
mation should be strongly encoded from the Original Event
phase and weakly encoded from the Misinformation phase. No-
tably, within the MTL and even within the left hippocampus,
two contrasting patterns of activity were observed.

fMRI results: Whole-brain analysis
The voxel-wise three-factor ANOVA on the whole-brain data
identified 18 regions that showed an interaction among type of
phase (Original Event or Misinformation) and type of subsequent
memory (true or false) (Table 2). These areas were again treated as
functionally defined ROIs for analysis of the interaction. One of
these regions was the same left perirhinal cortex region identified
in the MTL ROI-AL analysis and showed the same pattern as it
had in the ROI-AL analysis. The other MTL regions did not ex-
hibit reliable interactions in this analysis, demonstrating the in-
creased power available with the more accurate and more tightly
constrained ROI-AL technique.

The other 17 regions showed the second interaction pattern
discussed in the MTL ROI-AL analysis results (all F’s > 16.9,
P’s < 0.01; see Table 1) (Fig. 4), in which during the Original
Event phase, activity for subsequently false memories was greater
than activity for subsequently true memories (for the majority of
the regions, this difference was significant), and during the Mis-
information phase, activity for subsequently true memories was

greater than activity for subsequently false memories (for all 17
regions, this difference was significant). Comparing across
phases, all 17 regions, except for the left medial frontal gyrus
(BA10), showed a trend in which there was greater activity for
subsequently true memories during the Misinformation phase
than during the Original Event phase. Also, there was a trend in
which there was greater activity for subsequently false memories
during the Original Event phase than during the Misinformation
phase. In the left medial frontal gyrus (BA10), activity for subse-
quently true memories was significantly greater during the Origi-
nal Event phase than during the Misinformation phase, and ac-
tivity for subsequently false memories was significantly greater
during the Original Event phase than during the Misinformation
phase.

In addition, it is worth noting that we observed a hemi-
spheric trend in the whole-brain results in the form of signifi-
cantly greater subsequent false memory activity compared with
subsequent true memory activity during the Original Event
phase more frequently in the right than left hemisphere (Table
2). Except for the right superior frontal gyrus, left anterior cin-
gulate, and left medial frontal gyrus, all regions identified in the
whole-brain analysis demonstrated this hemispheric pattern.
This potentially suggests laterality differences in encoding of
source information. Laterality differences have been noted in the
PFC regarding encoding/retrieval, successful retrieval/amount of

Table 1. Source memory test data

Recognition Test Response
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Original MI Foll
Correct
Control

Incorrect
Control

Saw 1 49% 27% 26% 24% 12%
Saw 2 2% 7% 5% 3% 2%
Saw Both 14% 20% 14% 39% 12%
Conflict 19% 14% 11% 8% 8%
Guess 16% 32% 45% 25% 66%

Distribution of responses broken down by response in the recognition
memory test.

Figure 3. FMRI results from the MTL ROI-AL analysis. Regions that
showed significant interactions between type of phase (Original Event or
Misinformation) and type of subsequent memory (True or False). (a)
Activity is shown in coronal sections, cropped to show the MTL. Indi-
vidual components of the MTL are coded by color based on location;
blue, hippocampus (H); purple, parahippocampal cortex (PHC); orange,
perirhinal cortex (PRC); and yellow, entorhinal cortex. (b) The bar graphs
show mean fMRI responses (sum of � coefficients) across participants.
Error bars, SEM. Activity for subsequently true memories is shown in
white, and activity for subsequently false memories is shown in gray. (*)
Comparisons within and across phases that are statistically reliable. The L
H (tail) and L PRC show the first interaction pattern (Dm effect) discussed
in the Results section. The R H (head/body), L H (body), and L PHC show
the second source encoding pattern discussed in the Results section.
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effort during retrieval, and verbal stimuli/pictorial stimuli (Buck-
ner 1996; Nyberg et al. 1996; Buckner et al. 1998a,b; Cabeza and
Nyberg 2000; Fletcher and Henson 2001), suggesting that there
may be a trend toward hemispheric differences regarding source
encoding.

Discussion
Several neuroimaging studies have investigated false memories
(for review, see Schacter and Slotnick 2004 ) but many concen-
trated on retrieval differences between true and false memories
(Schacter et al. 1996, 1997; Fabiani et al. 2000; Cabeza et al. 2001;
Okado and Stark 2003) rather than encoding contributions to
false memories (but, see Gonsalves and Paller 2000; Gonsalves et
al. 2004). The present study highlights the critical role of encod-
ing processes in false memory creation driven by the misinfor-
mation effect.

Neural activity during encoding of the Original Event and
Misinformation predicted whether true or false information was
later reported. While previous neuroimaging memory studies
demonstrated that encoding activity predicts what is subse-
quently remembered (for review, see Paller and Wagner 2002),
the present study showed that this Dm effect applies to both true
and false memories, particularly for activity in the left tail of the
hippocampus and left perirhinal cortex. However, a second pat-
tern of activity consistent with encoding source or contextual
aspects was observed in the right hippocampus head and body,
left hippocampus body, and left parahippocampal cortex. Thus,
while differentiation of function was observed in the MTL, it was
not along a dissociation between the hippocampus and adjacent
cortex (as the left hippocampus showed both item and source
encoding of the same event).

The traditional Dm effect (greater activity for subsequently
remembered items than for forgotten items) was observed in the
left hippocampus tail and left perirhinal cortex. When encoding

activity was greater during the Original Event phase, the Original
Event items (true memories) were subsequently recollected.
When encoding activity was greater during the Misinformation
phase, the Misinformation items (false memories) were subse-
quently recollected. Thus, in these two regions, activity was cor-
related with successful encoding of an item later remembered,
whether it was from the Original Event phase or from the Mis-
information phase. Gonsalves et al. (2004) used a reality moni-
toring paradigm to examine whether activity during an encoding
phase (either viewing or imagining pictures) would later predict
whether these pictures would be correctly or incorrectly en-
dorsed as previously viewed. Consistent with our data, they re-
ported a traditional Dm effect in the left hippocampus (remem-
bered vs. forgotten difference for accurate memories). Our results
are also in line with previous reports of successful predictive en-

Figure 4. Sample of whole-brain results. All 18 regions identified in the
ANOVA are shown in the axial montage image. The z-coordinate indi-
cates the approximate location of the slice in Talairach coordinates. The
bar graph shows the mean fMRI responses across participants for one of
the representative regions identified in the ANOVA, the right superior
frontal gyrus, highlighted in white on the montage image. The graph
shows the second source encoding pattern that is observed in all of the
other 18 regions identified except for the left medial frontal gyrus and left
perirhinal cortex (see Results section).

Table 2. MRI results from the whole-brain analysis

Region BA
Coordinates

x, y, z

Contrast:
True–False

Contrast:
Original–MI

VolumeOriginal MI True False

Right
Mid Fr G/Sup Fr G 10/9 22, 56, 16 � + � + 1109
Ant Cin/Med Fr G 32/10 7, 54, 7 � + + 1062
Cin G 23/24 1, �16, 33 � + + 1000
Sup Fr G 8/6 6, 48, 41 � + � + 984
Med Fr G/Sup Fr G 10/9 6, 61, 26 � + + 688
Med Fr G/Cin G 21, �4, 44 � + � + 625
Thal 10, �14, 11 � + � 625
Supramarg G/Ang G/Inf Par L 40 49, �51, 36 � + � 516
Sup Fr G 6 22, 28, 52 � + � + 406
Caud/Thal 1, �1, 14 � + � + 375
Sup Fr G 8/6 2, 16, 54 + � 359

Left
Sup Fr G 9 �24, 46, 31 + � + 734
Sup Fr G 8 �16, 33, 49 + + 734
Med Fr G 9 �1, 41, 32 + � 750
Sup Fr G/Med Fr G 6 �3, 1, 52 + � 516
Ant Cin/Med Fr G 32/24/10 �6, 44, 9 � + + 375
Med Fr G # 10 �1, 58, 19 � + + + 594
Perirhlnal C # * �29, 1, �18 + + � 328

Listed are brain regions that showed a significant interaction between type of phase (Original Event or Misinformation) and type of subsequent memory
type (true or false). The regions are divided into Left/Right hemispheres and listed in order of pattern, then volume. The True–False contrast shows
significant activity for true memories > activity for false memories (+) and significant activity for false memories > activity for true memories (�) for the
Original Event phase and Misinformation phase (within phase comparison). The Orig–MI contrast shows activity during Original Event phase > activity
for Misinformation phase (+) and activity during Misinformation phase > activity during Original Event phase (�) for subsequently true and subsequently
false memories (across phase comparison). Two regions that showed a slightly different pattern are denoted by #, in which for subsequently true
memories, activity was greater during the Original Event phase than during the Misinformation phase and by *, in which for subsequently false
memories, activity was greater during the Misinformation phase than during the Original Event phase.
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coding demonstrating that activity in large portions of the MTL
(and regions outside of the MTL, such as the PFC) was predictive
of subsequently remembered and forgotten stimuli (e.g., Brewer
et al. 1998; Wagner et al. 1998; Fernandez et al. 1999, 2002;
Eldridge et al. 2000; Kirchhoff et al. 2000; Otten et al. 2001;
Davachi and Wagner 2002; Strange et al. 2002; Davachi et al.
2003; Stark and Okado 2003; Jackson and Schacter 2004; Kirwan
and Stark 2004). Gonsalves et al. (2004) further showed encoding
activity predictive of later false memories in the anterior cingu-
late, right inferior parietal cortex, and precuneus. In their study
and in reality monitoring paradigms in general, vividness of vi-
sual imagery is a clear predictor of whether participants will
judge a previously imagined item as having been previously
viewed, lending a clear interpretation of activity in regions such
as these that have been highly associated with visual imagery
(Johnson et al. 1977; Gonsalves and Paller 2000; Okado and Stark
2003). The present study did not find these regions to be espe-
cially involved in encoding false memories, but uses a paradigm
that is not explicitly driven by visual imagery at time of encoding.

In the present study, we suggest that the Dm effect observed
in the left hippocampal tail and the left perirhinal cortex is not
simply an overall predictive encoding effect. Rather, it may be
related to encoding of the item that will be tested on the recog-
nition test, while at the same time not necessarily reflecting the
encoding of the source of that information (which may include
contextual details of the particular critical slide or the episodic
information of phase the slide occurred in). To be labeled a false
memory, participants not only choose that item in the recogni-
tion test, but they must also attribute it to either the Original
Event phase or to both the Original Event and the Misinforma-
tion phases in the second source test. Thus, at time of retrieval,
the memory for the item itself is drawn from the Misinformation
phase and then combined with source components from the
Original Event phase. Encoding of the critical item itself is con-
sistent with trials in which activity for subsequently false memo-
ries is greater during the Misinformation phase than activity for
subsequently true memories (within phase) or greater than ac-
tivity for subsequently false memories during the Original Event
phase (across phase). On the other hand, to be labeled a True
Memory, participants not only choose that item in the recogni-
tion test, but also accurately attribute the item to the Original
Event phase, supporting previous predictive encoding findings.
Thus, these results not only replicate and extend the Dm effect to
both true and false memories, but they also suggest that the left
hippocampus tail and left perirhinal cortex are involved in en-
coding these critical items themselves.

Numerous studies have explored whether particular compo-
nents of the MTL are uniquely involved in episodic memory (for
review, see Squire et al. 2004). One fMRI study in particular in-
vestigated item versus source encoding of verbal stimuli that in-
volved an “image” or “read” task at the time of presentation
(Davachi et al. 2003). In the MTL, they found that activity in the
left perirhinal cortex predicted later item recognition and not
later source recollection. However, activity in the bilateral hip-
pocampus body and left parahippocampal cortex predicted later
source recollection and not later item recognition. Our results are
largely consistent with their findings, in that the left perirhinal
cortex was associated with item encoding, and right hippocam-
pus head and body, left hippocampus body, and left parahippo-
campal cortex were associated with source encoding (see below).
However, in our study, the left hippocampus tail demonstrated
activity suggestive of item rather than source encoding. Thus,
two different encoding patterns were observed within the left
hippocampus.

This source-encoding activity observed in the MTL (right
hippocampus head and body, left hippocampus body, and left

parahippocampal cortex) was also prevalent predominantly in
bilateral and medial PFC in the whole-brain analysis. Greater
activity was observed for subsequently false memories than sub-
sequently true memories during the Original Event phase, and
during the Misinformation phase, greater activity for subse-
quently true memories than subsequently false memories. The
misinformation effect is often suggested by behavioral studies to
be largely driven by source misattributions, in which the source
of the misinformation is confused with the source of the original
event (for review, see Mitchell and Johnson 2000). When a per-
son witnesses a crime, an ideal situation that enables the misin-
formation that is later acquired to be embedded into the original
crime scene may be if the context and source of the original
crime scene is encoded strongly and the source of the misinfor-
mation encoded weakly (or rapidly lost). Here, the False Memory
condition was derived from critical trials in which participants
confidently recognized the critical item shown in the Misinfor-
mation phase and attributed this memory to the Original Event
phase (or to both phases). On the other hand, the True Memory
condition was derived from trial types in which participants ac-
curately attributed the critical original item to the Original Event
phase and potentially indicated knowledge of a conflict (where
participants remember that different critical items were pre-
sented across the two phases). In either case, for True Memory
trials, participants have item and source information from the
Original Event phase and may additionally have such informa-
tion from the Misinformation phase. Therefore, activity linked to
encoding the source or other episodic aspects of subsequent true
memories should be fairly strong during both the Original Event
and Misinformation phases.

This suggests strong encoding of the source or contextual
aspects of the Original Event if Misinformation items are later to
be attributed to this phase. On the other hand, there should be
less encoding of the source or contextual components of the
Misinformation phase, since items from the Misinformation
phase are attributed to the Original Event phase. This is the pat-
tern that is observed in the right hippocampus head and body,
left hippocampus body, and left parahippocampal cortex. Dava-
chi et al. (2003) reported the same structures exhibiting encoding
activity that predicted later source recollection and not later item
recognition.

Outside of the MTL, neuropsychological studies have dem-
onstrated that patients with prefrontal damage can be impaired
on tests of source memory, while maintaining intact item recog-
nition (e.g., Janowsky et al. 1989a,b; Shimamura et al. 1990;
Mitchell and Johnson 2000). For example, Janowsky et al.
(1989a) showed that patients with frontal lobe lesions could re-
call facts, but had difficulty associating facts with the context in
which they were learned. Further, neuroimaging studies in-
vestigating source and item retrieval reported that source recog-
nition engaged numerous PFC regions (for reviews, see Mitchell
and Johnson 2000; Buckner and Wheeler 2001). These studies
implicate the necessity and involvement of the frontal lobes in
source memory, and the regions observed in these studies over-
lap extensively with our current findings, further suggesting that
this pattern of activity observed in the MTL and PFC reflect
source information encoding. We should note that while we are
discussing source memory as an all-or-none phenomenon, it is
clear from the behavioral studies using this paradigm that the
amount of source information encoded and retrieved can vary,
and that probing specifically for sources of memories can often
reveal further source knowledge (Lindsay and Johnson 1989;
Zaragoza and Lane 1994). While the graded nature of source
memory clearly highlights an important aspect of memory en-
coding and retrieval, our data unfortunately constrained us to
making this gradation discrete and to only examine the most
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confident false memories with the clearest misattribution of
source.

Interestingly, it is clear that two distinct encoding patterns
emerged from the MTL. One that is suggestive of item encoding,
and the other suggestive of source encoding. However, the types
of encoding are not consistent with the notion of a clear, binary
division of labor between the hippocampus and the adjacent
cortex. The hippocampus, for example, was not selectively in-
volved in associative or source memory, and the underlying cor-
tical regions were not selectively involved in nonassociative or
item memory. In fact, the left hippocampus in this study appears
to be involved in both types of information processing, and ac-
tivity in the left parahippocampal cortex is consistent with
source encoding. These data are therefore more consistent with a
graded and more complex division of labor within the MTL
(Squire et al. 2004).

So far, we have discussed the second pattern of activity in
terms of source or contextual encoding, but alternative interpre-
tations may exist. First, we considered the possibility that this
pattern may reflect novel picture encoding (Stern et al. 1996;
Suzuki and Eichenbaum 2000; Brown and Aggleton 2001). Dur-
ing the Original Event phase, activity for subsequently true and
false memories did not significantly differ, suggesting that en-
coding activity for novel pictures were similar. During the Mis-
information phase, activity for subsequently true memories was
similar and did not significantly differ from the encoding activity
previously discussed during the Original Event phase, but was
significantly greater than activity for subsequently false memo-
ries, because the novel critical item was detected for the later true
memories. Thus, the novelty-encoding activity during the Mis-
information phase resulted in a true memory. On the other hand,
the novel critical item was not detected for later false memories,
resulting in relatively less novel-encoding activity and a false
memory. However, this latter interpretation that the novel criti-
cal item was not detected does not explain the fact that partici-
pants must detect the novel critical item during the Misinforma-
tion phase, because this is what they report on the recognition
test. This is the false memory that they endorse.

A related idea is when the Misinformation item is noted to
be discrepant from the Original Event item, the critical item is
“tagged” (Loftus 1981; Tousignant et al. 1986). Thus, in the Mis-
information phase, participants are retrieving information about
the Original Event phase, and tag (encode) the Misinformation
item when they notice a discrepancy. Consequently, “tagging”
should lead to subsequently true memories (and “Conflict”
source responses) and “no tagging” should lead to subsequently
false memories. This could also be consistent with the pattern of
activity observed during the Misinformation phase in the PFC
regions and right hippocampus head and body, left hippocam-
pus body, and left parahippocampal cortex. This also highlights
the value of experimental designs with sufficient trials to separate
the two trial types that made the True Memory condition.

Another related idea and significant caveat pertaining to the
activity pattern observed in the Misinformation phase is that
incidental retrieval of the Original Event phase may be occurring
during the encoding of the Misinformation phase. Participants
may be recognizing (and thereby engaging retrieval processes)
the presented scene that is identical to the scene presented pre-
viously during the Original Event phase with the exception of
the critical item. This could account for the increased activity for
the True Memory condition during the Misinformation phase
compared with the Original Event phase. However, there was no
such increase in activity for the False Memory condition in the
Misinformation phase compared with the Original Event phase.
For the False Memory condition, all regions demonstrating this
second interaction pattern showed a decrease in activity during

the Misinformation phase compared with the Original Event
phase.

There are reports that show that not only do encoding and
retrieval tasks engage the same PFC (Buckner et al. 2001) and
MTL (Buckner et al. 2001; Stark and Okado 2003) regions, but
also that incidental encoding occurs during the retrieval task
itself. Thus, it is quite possible that the same regions that are
encoding information during the Misinformation phase are also
incidentally retrieving information about the Original Event
phase during the Misinformation phase (e.g., when participants
notice the conflict). The structures highlighted in the MTL analy-
sis to show this pattern have certainly been implicated in
memory retrieval (Gabrieli et al. 1997; Eldridge et al. 2000; Stark
and Squire 2000, 2001; Cabeza et al. 2001; Yonelinas et al. 2001;
Ranganath et al. 2003; Stark and Okado 2003; Kirwan and Stark
2004). Similarly, the PFC is heavily implicated in memory re-
trieval processes (Buckner 1996; Nyberg et al. 1996; Buckner et al.
1998a,b; Fletcher and Dolan 1999; Cabeza and Nyberg 2000; Ca-
beza et al. 2001; Rugg et al. 2002). Therefore, it is possible that
activity in the Misinformation phase was associated with
memory retrieval processes as well. Future studies that have suf-
ficient power to analyze these “conflict” trials will be necessary to
address this possibility.

While numerous behavioral studies have explored the mis-
information effect (for review, see Loftus et al. 1995), this study
was the first to explore the underlying mechanisms of this phe-
nomenon with neuroimaging techniques. We observed that the
interaction of encoding processes in the MTL and PFC are critical
for true and false memory creation in this paradigm, as activity
during the two encoding phases predicted whether the Original
Event information or the inaccurate misinformation was re-
ported. This study also highlighted that components of the MTL
are not selectively involved in one type of information process-
ing, and even within the same structure of the MTL, different
forms of encoding can occur. Together, these data contribute to
our understanding of how false memories are created and how
the normal memory system operates.

Materials and Methods

Participants
Twenty fluent English speakers (nine male, 11 female) were re-
cruited from the Johns Hopkins University community. The par-
ticipants were between the ages of 18 and 34 yr, and were right-
handed. All participants were naive to the experimental materials
and hypotheses, gave written informed consent to participate
conforming to local IRB procedures, and were paid for their time.

Materials
Eight unique vignettes, each consisting of 50 color digital slide
images were developed. For every vignette, 12 of the 50 slides
were critical slides. Critical slides were slides that contained an
item that changed across the Original Event and Misinformation
phases, and thus served as the misinformation of the events.
There were two different sets of critical slides for each vignette,
which were counterbalanced across participants. The presenta-
tion order of the vignettes was randomized across participants.
All slide images were edited to a size of 300 � 300 pixels.

The recognition test consisted of detailed questions regard-
ing what was presented in the Original Event phase. For all eight
vignettes, there were a total of 18 questions, 12 critical questions
(pertaining to critical, changed slides), and six control questions
(pertaining to consistent slides). An example of a critical question
was “Where was the man hiding after he stole the girl’s wallet
and crossed the street?” Each critical question had three options
as follows: (1) the detail presented in the Original Event phase
(Behind a Door), (2) the detail presented in the Misinformation
phase (Behind a Tree), and (3) a foil option (Behind a Car). Con-
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trol questions were similar in detail to critical questions. An ex-
ample of a control question was “What kind of store was to the
left of the video store?” Each control question had three options
as follows: (1) the detail presented in both phases (Hair Salon), (2)
a foil option (Music Store), and (3) a foil option (Clothing Store).
There was a separate recognition test for all eight vignettes.

The second test phase was a source memory test that fol-
lowed immediately after completing all eight recognition tests.
This test asked from what presentation source participants re-
membered the answers they indicated on the previous recogni-
tion test. There were five options as follows: (1) saw in the first set
of presentations, (2) saw in the second set of presentations, (3)
saw in both sets of presentations, (4) conflict, and (5) guess.
There was a source memory test for every recognition test ques-
tion for all eight vignettes. All memory tests were administered
on paper and self-paced.

Procedure
In Session 1, there were two phases, both of which took place
inside the fMRI scanner (Fig. 1). In the first (Original Event)
phase, participants watched eight vignettes depicting different
events. They were informed that the purpose of the study was to
judge whether memory for events is better with one presentation
of the event or two presentations. Each slide was presented one at
a time for 3500 msec with a 500-msec intertrial interval (ITI). The
content of the vignettes ranged from a girl having her wallet
stolen by a seemingly helpful man, to a student waiting for a class
and interacting with several friends. After one vignette was pre-
sented (50 slides), there was a short delay before the presentation
of the next vignette. This served as the Original Event phase.

In addition, there were 12 null trials per vignette (96 total)
in this phase. Null trials were white mask images with either a
blue letter “X” or blue letter “T” randomly placed on the mask
(the task was perceptually quite difficult). Participants were asked
to press the left button when they saw an “X” and the right
button when they saw a “T” using the button box provided. Null
trials were presented for 3500 msec with a 500-msec ITI. All of the
null trials were randomly intermixed within each event.

After a delay, in which anatomical images of participants’
brains were acquired, the second (Misinformation) phase was
presented. Here, participants were unknowingly exposed to mis-
information about each of the events by watching what they
believed were the same vignettes depicting the same eight events,
but 12 of the slides (critical slides) within each vignette were
slightly altered (Manning and Loftus 1996). For example, in the
event mentioned above, in which a man steals a girl’s wallet, in
the Original Event phase, the man hides behind a door, and in
the Misinformation phase, the man hides behind a tree. This
served as the Misinformation phase. The presentation style was
the same as the Original Event phase. There were also 12 null
trials per vignette (96 total) in this phase, randomly intermixed
within each vignette.

Due to the constraints of fMRI analysis, we did not use the
typical misinformation paradigm, in which the Original Event
phase is presented in pictorial form and the Misinformation
phase is presented in written narrative form. The two different
modalities of the stimuli make correlational fMRI analyses diffi-
cult, since memory for pictures and words appears to involve
different anatomical regions (Kelley et al. 1998; Stark and Squire
2000, 2001; Papanicolaou et al. 2002). Instead, both phases were
presented in pictorial form. While less common, this technique
has been used in several behavioral studies and has been found to
produce reliable (albeit fewer) false memories (Manning and Lof-
tus 1996). In addition, the typical misinformation task was modi-
fied to present eight vignettes in each phase rather than the typi-
cal single vignette. This was done to increase the number of false
memories available for fMRI analysis.

In Session 2, there were two phases, both of which took
place outside of the fMRI scanner 48 h later, and tested partici-
pants’ memory for the events. In the first recognition test phase,
participants were asked what they remembered seeing in the
original set of events from Session 1. The test was a three-

alternative forced-choice (3AFC) recognition test (original item,
misinformation item, and novel/foil item) to avoid much of the
retrieval cue complication (McCloskey and Zaragoza 1985). All
eight events were tested in the order the vignettes were pre-
sented, and within each event, every critical and control item
was tested. However, the questions within each test were in ran-
dom order relative to the chronology of events depicted in the
sequence (Loftus 1991).

This recognition test phase was followed by a surprise source
memory test, which was based on answers participants gave on
the recognition test to increase experimenter confidence in the
true and false memories (Loftus et al. 1995). Participants indi-
cated the source of their memory for every question they an-
swered previously in the first test phase.

Original Event critical items that were accurately recognized
and further endorsed on the source memory test as option “a”
(saw in the first set of presentations) or option “d” (conflict) were
considered true memories. Misinformation critical items that
were inaccurately recognized and further endorsed on the source
memory test as option “a” (saw in the first set of presentations) or
option “c” (saw in both sets of presentations) were considered
false memories.

fMRI data acquisition
Imaging was performed on a Philips Gyroscan 3T MRI scanner
equipped with a whole-brain SENSE coil. By exploiting the sen-
sitivity profiles of multiple surface coils, SENSE (SENSitivity En-
coding) imaging can undersample k-space with fewer phase-
encoding steps, while still yielding full field of view (FOV) images
that are free of aliasing. The result is significantly reduced acqui-
sition time and distortion due to magnetic susceptibility (Pruess-
mann et al. 1999). This reduction in distortion is very important
for studying the structures of the medial temporal lobes, as with-
out it, the distortions induced by the sinus cavities can be sig-
nificant. Thirty-five T2*-weighted triple-oblique functional im-
ages were collected per three-dimensional volume using single-
shot echoplanar pulse sequence (80 � 80 matrix, TE = 30 msec,
flip angle = 70°, in-plane resolution = 4 � 4 mm, thickness =
3 mm plus a 1-mm interslice gap, TR = 2 sec). Slices were triple-
obliques, aligned with the principal axis of both the left and right
hippocampus (as determined by a series of sagittal localizer MRI
scans for each participant). This was done to optimize the signal
from the medial temporal lobes and to minimize partial-
voluming effects, so that voxels could be clearly constrained to
lie within subregions of the medial temporal lobes. A total of 992
volumes were collected. The task began in synchrony with the
acquisition of the fifth volume, to allow for T1 stabilization. After
the functional scans, a high-resolution structural MRI was ac-
quired (MP-RAGE pulse sequence, 1 mm3 resolution, 150 triple-
oblique axial slices in the same orientation as the functional
images) for anatomical localization.

fMRI data analysis
Image analysis was performed using Analysis of Functional Neu-
roImages (Cox 1996). Functional MRI data were first resampled
in time using a Fourier algorithm to align all slices to a common
time base. Functional images were then resampled in space to
coregister the images and reduce the effects of head motion in
three dimensions. During this process, six vectors were created
that coded for all possible translations and rotations of the brain.
fMRI data from all eight runs for both the Original Event phase
and Misinformation phase were concatenated.

Following this processing, the behavioral data were coded
into four trial types of interest, and a general linear model (GLM)
of the fMRI time series data was constructed using these vectors.
The behavioral measures of subsequent recognition and source
memory were used to back-sort the fMRI encoding events into a
True Memory condition (the participant chose the Original
Event at recognition and later indicated the source as the first
phase or as noticing the conflict), a False Memory condition (the
participant chose the Misinformation item at recognition and
later indicated the source as the first phase or both phases), a
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Generic condition (noncritical trials that were consistent across
phases and not later tested), and a Guess condition (critical trials
in which participants chose the foil item at recognition or critical
trials in which participants chose the Original or Misinformation
item at recognition, but indicated Guess on the source test). The
True Memory and False Memory conditions each have two types
of trials collapsed into one, as there were too few trials to analyze
each separately. The GLM also included nuisance vectors coding
for first and second-order drift in the MR signal and for three-
dimensional head motion.

The GLM was constructed using a deconvolution technique
(Ward 2002) that estimates the impulse response function within
each voxel and performs a multiple linear regression. The sum of
the � coefficients for the time points corresponding to the ex-
pected sum over the hemodynamic response (∼2–16 sec after
stimulus onset) was taken as the model’s estimate of the response
to each trial type. Initial spatial normalization was done using
each participant’s structural MRI to transform data according to
the common atlas of Talairach and Tournoux (1988). This trans-
formation was applied to the statistical maps of the � coeffi-
cients, and in the process the data, were resampled to 2.5 mm3.
The spatially normalized statistical maps of the � coefficients
were blurred using a Gaussian filter with a full-width half maxi-
mum of 4 mm to help account for variations in the functional
anatomy across participants.

An analysis restricted to the MTL was performed using the
ROI-AL (Regions Of Interest-based ALignment) technique ini-
tially described by Stark and Okado (2003) and refined here. The
technique begins with the manual segmentation of regions of
interest based on anatomical structure. Here, 10 structures in the
MTL (bilateral hippocampal region, temporopolar, perirhinal,
entorhinal, and parahippocampal cortices) were defined. The
temporopolar portion of perirhinal cortex, the more posterior
portion of perirhinal cortex, and the entorhinal cortex were de-
fined according to the techniques described by Insausti et al.
(1998). As in our previous research, the parahippocampal cortex
was further defined bilaterally as the portion of the parahippo-
campal gyrus caudal to the perirhinal cortex and rostral to the
splenium of the corpus callosum. The hippocampal region (the
CA fields of the hippocampus, dentate gyrus, and subiculum) was
also defined bilaterally. The original version of ROI-AL (Stark and
Okado 2003) uses these segmentations to calculate an additional
12-parameter affine transformation matrix to fine-tune the cross-
participant alignment of the segmentations (such that hippo-
campus will align with hippocampus, perirhinal cortex with peri-
rhinal cortex, etc.). In so doing, ROI-AL significantly improves
the overlap across participants, increasing statistical power and
precision in localization of cross-participant tests.

Here, the ROI-AL technique was modified to include a sepa-
rate 12-parameter affine transformation matrix for each indi-
vidual ROI. Thus, 10 transformation matrices were created and
10 versions of each statistical map (and structural image) were
created for each participant. The results of the 10 transformations
were combined into a single statistical map by weighing each
statistical map’s contribution to a voxel in the combination by
an estimate of the distance from each ROI to that voxel. This
distance was estimated by blurring each transformed ROI by a
5-mm FWHM Gaussian kernel. Thus, the binary segmentation
became a blurred map, indicating the area of influence this par-
ticular ROI was allowed to have over the combined output.
Where overlap across blurred ROIs occurred, the voxel in the
combination was weighted by the degree of influence (value in
the blur) from each contributing ROI. We have found that by
extending ROI-AL in this manner, further gains in statistical
power and precision are achieved.

In the ROI-AL analysis and in a second whole-brain analysis,
a voxel-wise three-factor analysis of variance (ANOVA) was per-
formed on the � coefficients with two fixed factors (type of phase
and type of subsequent memory) and a random factor (subject)
to identify interactions between the two factors. These ANOVAs
were used to define functional regions of interest (ROIs) that
demonstrated any significant interaction in activity that indi-
cated a differential effect of encoding phase (Original Event

phase and Misinformation phase) and subsequent memory type
(true memories and false memories). In the ROI-AL analysis, a
voxel-wise threshold of F > 5.5 (P < 0.03) and a spatial extent
threshold of 215 mm3 for a corrected � of P ≈ 0.053 (within the
MTL alone) was used. In the whole-brain analysis, a voxel-wise
threshold of F > 8.1 (P < 0.01) and a spatial extent threshold of
328 mm3 for a corrected � of P < 0.05 was used.
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