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a b s t r a c t

Recent neuroimaging studies demonstrate that remembering the past and imagining the future rely on
the same core brain network. However, findings of common core network activity during remembering
and imagining events and increased activity during future event simulation could reflect the recasting of
past events as future events. We experimentally recombined event details from participants’ own past
experiences, thus preventing the recasting of past events as imagined events. Moreover, we instructed par-
ticipants to imagine both future and past events in order to disambiguate whether future-event-specific
activity found in previous studies is related specifically to prospection or a general demand of imagining
episodic events. Using spatiotemporal partial-least-squares (PLS), a conjunction contrast confirmed that
even when subjects are required to recombine details into imagined events (and prevented from recasting
events), significant neural overlap between remembering and imagining events is evident throughout the
ippocampus
MRI
artial least squares

core network. However, the PLS analysis identified two subsystems within the core network. One exten-
sive subsystem was preferentially associated with imagining both future and past events. This finding
suggests that regions previously associated with future events, such as anterior hippocampus, medial
prefrontal cortex and inferior frontal gyrus, support processes general to imagining events rather than
specific to prospection. This PLS analysis also identified a subsystem, including hippocampus, parahip-
pocampal gyrus and extensive regions of posterior visual cortex that was preferentially engaged when
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remembering past events

Episodic memory refers to a neurocognitive system that
nables individuals to remember past experiences (Tulving, 2002).
lthough most research on episodic memory has focused exclu-
ively on its role in remembering, Tulving (1985) recognized that
pisodic memory provides a basis for “mental time travel” into
oth the past and future. Tulving (2002) has further theorized that
pisodic memory and associated capacities for mental time travel
re unique to human beings, a claim that has been at the center of an
ntensive debate about whether non-human animals are capable of
emembering the past or imagining the future (cf., Clayton, Bussey,
Dickinson, 2003; Suddendorf & Corballis, 1997, 2007; Tulving,
002).

Compared with the considerable attention devoted to under-
tanding how episodic memory enables remembering of past
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vents, and the heated debate over mental time travel in non-
umans, there has been far less work exploring how people use
pisodic memory to imagine future events. During the past cou-
le of years, however, the situation has changed dramatically, as
rapidly growing number of studies have focused on the role of

pisodic memory in imagining or simulating possible future events
for recent reviews, see Schacter, Addis, & Buckner, 2007; Schacter,
ddis, & Buckner, 2008). A major message of this emerging body
f research is that remembering past events and imagining future
vents depend, to a very large extent, on shared cognitive and neu-
al processes. Evidence favoring this claim comes from (a) cognitive
tudies showing that a number of experimental manipulations
nd individual differences affect past and future events similarly
D’Argembeau & van der Linden, 2004, 2006; Spreng & Levine,
006; Szpunar & McDermott, 2008), (b) investigations of various

atient and subject populations indicating that deficits in episodic
emembering are associated with similar deficits in imagining
uture or novel events, including studies of amnesic (Hassabis,
umaran, Vann, & Maguire, 2007b; Klein, Loftus, & Kihlstrom, 2002;
ulving, 1985), depressed (Dickson & Bates, 2005; Williams et al.,

http://www.sciencedirect.com/science/journal/00283932
http://www.elsevier.com/locate/neuropsychologia
mailto:dls@wjh.harvard.edu
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996) and schizophrenic (D’Argembeau, Raffard, & van der Linden,
008) patients as well as healthy older adults (Addis, Wong, &
chacter, 2008), and (c) neuroimaging studies documenting that
common core brain network is engaged during remembering

nd imagining (Schacter et al., 2007) that includes hippocampus,
osterior cingulate/retrosplenial cortex, inferior parietal lobule as
ell as medial prefrontal and lateral temporal cortices (Addis &

chacter, 2008; Addis, Wong, & Schacter, 2007; Botzung, Dankova,
Manning, 2008; Hassabis, Kumaran, & Maguire, 2007a; Okuda

t al., 2003; Szpunar, Watson, & McDermott, 2007). These stud-
es have raised a host of new conceptual and empirical questions,
nd have given rise to a number of novel theoretical proposals
Buckner, Andrews-Hanna, & Schacter, 2008; e.g., Buckner & Carroll,
007; Hassabis & Maguire, 2007; Schacter & Addis, 2007a, 2007b;
chacter et al., 2007, 2008; Suddendorf & Corballis, 2007).

We have put forward one such proposal, which we have termed
he constructive episodic simulation hypothesis (Schacter & Addis,
007a, 2007b). By this view, episodic memory provides a source
f details for future event simulations, such that past and future
vents draw on similar information stored in episodic memory and
ely on similar cognitive processes during event construction, such
s self-referential processing and imagery. Furthermore, we have
uggested that the constructive nature of episodic memory sup-
orts the flexible recombination of stored details into a coherent
imulation of a new event that has not been experienced previously
n the same form. This process of flexible recombination is thought
o rely on relational processing abilities that are heavily depen-
ent on the hippocampal formation (e.g., Eichenbaum, 2001), with
ecent evidence implicating the anterior hippocampus specifically
n recombining episodic details into novel events (Addis & Schacter,
008).

Although this view fits well with evidence of similar cognitive
nd neural processes during past and future event construction and
laboration, the constructive episodic simulation hypothesis may
lso help to conceptualize one of the intriguing differences that
as been documented between past and future events: direct con-
rasts between past and future tasks in several studies have revealed
reater neural activity when imagining future events relative to
emembering past events (Addis et al., 2007; Okuda et al., 2003;
zpunar et al., 2007). For example, Addis et al. (2007) reported
uch future greater than past activity in the hippocampus and fron-
opolar cortex, with future-specific activity evident only during the
arly, constructive phase of event generation. Schacter and Addis
2007a) proposed that this finding might reflect the more intensive
onstructive processes required by imagining future events relative
o retrieving past events. Both past and future event tasks require
he retrieval of information from memory, engaging a common core
etwork. However, only the future task requires that event details
xtracted from various past events are flexibly recombined into a
ovel future event. Thus, additional activity supporting these pro-
esses, including activity in the hippocampus, is likely engaged by
he future event tasks.

In the present article, we address three significant issues that
merge from our own and others’ recent studies of past and future
vents, and are especially relevant to the constructive episodic sim-
lation hypothesis. First, as noted above, this hypothesis places
reat emphasis on the idea that future event simulations are built by
exibly recombining details from past experiences, likely engaging
he relational processes supported by the hippocampus. However,
revious studies on imagining future events have not provided any

irect evidence that subjects do indeed recombine details from
ultiple past events into novel future simulations. Although the

escriptions of imaginary episodes provided in some future event
rotocols are consistent with this idea, an alternative possibility is
hat participants simply recast their memories of individual past
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xperiences as imagined future events, especially when they are
hinking about events that might plausibly occur in the near future.
or example, when given the cue “table” and asked to imagine an
vent that might occur in the next few weeks involving a table, par-
icipants might simply recall a recent episode in which they spilled
offee on their kitchen table and imagine that such an incident
ight occur again in the next few weeks. To the extent that such a

ecasting process occurred, there would be little or no recombina-
ion of details from past events into imagined future scenarios, and
he similarity in regions engaged by past and future event tasks
ould simply reflect the fact that participants are remembering

ntire episodes in both conditions. A recasting account, however,
ould not easily explain the finding that several regions show

reater activity during imagining the future than remembering the
ast, which we have suggested results from recombining event
etails in the future condition. By a recasting account, such activity
ould be instead attributable to more general cognitive activities

ssociated with the recasting process, such as attaching a new tem-
oral label to an existing memory, rather than to recombination
rocesses specifically.

To address this issue in the present study, we collected from
articipants, prior to scanning, episodic memories of actual experi-
nces that included details about a person, object, and place involved
n that event. During the scan, subjects were cued to recall some of
he events that had actually occurred. For the conditions in which
hey imagined events, we randomly recombined details concerning
erson, object, and place from separate episodes. Participants were
hus presented with cues for a person, object and place taken from

ultiple episodes, and were instructed to imagine them together
n a single, novel episode that included the specified details. We

ill refer to this procedure as experimental recombination of event
etails. If, as suggested by the constructive episodic simulation
ypothesis, activity in the hippocampus and other structures in the
ore network during imagined future events reflects the recom-
ination of details from different episodes, then these structures
hould show robust activity during experimental recombination.
f, on the other hand, core network activity during future imagin-
ngs in previous studies is a result of recasting entire past episodes
nto the future and core network activity occurs only when partici-
ants remember entire episodes that have actually happened, then
ctivity in the core network should be reduced significantly during
xperimental recombination, compared with remembering actual
vents. Moreover, if future-specific activity reflects general cogni-
ive activities related to recasting rather than recombination, such
uture > past differences should also diminish in the current study.

A second issue that we address in the present study concerns
hat can be thought of as an experimental confound in previous

tudies that have compared remembering the past and imagin-
ng the future. While these comparisons are often portrayed as

contrast between past and future events, “past events” and
future events” in previous studies are confounded with a differ-
nce between remembering and imagining. For example, activity
r characteristics attributed to “future events” could equally well
e attributed to “imagined events”, irrespective of whether those
vents refer to the future, the past, or the present. While remem-
ered events, of course, must refer to the past, it is also possible to

magine events that might have occurred in one’s personal past.
To date, one study has included a condition which, in part,

ddresses this issue. Szpunar et al. (2007) had participants not
nly remember past events and imagine future events, but also

magine events involving Bill Clinton with no specific temporal ref-
rence. While this paradigm does help address the confound of
rospection and imagining, it is important to note that the Bill Clin-
on condition does not involve the generation of personal events
r the projection of the self over time. Notably, the engagement
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f the core network during the generation of Bill Clinton events
as lower than the activation associated with imagining future

vents as well as remembering past events. It is likely that imagin-
ng events for an individual, such as Bill Clinton draws more upon
emantic information (e.g., what the White House looks like; activ-
ties that Presidents of the United States engage in, etc.) rather
han details in personal episodic memory (Szpunar & McDermott,
008; Szpunar et al., 2007). Thus, imagining personal events which
re not future-oriented, such as imagined past events, may be
more appropriate way to disentangle the effects of prospec-

ion and imagining within the realm of projecting the self over
ime.

The distinction between prospection and imagining is espe-
ially important when thinking about conditions that have yielded
ifferences between remembering the past and imagining the
uture. For example, consider the previously mentioned finding
rom Addis et al. (2007) that activity in hippocampal and frontopo-
ar regions is greater during the initial construction of imagined
uture events than remembered past events. Such differences could
eflect increased activity related specifically to the prospective
spects of thinking about the future. Alternatively, these differences
ould reflect increased activity related to the demands of creating
simulation of a novel scenario, irrespective of whether the sce-
ario is imagined to occur in one’s personal future or personal past.
ur previous discussions of the constructive episodic simulation
ypothesis have not explicitly addressed this issue. However, the
rocesses involved in recombining event details into novel scenar-

os or simulations, heavily emphasized by the constructive episodic
imulation hypothesis, should occur regardless of whether an event
s imagined to occur in one’s past or future. These considerations
ead us to suggest that core network activity should be engaged
imilarly when imagining the future or imagining the past. Indeed,
vidence already exists indicating that the core network is engaged
hen people imagine novel scenarios that are not explicitly tied to
specific time in the future or the past (Hassabis et al., 2007a). To
ddress the issue directly, on some of the trials using experimen-
al recombination of event details, participants imagined events
hat could plausibly occur in their personal futures, and on other
rials imagined events that might have plausibly occurred in their
ersonal pasts.

A final issue is the lack of a consistent neural signature for
emembering the past relative to imagining the future. For instance,
ddis et al. (2007) and Szpunar et al. (2007) both report that
o regions were more engaged by remembering the past than

magining the future, despite finding robust increases of activity
hroughout the core network associated with future events. How-
ver, recalling previously experienced events is thought to involve
he recapitulation of sensory-perceptual and contextual details and
hus engage the neural regions which originally processed such
nformation (e.g., Johnson, Minton, & Rugg, 2008; Kahn, Davachi,

Wagner, 2004; Wheeler & Buckner, 2004; Woodruff, Johnson,
ncapher, & Rugg, 2005). Moreover, consistent with the reality
onitoring framework (Johnson, Foley, Suengas, & Raye, 1988),
emories for past events have been found to contain more sensory-

erceptual and contextual detail than future events (D’Argembeau
van der Linden, 2004). Given that memories for past episodes

ontain primarily contextual and visual information (Greenberg
Rubin, 2003), a reasonable expectation is that remembering

ast events should engage parahippocampal and posterior visual
ortices more so than imagining events. Consistent with this per-

pective, the parahippocampal cortex has been found to be more
esponsive to real past events than imaginary future events (Addis

Schacter, 2008; Okuda et al., 2003); other studies have reported
similar pattern of neural activity in the hippocampus (Botzung

t al., 2008) and medial prefrontal cortex (Botzung et al., 2008;
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assabis et al., 2007a). However, increased engagement of poste-
ior visual regions such the cuneus and fusiform gyrus has not yet
een found during past relative to future events. It is possible that
uch differences exist but are not evident due to a lack of power
nd/or differences in timing of associated neural activity. Consis-
ent with this possibility, Conway, Pleydell-Pearce, Whitecross, and
harpe, (2003) used slow-wave ERP to examine neural differences
etween recalling memories for experienced past events and recall-

ng previously imagined events. This procedure revealed that while
eft anterior activity associated with memory for imagined events
merged early in the trial, posterior occipito-temporal signal asso-
iated uniquely with memory for experienced past events only
merged later in the trial.

Spatiotemporal partial least squares (PLS) can be used to analyze
ata where differences in the timing of the neural response may

essen the sensitivity to detect significant differences (Lobaugh,
est, & McIntosh, 2001; McIntosh, Bookstein, Haxby, & Grady,

996; McIntosh, Chau, & Protzner, 2004). Specifically, PLS does
ot assume the shape of the hemodynamic response function
hrf), and thus enables examination of activity related to different
ognitive tasks even if the timing of associated neural activity dif-
ers (Addis, McIntosh, Moscovitch, Crawley, & McAndrews, 2004).

oreover, PLS can provide a more sensitive statistical assess-
ent than univariate contrasts in SPM (see Addis et al., 2004

or a comparison); all voxels are analyzed in one single analytic
tep, thus eliminating the issue of multiple comparisons. Another
ey advantage of this statistical approach is that PLS identifies
istributed whole-brain patterns of activity most related to the
xperimental conditions and how the activation of such functional
etworks changes across the duration of the event. Note that even
hough univariate contrasts may identify a set of regions activated
y a certain task, it is not necessary that activity in all of the
egions covaries in response to the task. Thus, PLS provides an
pportunity to investigate the functional connectivity of the core
etwork that is involved in the imagining and remembering of per-
onal events and the identification of the regions comprising this
etwork.

In the current study, we used an experimental recombination
f details procedure to determine whether previous findings of
ommon activation of the core network during remembering and
magining events, as well as increased activation of the core net-

ork during the imagining of future events, are still evident when
ubjects are prevented from recasting past events as future events.

e also instructed subjects imagine both future and past events
n order to disambiguate whether future-event-specific activity
elated to prospective thinking or a more general demand of imag-
ning an episodic event in either temporal direction. We also aimed
o determine whether greater activation of posterior visual cor-
ices is evident when remembering past experiences relative to
magining novel events. These hypotheses were investigated using
multivariate analytic technique, spatiotemporal PLS, which also

nabled us to examine the functional connectivity of the core net-
ork and its association with imagining and remembering personal

vents.

. Methods

.1. Participants

Healthy, right-handed young adults with no prior history of neurological or
sychiatric impairment were recruited for participation in this study. For any

ndergraduate students recruited, only those in their second or third year of their
-year program were permitted to enroll, ensuring that both the last and next 5
ears (the temporal interval within which events would be imagined) included
oth college and non-college years. For the same reason, any college graduates
ecruited were required to have graduated at least a year prior. Twenty-three healthy,
ight-handed adults enrolled in the study and gave informed written consent in a



D.R. Addis et al. / Neuropsychologia 47 (2009) 2222–2238 2225

Fig. 1. (A) Examples of event titles and details collected from participants during the pre-scan session are shown. Participants retrieved memories of 170 events that occurred
within the past 5 years. For each event, a person, place and object featuring in the memory were identified. An event title for each memory was also devised. (B) An example
of a cueing screen from each condition is shown. Color-coding shows how event details generated during the pre-scan session (see A) were experimentally recombined for
t agine
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he (i) future-imagine and (ii) future-past events; participants were required to im
hich the event details came from originally were given to provide a context for ea

orresponding original memory for all details shown. (iv) The control task involved
bject words were slotted into the sentence in order of physical size.

anner approved by the Harvard and Massachusetts General Hospital Institutional
eview Boards. Two subjects did not complete the fMRI portion of the study, and
MRI data from another three participants were excluded due to excessively fast
eactions times, excessive movement or the presence of an anatomical abnormality.
hus, data from eighteen participants (ten male, eight female; mean age, 21.9 years;
ange, 18–28 years) were analyzed.

.2. Pre-scan stimulus collection session

At least 4 days (M = 5 days and 17 h; range = 4–13 days) prior to the scanning
ession, participants completed a pre-scan stimulus collection session. The pro-
edure required subjects to complete a spreadsheet detailing 170 memories of
ersonal events experienced in the past 5 years. All events had to be specific in
ime and place, lasting no longer than 1 day. Participants were provided with an
xtensive list of event cues to facilitate retrieval, but memories were not limited
o these cues. For each specific event retrieved, participants dated the event and
yped a brief description. Participants also devised a brief ‘title’ for the event and
pecified three details from each memory: a person (other than themselves), an
bject featuring in the memory, and the location at which the event occurred
see Fig. 1A).
.3. Stimuli

Using the event titles and details provided during the pre-scan session,
ixty trial-stimulus-sets for the autobiographical event tasks were created. Each
rial-stimulus-set contained a person, location and object event detail, and the cor-

1

i
r
(

an event involving the person, place and object specified. Titles of the events from
tail. (iii) For the past-recall task, participants had to recall the event detail and the
reation of a sentence in the form “X is smaller than Y is smaller than Z”, where the

esponding title of the memory from which this detail was gleaned (see Fig. 1B).
etails were randomly extracted from different memories and combined into trial-

timulus-sets. Note that for half of trial-stimulus-sets, details were extracted from
wo memories and, for the other half, from three memories. In cases where two
etails were extracted from the same event, whether the details were person-

ocation, person-object or location-person was balanced across conditions. This
anipulation was included to enable examination of possible effects of the number

f memories drawn upon in a simulation. However, the manipulation had no sig-
ificant effect, and because it was not the focus of the current paper, the analyses
resented here collapse across the two- and three-detail conditions. Importantly,
nce a detail/event title (or pair of details and event title, in the case where details
ame from two memories) was included in a trial-stimulus-set, neither those details
or any of the remaining details from that memory were used in any other trial-
timulus-set (see Fig. 1).

For the control task, each trial-stimulus-set contained three cue words—nouns
aken from the Clark and Paivio extended norms (Clark & Paivio, 2004). Ninety
ouns were selected for use in this study. We selected words that were highly

amiliar (M = 1.671, sd = .291), imageable (M = 5.86, sd = .326) and concrete (M = 6.846,
d = .323) given that the control task involved imagining objects.
.4. Experimental tasks

During the scanning session, subjects completed four experimental tasks: imag-
ning future events (“future-imagine”); imagining past events (“past-imagine”);
emembering past events (“past-recall”) and a semantic/visual imagery control task
“control”).
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.4.1. Autobiographical event tasks
Twenty future-imagine, twenty past-imagine and twenty past-recall event tri-

ls, each 35 s in length, were presented randomly across the entire scanning session.
ach trial began with a 24 s construction-and-elaboration phase. A four-line cueing
lide was displayed for the duration of this phase. The first line described the task
nstructions (i.e., “imagine future event that involves” or “imagine past event that
nvolves” or “recall memories that involved”). Lines two through four contained the
rial-stimulus-set, such that each line contained a detail followed by the correspond-
ng memory title (i.e., “[detail]: [event title]”; note that within the square brackets,
he relevant personal event stimuli were inserted; see Fig. 1B). Note further that
ine two contained the person detail, line three contained the location detail and
ine four contained the object detail.

For the imagine-future and imagine-past tasks, participants were required to
magine a plausible personal experience that might occur in the next 5 years or
ave might have occurred in the last 5 years, respectively. It was stressed that both of
hese tasks involved imagining events, and thus even when thinking back to the past,
he generated event must not have actually happened. The imagined event had to
nvolve the person, location and object details specified on the cueing slide. Note that
he participant only has to include the person/place/object details from those origi-
al events not the whole events themselves. Given that these details were randomly
xtracted from various memories (as described above), this procedure constitutes
n experimental recombination of details. It was explained that the corresponding
vent title was given for each detail to provide the context for that detail so the sub-
ect would know exactly which person, location or object was being referred (e.g.,
he object “coat” might differ depending on whether it is from a skiing event versus
n interview event; presenting the corresponding event title for each detail aided
articipants in making such distinctions). All events were required to be temporally
nd contextually specific, occurring over minutes or hours, but not more than 1 day
i.e., episodic events). Examples were provided to illustrate this requirement (e.g.,
magining one’s future child versus imagining the birth of one’s future child).

For the recall-past task, participants were required to remember the experiences
eferred to by the event titles on the cueing slide. Specifically, they were required to
emember how the person, location and object detail featured in the corresponding
emory indicated by the event title. Note that as with the imagining events, the

hree details may have been drawn from two or three events; even so, participants
ere instructed that even when two details came from the same event, they were

o go through each detail and remember how it featured in the event.
Once participants had either imagined an event using the specified details, or

ad remembered how the specified details featured in the corresponding memories,
hey pressed a button on the response box. This response time was recorded and

arked the end of event construction and the beginning of elaboration. Participants
ere instructed prior to scanning that once they made this response, they were then

o elaborate on the imagined event or the remembered events, i.e., to expand the
vent representation by generating or retrieving as much detail as possible until the
nd of the phase (i.e., until the rating task appears). For the past-recall task, where
ubjects retrieved two or three memories, they were instructed to re-experience as
ully as possible the two or three events during the time provided, thus ensuring
hat subjects were remembering real past events for the duration of elaboration.
articipants were instructed to experience all events from a field perspective (i.e.,
eeing the event from the perspective of being there) rather than from an observer
erspective (i.e., observing the self from an external vantage point). The cueing slide
emained onscreen for the entire 24 s duration, irrespective of when the response
as made. If no response was made within the 24 s, the next phase of the trial (rating

asks) began. Note that all elaboration of detail was completed silently.
Immediately following elaboration, participants rated the contents of the event.

wo rating scales were presented, each for five seconds: (1) a five-point scale con-
erning the amount of detail they retrieved or imagined (1 = vague with no/few
etails; 5 = vivid and highly detailed); and (2) a binary scale regarding whether the
vent was experienced primarily from a field or observer perspective (1 = saw event
hrough my own eyes; 5 = saw myself from an external perspective). These partic-
lar scales were presented during scanning as these ratings depended directly on
he phenomenology of the event generated during the preceding construction and
laboration phase and could potentially change if made after scanning.

.4.2. Control task
Twenty control task trials were presented randomly across the entire scanning

ession. This task followed the same sequence as the autobiographical event tasks
nd thus began with a 24-s construction-and-elaboration phase, during which a
ueing slide was presented. This slide comprised four lines: the first line described
he task (i.e., “create sentence, start with smallest”), and lines two through four spec-
fied the noun to be used in the sentence (i.e., “[noun]: include [noun] in sentence”;
ote that within the square brackets, the relevant noun was inserted; see Fig. 1B).

Participants were required to order the three objects, as named by the three

ouns, by physical size (i.e., a size-discrimination task), and insert them into the

ollowing sentence: “X is smaller than Y is smaller than Z”. Once subjects had silently
aid the sentence to themselves, they made a button-press, marking the end of
onstruction and the beginning of elaboration. For the remainder of the 24-s cue
resentation, participants elaborated on the representation of the nouns, generating
s much detail about the meaning on the noun (including visually imagining the

w
o
e
o
(
t
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bject). As such, the control task is similar in structure to the autobiographical event
asks given that it requires the integration of information (into a sentence), a button
ress and generation of semantic and visuospatial details during elaboration.

During the rating phase, two scales were presented (each for 5 s) to control for
he rating scales used in the autobiographical event tasks. First, subjects rated the
mount of detail generated during elaboration on a five-point scale (1 = vague with
o/few details; 5 = vivid and highly detailed). Next, subjects made a binary decision
egarding task difficulty (1 = easy; 5 = difficult).

.5. Scanning session

Immediately prior to scanning, the experimental tasks were explained to par-
icipants and examples of appropriate responses were provided. Participants were
amiliarized with the rating scales and completed ten practice trials (3 × future-
magine; 3 × past-imagine; 2 × past-recall; and 2 × control tasks). These trials were
ompleted aloud to confirm that participants understood the instructions (i.e., that
vents generated were specific in time and place and imagined events included
he three details specified). Participants were aware that during the scan the tasks
ere to be completed silently and that following the scan they would be required

o describe the events generated in response to each cue word presented during
canning.

In the scanning environment, participants completed five runs of functional neu-
oimaging, each ten minutes in duration. Within each run, 16 trials were randomly
resented; this number comprised four trials from each condition (future-imagine,
ast-imagine, past-recall and control). Each trial consisted of a construction-and-
laboration phase (24 s) and two rating scales (5 s each). Trials were separated by a
est period during which a fixation cross was presented for a mean duration of 3.5 s
jittered between 2 and 5 s). All stimuli were presented in black text on a white back-
round and projected on a screen viewed by participants on a mirror incorporated
nto the head-coil. E-Prime software (Psychology Software Tools, Inc., Pittsburgh,
A) was used for the presentation and timing of stimuli and collection of reaction
imes and response data. Responses were made on an MR-compatible five-button
esponse box.

.5.1. fMRI data acquisition
Images were acquired on a 1.5 T Siemens Sonata MRI scanner. Detailed anatom-

cal data were collected using a multiplanar rapidly acquired gradient echo
MP-RAGE) sequence. Functional images were acquired using a T2*-weighted
cho planar imaging (EPI) sequence (TR = 2000 ms, TE = 23 ms, FOV = 200 mm, flip
ngle = 90◦). Twenty-five coronal oblique slices (5 mm thick) were acquired at an
ngle perpendicular to the long axis of the hippocampus in an interleaved fashion.

.6. Post-scan interview

Immediately following scanning, participants completed an interview in which
hey were prompted with each cueing slide shown in autobiographical event tasks.
hey were required to think back to the events they retrieved or generated in the
canner, and to briefly describe the event to the experimenter. All the events in the
ast-recall condition were known to be specific in time and place (i.e., meeting the
riteria of an episodic event) from the descriptions provided during the pre-scan
timulus collection session. For the imagined events, the episodic specificity of the
vent was determined by the experimenter according to a 3-point episodic speci-
city scale (Williams, Healy, & Ellis, 1999): an event specific in both time and place
eceived a score of 3; events specific in time or place received a score of 2; and events
eneral in both time and place (e.g., personal semantics) received a score of 1. Only
hose events receiving an episodic specificity score of 3 were included in analy-
es. Using a 5-point scale, participants rated the intensity of emotion experienced
pon imagining or remembering the event (1 = detachment; 5 = highly emotional)
nd the personal significance of the event (1 = insignificant, did not change my life;
= personally significant and life-changing event). For the imagined events, partic-

pants rated how similar the event was to (1) previous thoughts/imaginings and
2) previous experiences (1 = I have never imagined/experienced anything similar;
= I have imagined/experienced this exact event). Additionally, the age that sub-

ects assigned to an imagined event was collected; these data had been collected
reviously for past-recall events during the pre-scan stimulus collection session.

.7. Analysis of behavioral data

Repeated-measures analysis of variance (RM-ANOVA), related-samples t-tests
nd Chi square tests were used to determine whether there were any effects of
ondition on the reaction times, temporal distance (i.e., years from the present) and
henomenological ratings of the events. Note that if the assumption of sphericity

as violated (as indicated by a Greenhouse–Geisser estimate of sphericity, epsilon,
f less than .90), the degrees of freedom were adjusted using Greenhouse–Geisser
psilon (Geisser & Greenhouse, 1958). To examine whether frequencies of field and
bserver ratings differed across the conditions, a 3 × 2 Chi-square test was computed
Preacher, 2001). Finally, ratings of the similarity of imagined future and past events
o previous thoughts and experiences were compared using related-sample t-tests.
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.8. Data processing

All pre-processing of imaging data was performed using SPM2 (Wellcome
epartment of Cognitive Neurology, London, UK). Standard pre-processing of func-

ional images was performed, including discarding the first four functional images
o allow scanner equilibrium effects, rigid-body motion correction and unwarping,
lice timing correction, spatial normalization to the Montreal Neurological Institute
MNI) template (resampled at 4 mm × 4 mm × 4 mm voxels) and spatial smoothing
using an 8 mm full-width half maximum isotropic Gaussian kernel).

.9. PLS analyses

Spatiotemporal PLS is a multivariate technique that analyses the covariance
f brain voxels and the experimental design (i.e., conditions) across the length
f an event (Addis et al., 2004; Lin et al., 2003; Lobaugh et al., 2001; McIntosh
t al., 2004). Note that unlike univariate event-related analyses, spatiotemporal
LS is not dependent upon assumptions about the shape and time course of the
rf, and thus enables investigation of changes in task-related activity at differ-
nt lags along the entire course of the event. For these analyses, a 12-s temporal
indow was specified for each event (i.e., 6 TRs), and the onset of trials was

pecified at 2 s after stimulus onset, as described above. An additional analysis
f the data at elaboration, as per our previous study (Addis et al., 2007), was
ot conducted here for a number of reasons: (1) we were most interested in
easing apart functional connectivity differences between imagining and remem-
ering events and our previous results suggest that if such differences exist, they
hould be most apparent during construction (Addis et al., 2007); and (2) con-
ucting a spatio-temporal analysis part-way through the trials was not considered
ppropriate.

The first step of the mean-centered PLS analysis was to compute the cross-
ovariance between a matrix of vectors coding for the tasks (i.e., design matrix)
nd a matrix containing all of the voxels across each event, in each image, across
ll subjects and tasks (i.e., data matrix). Note that in a mean-centered PLS, no a
riori contrasts are specified. The resulting matrix was then decomposed using sin-
ular value decomposition. In doing so, a new set of orthogonal variables (latent
ariables; LVs) that provide the optimal relation between these data sets is iden-
ified. Contributing to each latent variable is a linear contrast, or set of contrasts,
etween the experimental tasks. The accompanying image displays the brain regions
xhibiting the greatest covariance with the contrasts within each time lag or TR. The
mount of covariance for which the latent variable accounts is known as the singular
alue. Further, each brain voxel has a weight or salience that is proportional to these
ovariances. As this was a mean-centered PLS analysis, each extracted latent variable
uccessively accounted for a smaller portion of the covariance pattern (as indicated
y the singular value). In this way, the LVs derived from a mean-centered PLS analy-
is are determined by the strength of effects in the dataset; the set of LVs explaining
he most covariance are identified (and note, the number of LVs is constrained by
he degrees of freedom; here we had 4 conditions and 3 degrees of freedom). We
lso had an a priori hypothesis that an LV would be identified that contrasted all
hree autobiographical event tasks relative to the control task, and associated these
asks with the core network (Addis et al., 2007). However, such an LV did not result
rom this mean-centered PLS analysis (see Section 2.2). In order to investigate this
ssue further, we conducted a “non-rotated” PLS analysis that allows the user to

pecify an a priori contrast (McIntosh & Lobaugh, 2004). Here, the a priori contrast
as a conjunction of the three autobiographical event tasks relative to the control

ask.
In all PLS analyses, the statistical significance of each LV was determined using

ermutation tests, that is, randomly re-ordering the data matrix rows and calcu-
ating a new set of latent variables (using singular value decomposition) for each

b
T
a
a
t

able 1
ean reaction time data, temporal distance and phenomenological ratings of autobiograp

easure Mean (standard deviation)

Future-imagine

eaction time (ms) 7503.11 (2695.55)
emporal distance (yrs) 1.82 (.805)
etail 3.91 (.431)
motionality 3.25 (.620)
ersonal significance 2.76 (.588)
ield/observer perspectivea .927/.073
imilarity to thoughts 2.35 (.351)
imilarity to events 2.73 (.536)

ote: Significant main effects of event condition are indicated by an asterisk on the conditio
s = milliseconds; yrs = years.
a Mean proportion of events in each category.
* p < .01.

** p < .001.
gia 47 (2009) 2222–2238 2227

e-ordering. At each permutation, the singular value of each latent variable was
ompared to the singular value of the original latent variable. The initial value was
ssigned a probability based on the number of times a statistic from the permuted
ata exceeds this original value (McIntosh et al., 1996). In the present study, 500
ermutations were computed. The reliability of the saliences for the brain voxels
ithin a latent variable was determined using bootstrap estimation of the standard

rrors. This procedure involves randomly resampling subjects with replacement,
nd computing the standard error of the saliences after a number of bootstrap
amples (McIntosh et al., 1996). In the present study, this sampling and analysis
rocedure was carried out 300 times. Note that unlike univariate analyses, saliences
re identified in one single analytic step and thus a correction for multiple compar-
sons is not necessary. Clusters of 5 or more voxels (4 mm × 4 mm × 4 mm) in which
he salience-to-standard-error ratio of was greater than 3.2 (roughly equal to a z-
core, and a p-value of p < .001), were considered to represent reliable voxels. Note
hat the effects reported here were robust; although the figures show activity at a
hreshold of p < .001, all but two peak voxels survived a more conservative threshold
f 4.0 (p < .0001).

Local maxima for the brain areas with reliable saliences on each latent variable
ere considered to be the voxel with a salience to standard error ratio higher than

ny other voxel in a 10 mm cube centered on that voxel. MNI co-ordinates were
onverted to Talairach space and regions of activations were localized in reference
o a standard stereotaxic atlas (Talairach & Tournoux, 1988).

. Results

.1. Behavioral results

Only successfully completed trials were included in the anal-
ses. For autobiographical events, this included trials on which
articipants: (1) successfully imagined or retrieved a specific event
s instructed and (2) described the event during the post-scan
nterview, resulting in the loss of an average of 3.19% (sd = 6.41%)
nd 1.94% (sd = 4.42%) of trials, respectively. Additionally, trials for
hich the reaction time was missing or excessively fast (i.e., before

he trial onset of 2 s used in the analysis) were also excluded from
nalysis. For three participants, fMRI data from a number of trials
6, 10 and 27 events out of a total of 80) were lost due to a scanner

alfunction. Thus, individual participants contributed an average
f 19.06 future-imagine (sd = 1.92), 18.39 past-imagine (sd = 2.89),
8.83 past-recall (sd = 1.98) and 19.22 control (sd = 1.56) trials (out
f a maximum of 20 of each event type) to the analyses. The final
umber of trials in each condition did not differ significantly, as
onfirmed by a RM-ANOVA, F(2.09,35.49) = 1.97, p = .153.

Average reaction times, temporal distance, phenomenological
atings and frequencies of field and observer ratings for the auto-

iographical events included in our analyses are presented in
able 1. A RM-ANOVA of reaction time data indicated there was
main effect of condition, F(1.65,28.09) = 6.02, p = .010, reflecting
small (approximately 1 s) but significant decrease in reaction

imes for the control task relative to the future-imagine (p = .009),

hical events.

Past-imagine Past-recall

7530.98 (2485.62) 7145.36 (1616.65)
1.63 (.462) 1.97 (.499)
3.81 (.481) 4.12 (.493)*

3.10 (.641) 3.78 (.683)**

2.72 (.676) 3.15 (.646)*

.902/.098 .959/.041
2.35 (.330) n/a
3.10 (.423)* n/a

n mean that is significantly higher than all other condition means for that measure.
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ast-imagine (p = .004) and past-recall (p = .007) tasks. Importantly,
here were no significant differences in reaction time between the
utobiographical event tasks (p-values ranged from .275 to .861).
his pattern of results is consistent with the results from our pre-
ious neuroimaging study on past and future events (Addis et al.,
007).

In accordance with instructions, participants retrieved or gen-
rated significantly more autobiographical events from a field

M = 53.06, sd = 9.64) rather than an observer (M = 3.44, sd = 4.93)
erspective, as confirmed by a related-samples t-test, t = 15.02,
< .001. A 3 × 2 Chi-square test (Preacher, 2001) indicated that

he frequencies of field and observer ratings did not significantly

i
a
p
p

ig. 2. Latent variable 1.1 (p < .001) describes the imagining subsystem. (A) A plot of design
attern of brain activity. Here, the future-imagine and past-imagine tasks are associated
re associated with brain regions shown in cool colors. (B) This graph illustrates the weig
xperimental tasks (divided into 2 s TRs). Overall, the imagining tasks result in more acti
he fourth TR. (C) The brain regions in which activation was associated with imagine tasks
olors) are shown for TRs 2-4, superimposed over a standard MRI template. All regions ar
oxels in the right hippocampus (xyz = 23 −13 −26), left hippocampus (xyz = −20 −13 −
A = Brodmann Area, LHC = left hippocampus, RHC = right hippocampus.
gia 47 (2009) 2222–2238

iffer across the autobiographical event conditions (�2 = 4.08,
= .130). There were also no significant differences between

he autobiographical event tasks with respect to the tempo-
al distance of events (i.e., the number of years from the
resent), F(1.42,24.06) = 2.52, p = .116. The phenomenology of auto-
iographical events differed across autobiographical event type
detail, F(1.50,25.48) = 7.37, p = .006; emotionality, F(2,34) = 22.81,
< .001; personal significance, F(1.60,27.21) = 8.47, p = .003). Specif-
cally, past-recall events were rated as more detailed, emotional
nd personally significant than both future-imagine (detail,
= .023, emotionality, p < .001; personal significance, p = .007) and
ast-imagine (detail, p = .007; emotionality, p < .001; personal sig-

scores, indicating the amount of correlation between each task and the associated
with brain regions shown in warm colors, while the control and past-recall tasks
hted average of activation across all voxels in all subjects across the length of the

vity than the other tasks, and activation of the imagining subsystem peaks during
(warm colors; the imagining subsystem) or the control and past-recall tasks (cool

e shown at a threshold of p < .001. (D) Plots of the hemodynamic responses of peak
20), left BA 10 (xyz = −8 46 −16), and left BA 39 (xyz = −51 68 29) are displayed.



cholo

n
m
(
o
p
e

2

2

t

s
(
n
“
a
d
a

F
t
t
t
(
o
p

D.R. Addis et al. / Neuropsy

ificance, p = .004) events. Imagined-past events were rated as
ore similar to past experiences than imagined future events

t = −2.72, p = .014), though note the difference was small (.363 units
n a 5-point scale). There was no significant difference between
ast- and future-imagined events with respect to the similarity of
vents to previous thoughts or imaginings (t = .154, p = .879).
.2. Mean-centered PLS of AM and control tasks

.2.1. Latent variable 1.1
The mean-centered PLS analysis identified two significant pat-

erns of brain activity across tasks (i.e., LVs). The first LV (p < .001;

o
t
T
o
t

ig. 3. Latent variable 1.2 (p = .006) describes the remembering subsystem. (A) This plot illust
he associated pattern of brain activity. Here, the past-recall tasks are associated with bra
asks are associated with brain regions shown in cool colors. (B) This graph illustrates the
he experimental tasks (divided into 2 s TRs). Overall, the recall tasks result in more activit
C) The brain regions in which activation was associated with the past-recall task (yellow
ver a standard MRI template. All regions are shown at a threshold of p < .001. (D) Plots of th
arahippocampal gyrus (xyz = 20 −43 2), right hippocampus (xyz = 20 −35 −2) and right BA
gia 47 (2009) 2222–2238 2229

ingular value = 25.55) differentiated between the imagining tasks
future-imagine and past-imagine) and the control task, but did
ot correlate strongly with past-recall (see Fig. 2A, where the
design score” indicates degree of correlation between each task
nd its corresponding pattern of whole-brain activity, and the
egree of anti-correlation with the other pattern of whole-brain
ctivity). Additionally, this LV indicated the presence of neural

verlap between the future-imagine and past-imagine tasks, given
hat both tasks are associated with the same network of regions.
he positive saliences listed in Table 2 and shown in warm col-
rs in Fig. 2 correspond to greater activity during the imagining
asks (i.e., the “imagining subsystem”). Interestingly, the subsys-

rates the design scores, indicating the amount of correlation between each task and
in regions shown in warm colors, while the control, past-future and past-imagine
weighted average of activation across all voxels in all subjects across the length of
y than the other tasks, and activation of this subsystem peaks during the fourth TR.
-red) or the imagine and control tasks (blue) are shown for TRs 2–4, superimposed
e hemodynamic responses of peak voxels in the left BA 18 (xyz = −36 −90 −6), right
17 (xyz = −8 −81 11) are displayed. BA = Brodmann area, RHC = right hippocampus.
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em associated with the imagining tasks shows a clear neural
ifferentiation from the remembering and control tasks as early
s the second TR (2–4 s after stimulus onset), with activity peak-
ng fourth TR (6–8 s after stimulus onset; see Fig. 2B and D). The
attern of brain activity found to characterize the future- and past-

magine tasks was extensive, comprising the major components of

he core network including bilateral medial prefrontal cortex (BA
0/11), inferior frontal gyrus (BA 47), temporal pole (BA 21/38),
osterior temporal cortex (21/22/39), hippocampus, parahip-
ocampal gyrus, medial parietal cortex (23/31/7) and cerebellum
Fig. 2C).

p
p
a
t
w

ig. 4. Latent variable 2.1 (p < .001) describes the core network. (A) This plot illustrates th
orrelation between each task and the associated pattern of brain activity. Here, the autobio
ith brain regions shown in warm colors, while the control task is associated with brai

ctivation across all voxels in all subjects across the length of the experimental tasks (div
han the control task, and activation of the core network peaks during TRs 4 and 5. (C) Th
asks (yellow-red) or the control task (blue) are shown for TRs 2–4, superimposed over a
he hemodynamic responses of peak voxels in the left hippocampus (xyz = −24 −20 −16)
6) are displayed. BA = Brodmann area, LHC = left hippocampus.
gia 47 (2009) 2222–2238

The laterality of some components of this neural subsystem
hanged across the duration of the trial. For instance, the hippocam-
us was activated on the right during the early TRs (2–4) and on
he left during later TRs (4 and 5). This pattern is clearly evident
n the signal extracted from these regions (see Fig. 2D), where, for
nstance, activity associated with imagined events in the right hip-

ocampus is clearly differentiated from activity associated with
ast-recall during TRs 2–4, but is indistinguishable during TRs 5
nd 6. The activity in the left hippocampus later in the trial appears
o be driven primarily by the past-imagine task; activity associated
ith the future-imagine task peaks at TR 4 and then begins to drop.

e design scores for the a priori conjunction contrast, and indicates the amount of
graphical event tasks (past-imagine, future-imaging and past-recall) are associated

n regions shown in cool colors. (B) This graph illustrates the weighted average of
ided into 2 s TRs). Overall, the autobiographical event tasks result in more activity
e brain regions in which activation was associated with the autobiographical event
standard MRI template. All regions are shown at a threshold of p < .001. (D) Plots of
, left BA 11 (xyz = −8 42 −19), left BA 7 (xyz = −8 −53 32), right BA 18 (xyz = 24 −86
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Table 2
Co-ordinates of regions associated with imagined future and imagined past events
from latent variable 1.1 of the mean-centered PLS analysis.

Brain region Co-ordinates Bootstrap ratioa

x y z

TR 2 (2–4 s after stimulus onset)
L Medial prefrontal cortex (BA 10)b −12 50 −9 7.507
L Superior/middle frontal gyrus (BA
9)

−20 37 31 5.485

R Superior frontal gyrus (BA 8) 24 29 43 5.117
L Inferior frontal gyrus (BA 47) −32 30 −18 5.100
R Inferior frontal gyrus (BA 47) 59 23 −1 4.889
L Thalamus (medial dorsal nucleus) −4 −11 12 4.138
R Hippocampus/parahippocampal
gyrus (BA 28)

24 −20 −19 5.076

L Parahippocampal gyrus (BA 35) −16 −13 −26 4.358
L Parahippocampal gyrus (BA 30) −24 −43 −5 4.825
R Superior temporal gyrus (BA 39) 44 −53 25 4.516
L Middle temporal gyrus (BA 21) −67 −12 −13 6.819
L Middle temporal gyrus (BA 21) −55 −43 −1 4.461
R Middle temporal gyrus (BA 21) 51 −9 −16 7.000
L Posterior cingulate (BA 31)c −4 −53 28 10.650
L Angular gyrus (BA 39) −48 −65 29 6.463
L Lingual gyrus (BA 18) −16 −78 −6 6.660
R Lingual gyrus (BA 18) 16 −82 −9 6.527
R Cerebellum 36 −48 −21 6.713

TR 3 (4–8 s after stimulus onset)
L Medial prefrontal cortex (BA 11)b −4 50 −16 9.825
L Middle frontal gyrus −32 25 43 6.390
L Caudate body −16 16 10 4.719
R Hippocampus 28 −16 −16 4.986
L Middle temporal gyrus (BA 21) −63 −1 −13 9.834
R Middle temporal gyrus (BA 21) 63 −12 −13 5.340
R Superior temporal/angular gyrus
(BA 22/39)

51 −49 21 6.993

R Posterior cingulate (BA 23)c 4 −53 21 13.157
L Angular gyrus (BA 39) −48 −64 33 7.652
R Cerebellum 4 −52 −34 4.5673

TR 4 (6–8 s after stimulus onset)
L Medial prefrontal cortex (BA 11)b −8 46 −16 10.863
L Inferior frontal gyrus (BA 47) −51 35 −8 4.834
R Inferior frontal gyrus (BA 47) 48 34 −12 5.521
L Hippocampus −20 −13 −20 5.529
R hippocampus/parahippocampal
gyrus (BA 35)

24 −13 −26 5.515

L Parahippocampal/fusiform gyrus
(BA 20)

−28 −40 −15 7.614

R Parahippocampal gyrus (BA 36) 32 −32 −15 7.226
R Superior temporal gyrus (BA 38) 40 26 −25 4.950
R Middle temporal gyrus (BA 21/20) 55 −20 −12 4.338
L Middle temporal gyrus (BA 39) −51 −68 29 5.1619
R Middle temporal gyrus (BA 39) 51 −61 29 4.017
L Inferior temporal gyrus (BA 21) −59 −8 −13 10.675
L Posterior cingulate/precuneus (BA
31)c

−8 −57 25 11.849

R Inferior occipital gyrus (BA 19) 48 −86 −6 5.294
R Cerebellum 20 −71 −13 4.704

TR 5 (8–10 s after stimulus onset)
L Medial prefrontal cortex (BA
10/11)a

−4 62 −10 9.881

L Superior frontal gyrus (BA 8) −8 52 38 5.384
L Inferior frontal gyrus (BA 47) −36 30 −22 4.251
L Middle frontal gyrus (BA 8) −28 33 43 5.995
R Medial globus pallidus 8 0 −7 6.580
L Thalamus (dorsal medial nucleus) −4 −7 8 4.581
L Hippocampus −36 −24 −12 3.732
L Parahippocampal gyrus (BA 37) −28 −36 −12 5.784
R Parahippocampal gyrus (BA 37) 28 −36 −12 4.826
R Parahippocampal gyrus (BA 35/36) 24 −13 −26 4.025
L Middle temporal gyrus (BA 39) −48 −61 25 5.193
R Middle temporal/angular gyrus (BA
39)

48 −57 25 5.597

L Inferior temporal gyrus (BA 21) −59 −5 −13 6.205
L Precuneus (BA 7)b −12 −53 32 11.338
L Cerebellum −28 −40 −15 7.017

Table 2 (Continued )

Brain region Co-ordinates Bootstrap ratioa

x y z

R Cerebellum 4 −53 −41 6.012

TR 6 (10–12 s after stimulus onset)
L Medial prefrontal cortex (BA 11)a −1 65 −13 6.778
L Superior frontal gyrus (BA 8) −24 37 46 4.955
L Inferior frontal gyrus (BA 47) −40 19 −18 4.603
R Thalamus (lateral dorsal nucleus) 8 −19 16 4.470
L Superior temporal gyrus (BA 39) −44 −57 21 4.115
L Middle temporal gyrus (BA 21) −63 −1 −20 5.289
R Middle temporal gyrus (BA 21) 48 6 −27 4.841
R Middle temporal/angular gyrus (BA
39)

51 −65 25 5.605

L Precuneus (BA 7)b −4 −53 32 7.877
L Superior occipital gyrus (BA 19) −44 −80 37 6.240
L Cerebellum −24 −75 −33 3.811
R Cerebellum 4 −52 −34 5.075

Note: Activations are reported for each 2 s TR. All activations reported survive a
threshold of p < .0002 (bootstrap ratio of 3.7) and an extent threshold of 5 voxels
(4 mm × 4 mm × 4 mm). For brevity, only the Talairach co-ordinates of the maxi-
mally activated voxel within a cluster is reported (with the exception of the MTL),
as indicated by the highest bootstrap ratio. BA = Brodmann area; L = left; R = right.

a The bootstrap ratio is the parameter estimate for that voxel over its standard
e

r

A
c
b
(
l
a

t
e
t
s
o
T
t
(
m
g
p
t
w

2

e
f
T
i
T
o
t
d
p
l
g
e
d
i
a
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b This medial prefrontal cluster is bilateral.
c This medial parietal cluster is bilateral and encompasses the posterior cingulate,

etrosplenial cortex and precuneus.

laterality change was also evident in the inferior frontal gyrus and
erebellum, where initial right lateralized activity during TRs 2–4
ecame bilateral later in the trial (TRs 5 and 6). The lingual gyrus
BA 18) was only active early in the trial (TR 2, 3), while in contrast,
eft inferior temporal gyrus (BA 21), right medial globus pallidus
nd occipital gyrus (BA 19) were only active during TRs 4–6.

The negative saliences correspond to greater activity during
he control task but not the imagined tasks or the remembered
vents (the correlation between the past-recall task and this pat-
ern of brain activity is less than .01; see Fig. 2A). Activity for this
ubsystem also peaks during the fourth TR (6–8 s after stimulus
nset; see Fig. 2B; for brevity, these results are not included in
able 3). Throughout the trial, enhanced activity related to the con-
rol task was evident primarily in bilateral inferior parietal lobule
BA 40; as evident in Fig. 2C), inferior frontal gyrus (BA 44) and

iddle/superior frontal gyrus (BA 6) and right superior temporal
yrus (BA 21/22); from the fourth TR, bilateral activation of the
recentral gyrus was evident; and from the fifth TR, left superior
emporal gyrus (BA 22/38) and bilateral precuneus (BA 7) activity
as evident.

.2.2. Latent variable 1.2
The second significant LV (p = .006; singular value = 19.21) to

merge from this PLS analysis differentiated the remembering task
rom the future-imagine, past-imagine and control tasks (Fig. 3A).
he activation associated with remembering reached a peak dur-
ng TR 4, but by TR 6 it had still not begun to subside (Fig. 3B).
he positive saliences listed in Table 3 and shown in warm col-
rs in Fig. 3C correspond to greater activity during the past-recall
ask (i.e., the “remembering subsystem”). This subsystem was pre-
ominated by posterior regions known to support visuospatial
rocessing, including right parahippocampal gyrus and bilateral

ingual gyrus, cuneus and superior, middle and inferior occipital

yri (BA 17/18/19; though more extensively on the right). Inter-
stingly, activity associated with the past-remember is not clearly
ifferentiated from the other tasks until around TR 3 or 4—later

n the trial than the differentiation evident in LV1.1 (see Figs. 2D
nd 3D). At the 4th TR, there was a distinct increase in whole-brain
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Table 3
Co-ordinates of regions associated with recalled past events from latent variable 1.2 of the mean-centered PLS analysis.

Brain region Co-ordinates Bootstrap ratioa

x y z

TR 2 (2–4 s after stimulus onset)
L Retrosplenial cortex (BA 23)b −4 −53 25 5.188
R Lingual gyrus (BA 18) 12 −58 3 4.288
R Cuneus (BA 19) 12 −88 34 4.454

TR 3 (4–8 s after stimulus onset)
R Medial prefrontal cortex (BA 11) 8 46 −19 4.147
R Precentral gyrus (BA 6) 59 −10 37 4.080
R Parahippocampal gyrus (BA 30) 20 −43 2 4.939
L Superior temporal gyrus (BA 21) −71 −43 2 4.293
L Superior temporal gyrus (BA 38) −63 11 −11 4.194
R Superior temporal gyrus (BA 22) 59 −54 14 3.826
R Lingual gyrus (BA 18) 12 −74 −6 7.414
L Cuneus (BA 18)b −20 −88 30 5.583
L Cerebellum −40 −40 −22 7.251

TR 4 (6–8 s after stimulus onset)
L Medial prefrontal cortex (BA 10) −8 58 1 5.047
R Medial prefrontal cortex (BA 10) 12 59 12 4.680
R Inferior frontal gyrus (BA 44) 48 9 22 5.895
L Precentral gyrus (BA 3) −63 −17 41 4.511
R Precentral gyrus (BA 4) 24 −24 68 4.806
R Precentral gyrus (BA 4/6) 44 −9 52 4.581
L Cingulate gyrus (BA 31) −12 −13 45 4.459
L Putamen −28 −4 −7 6.020
R Hippocampus 20 −35 −2 5.759
L Middle temporal gyrus (BA 21) −55 −27 −2 5.987
R Middle temporal gyrus (BA 21) 63 −8 −6 8.228
L Postcentral lobule (BA 40) −51 −36 61 4.213
L Paracentral lobule (BA 5) −1 −29 46 4.213
L Posterior cingulate (BA 31)c −12 −65 22 6.581
R Inferior parietal lobule (BA 40) 44 −36 57 3.876
R Cuneus (BA 17) 8 −81 11 8.477
L Cerebellum −36 −44 −18 5.561
R Cerebellum 36 −48 −21 6.809

TR 5 (8–10 s after stimulus onset)
R Anterior cingulate gyrus (BA 24) 4 2 40 5.211
L Hippocampus −32 −17 −19 4.492
L Paracentral lobule (BA 5) −12 −25 49 4.073
R Precuneus (BA 7)c 20 −71 51 7.402
R Fusiform gyrus (BA 20) 40 −32 −15 4.651
L Lingual gyrus (BA 17) −12 −85 4 3.852
R Lingual gyrus (BA 19) 20 −39 −1 5.188
R Middle occipital gyrus (BA 19) 55 −73 7 5.068
L Cerebellum −40 −40 −22 4.153
R Cerebellum 16 −56 −38 5.394

TR 6 (10–12 s after stimulus onset)
R Middle frontal gyrus (BA 6) 28 6 44 4.545
R Anterior cingulate gyrus (BA 24) 4 2 40 4.533
R Putamen 16 11 −4 3.944
R Amygdala 28 −8 −13 4.182
R Parahippocampal gyrus (BA 27) 20 −35 −2 4.681
R Middle temporal gyrus (BA 22) 55 −31 5 4.253
L Cingulate (BA 31) −4 −29 42 5.852
L Precuneus (BA 7/31)b −20 −57 29 5.273
L Inferior parietal lobule (BA 40) −40 −36 50 4.103
R Inferior parietal lobule (BA 40) 59 −37 42 4.999
L Fusiform gyrus (BA 19) −44 −74 −10 4.234
R Fusiform gyrus (BA 37) 48 −63 −10 4.925
R Lingual gyrus (BA 19) 20 −66 0 3.837
R Cuneus (BA 17) 8 −85 8 8.916
R Superior occipital gyrus (BA 19) 32 −84 23 5.753
L Middle occipital gyrus (BA 18) −28 −89 −2 4.751
R Middle occipital gyrus 36 −81 8 4.144
R Inferior occipital gyrus (BA 19) 36 −82 −6 3.683
L Cerebellum −8 −67 −10 5.270
R Cerebellum 32 −55 −7 6.226

Note: Activations are reported for each 2 s TR. All activations reported survive a threshold of p < .0002 (bootstrap ratio of 3.7) and an extent threshold of 5 voxels (4 × 4 × 4 mm3).
For each cluster of activation, the Talairach co-ordinates of the maximally activated voxel is reported (with the exception of the MTL), as indicated by the highest bootstrap
ratio. BA = Brodmann area; L = left; R = right.

a The bootstrap ratio is the parameter estimate for that voxel over its standard error and is proportional to a z score.
b This cluster is bilateral and also encompasses bilateral retrosplenial cortex, precuneus and cuneus.
c This cluster bilateral and also encompasses bilateral posterior cingulate, retrosplenial cortex, precuneus and cuneus.
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Table 4
Co-ordinates of regions associated with all three autobiographical event tasks from
latent variable 2.1 of the non-rotated PLS analysis.

Brain region Co-ordinates Bootstrap ratioa

x y z

TR 2 (2–4 s after stimulus onset)
L Medial prefrontal cortex (BA
11/10)b

−8 46 −19 7.748

L Superior frontal gyrus (BA 10) −12 67 11 5.557
L Middle frontal gyrus (BA 46) −48 20 21 8.962
L Middle frontal gyrus (BA 11) −32 34 −19 7.089
R Middle frontal gyrus (BA 11) 32 34 −19 4.867
L Precentral gyrus (BA 4) −32 −13 49 4.099
L Putamen −28 −12 1 4.485
R Caudate 16 16 10 4.372
L Red nucleus/thalamus (medial
dorsal nucleus)

−8 −23 −2 5.261

R Thalamus (anterior medial
nucleus)

4 −8 4 4.118

L Hippocampus −24 −13 −20 6.193
R Hippocampus/parahippocampal
gyrus (BA 28)

24 −20 −19 7.699

L Middle temporal gyrus (BA 21) −63 −1 −17 7.673
R Middle temporal gyrus (BA 21) 51 −9 −16 6.530
L Middle temporal gyrus (BA 21) −63 −39 −1 6.970
L Middle temporal gyrus (BA 39) −48 −65 29 9.216
R Middle temporal gyrus/angular
gyrus (BA 39)

44 −57 25 5.926

R Posterior cingulate (BA 23)c 1 −53 21 12.103
L Inferior parietal lobule (BA 40) −44 −64 44 9.364
L Fusiform gyrus (BA 20) −32 −40 −15 6.725
L Lingual gyrus (BA 18) −12 −54 6 12.973
R Lingual gyrus (BA18) 12 −50 3 12.035
L Cuneus (BA 17) −16 −89 4 5.180
R Middle occipital gyrus/cuneus (BA
18)

24 −86 −6 5.075

L Cerebellum −4 −51 −18 4.035
R Cerebellum 36 −44 −21 6.178

TR 3 (4–8 s after stimulus onset)
L Medial prefrontal cortex (BA 11)c −8 50 −16 11.034
L Superior frontal gyrus (BA 8) −40 18 51 11.522
R Middle frontal gyrus (BA 11) 32 38 −15 5.616
R Middle frontal gyrus (BA 9) 36 17 36 4.360
L Inferior frontal gyrus (BA 47) −51 35 −8 7.682
R Inferior frontal gyrus (BA 46) 59 32 13 4.640
L Caudate −16 16 10 7.174
R Caudate 16 8 11 7.165
L Thalamus (medial dorsal nucleus) −8 −15 4 4.774
L Hippocampus −24 −13 −20 5.807
R Hippocampus/parahippocampal
gyrus (BA 28)

24 −17 −19 5.722

L Parahippocampal gyrus (BA 37) −32 −39 −11 8.890
L Middle temporal gyrus (BA 21) −63 −1 −17 8.306
R Middle temporal gyrus (BA 21) 63 −12 −13 4.857
L Middle temporal gyrus (BA 20) −59 −43 −11 6.183
R Middle temporal/angular gyrus (BA
39)

44 −61 25 7.386

L Precuneus (BA 31)c −16 −53 28 15.216
R Retrosplenial Cortex (BA 29)c 8 −50 6 17.072
L Angular gyrus (BA 39) −48 −64 33 13.666
L Cerebellum −20 −45 −38 7.157
R Cerebellum 40 −40 −25 5.670

TR 4 (6–8 s after stimulus onset)
L Medial prefrontal cortex (BA
10/11)b

−8 42 −19 11.690

R Superior frontal gyrus (BA 9) 8 52 31 4.227
L Middle frontal gyrus (BA 8) −40 18 43 8.545
R Middle frontal gyrus (BA 21) 28 10 36 5.296
L Inferior frontal gyrus (BA 47) −51 31 −8 9.666
R Inferior frontal gyrus (BA 47) 55 27 −1 7.622
L Precentral gyrus (BA 4) −32 −20 60 6.084
L Lateral globus pallidus −20 −4 8 8.882
R Putamen 16 8 7 6.870
R Thalamus (pulvinar) 24 −35 5 4.103
L Hippocampus −24 −20 −16 8.608
R Hippocampus 20 −20 −16 9.110

Table 4 (Continued )

Brain region Co-ordinates Bootstrap ratioa

x y z

R Parahippocampal gyrus (BA 36) 24 −32 −15 6.843
L Middle temporal gyrus (BA 21) −59 −5 −17 8.695
R Middle temporal gyrus (BA 21) 55 −9 −16 5.092
R Inferior temporal gyrus (BA 20) 40 −13 −33 5.718
L Middle temporal gyrus/angular
gyrus (BA 39)

−48 −65 29 9.609

R Middle temporal gyrus/angular
gyrus (BA 39)

48 −61 29 7.510

L Postcentral gyrus (BA 3) −51 −21 38 4.905
L Precuneus (BA 7)c −8 −53 32 11.253
R Posterior Cingulate (BA 29)c 8 −50 6 18.499
L Fusiform gyrus (BA 20) −44 −21 −23 11.779
R Cuneus (BA 18) 20 −101 5 4.791
L Lingual gyrus −28 −97 −5 6.934

TR 5 (8–10 s after stimulus onset)
L Superior frontal gyrus (BA 8) −40 18 47 14.306
R Inferior frontal gyrus (BA 45) 51 27 2 5.993
R Anterior cingulate (BA 24) 8 2 40 4.228
L Precentral gyrus (BA 4) −32 −20 60 4.548
L Lateral globus pallidus −20 −4 −3 7.776
R Lateral globus pallidus 16 4 −7 5.817
L Hippocampus −24 −16 −16 5.290
R Hippocampus/parahippocampal
gyrus (BA 28)

20 −17 −19 5.086

R Parahippocampus gyrus (BA 36) 28 −32 −15 5.496
L Middle temporal gyrus (BA 21) −63 −5 −17 6.099
R Inferior temporal gyrus (BA 20) 40 −13 −33 4.310
L Middle temporal/angular gyrus (BA
39)

−48 −61 25 8.712

R Middle temporal/angular gyrus (BA
39)

48 −61 25 8.531

R Retrosplenial cortex (BA 29)c 8 −50 6 12.869
L Fusiform gyrus (BA 37) −28 −40 −15 9.067
L Cerebellum −28 −52 −21 4.023
R Cerebellum 12 −87 −29 8.511

TR 6 (10–12 s after stimulus onset)
L Medial prefrontal cortex (BA 11)c −8 38 −22 7.048
L Middle frontal gyrus (BA 9) −44 29 35 8.241
R Middle frontal gyrus (BA 8) 20 33 39 5.609
L Inferior frontal gyrus (BA 47) −48 23 −8 4.782
R Inferior frontal gyrus (BA 45) 55 28 10 4.086
R Inferior frontal gyrus (BA 47) 55 34 −15 5.310
L Putamen −20 8 11 8.812
R Caudate 12 −7 22 10.528
L Hippocampus −32 −16 −16 4.274
R Hippocampus/parahippocampal
gyrus (BA 35)

20 −20 −16 4.977

L Parahippocampal gyrus (BA 20) −40 −20 −19 5.920
L Uncus (BA 36) −20 −9 −30 6.718
L Middle temporal gyrus (BA 21) −67 −5 −17 5.426
R Superior temporal gyrus (BA 21) 32 10 −27 5.067
R Middle temporal/angular gyrus (BA
39)

51 −61 25 9.406

R Inferior occipital gyrus (BA 18) 32 −94 −15 4.567
R Cerebellum 12 −87 −29 9.306

Note: Activations are reported for each 2 s TR. All activations reported survive a
threshold of p < .0001 (bootstrap ratio of 4.0) and an extent threshold of 5 voxels
(4 mm × 4 mm × 4 mm). For brevity, only the Talairach co-ordinates of the maxi-
mally activated voxel within a cluster is reported (with the exception of the MTL),
as indicated by the highest bootstrap ratio. BA = Brodmann area; L = left; R = right.

a The bootstrap ratio is the parameter estimate for that voxel over its standard
error and is proportional to a z score.

b This medial prefrontal cluster is bilateral.
c This medial parietal cluster is bilateral and encompasses the posterior cingulate,

retrosplenial cortex, precuneus and cuneus.
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ctivity associated with remembering, and accordingly, the num-
er of regions activated by remembering doubled between TRs 3
nd 4. This increase included recruitment of other posterior visu-
spatial regions, such as bilateral fusiform gyrus (BA 19/20/37) and
recuneus (BA 7) as well as bilateral medial prefrontal cortex (BA
0/11; though more extensively on the left), superior and middle
emporal gyri (BA 21/22/38), medial temporal lobe (bilateral hip-
ocampus and right amygdala), inferior parietal lobule (BA 40) and
erebellum, right middle/inferior frontal gyri (BA 6/44) and anterior
ingulate (BA 24).

Additionally, LV1.2 indicated the presence of some neural over-
ap between the past-imagine, future-imagine and control tasks
see Fig. 3A and B), in contrast to the past-recall task. The past-
magine and control tasks were somewhat more strongly correlated

ith this pattern of brain activity than future-imagine task (as indi-
ated by stronger “design scores” in Fig. 3A), and such activity was
vident in only very few regions: left inferior frontal gyrus (BA
5/46), right inferior parietal lobule (BA 40) and left superior (BA
0) and medial (BA 9) frontal gyrus.

.3. Non-rotated PLS analysis—conjunction contrast

.3.1. Latent variable 2.1
This second PLS analysis tested and confirmed our a priori

ypothesis of a core network of regions common to all three
utobiographical event tasks relative to the control task (LV2.1, see
ig. 4A; p < .001; singular value = 42.39). The activation associated
ith constructing autobiographical event peaked during TRs 4 and
(Fig. 4B). In contrast, the hrf associated with the control task was

till rising by TR 6. Also of note is that the brain scores for the past-
nd future-imagine tasks are very tightly coupled, almost overlaid,
hile the past-recall brain score were lower across all TRs, albeit

nly slightly. However, this slight difference may reflect a neural dif-
erence, reflecting perhaps the distinct subsystems associated with
magining and remembering, as identified by the mean-centered
LS.

Consistent with this idea, visual inspection of Fig. 4C reveals that
he core network identified by the conjunction analysis contains the

ajority of regions comprising both the imagining and remember-
ng subsystems. The regions of the core network exhibiting greater
ctivity during the autobiographical event tasks relative to the con-
rol task are listed in Table 4 (positive saliences) and shown in warm
olors in Fig. 4C. This network included bilateral medial prefrontal
ortex (BA 10/11), superior and middle frontal gyrus (BA 8/9/11),
nferior frontal gyrus (BA 47), temporal pole (BA 21/38), posterior
emporal and angular gyri (21/39), hippocampus, parahippocam-
al gyrus (BA 28/35/36/37), medial parietal cortex (23/31/7) and
erebellum; left cuneus (BA 17), lingual (BA 18) and fusiform (BA
0) gyri; and right cuneus/middle occipital gyrus (BA 18).

Moreover, the hrfs (Fig. 4D) reveal an interesting pattern dif-
erentiating regions that were also associated with the imagining
nd remembering subsystems in the mean-centered PLS analysis.
pecifically, in ‘imagining’ regions (LV1.1), such as the left medial
FC (BA 11), hippocampus and precuneus (BA 31), the past- and
uture-imagine tasks are associated with greater percent signal
hange than the past-recall task. However, the reverse pattern is
vident in regions associated with remembering (LV1.2), such as
iddle occipital gyrus (BA 18), with the past-recall task activating

hese regions more so than the imagine tasks.
Given the network of regions associated with the conjunction is
early identical to the two LVs identified in the mean-centered PLS,
t is worthwhile considering why this LV was not identified by the

ean-centered PLS analysis. One possible explanation is related
o the fact that the sum of the singular values of the set of LVs
n the mean-centered PLS (LV1.1 = 25.55; LV1.2 = 19.21; sum = 44.76)

a
t
a

t
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s slightly greater than the singular value of this LV2.1 (42.39).
iven that mean-centered PLS searches for the set of effects that
xplain the most covariance, together LV1.1 and LV1.2 satisfies this
riterion over LV2.1. Moreover, it is possible that within the mean-
entered PLS analysis, the optimal least-squares solution required
he set of contrasts (LV1.1, LV1.2) in order to satisfy the orthogonal-
ty requirement, suggesting also that LV2.1 alone did not satisfy this
equirement.

.4. Comparison with SPM

For the sake of comparison, SPM analyses (using SPM2) were
lso conducted using the contrasts specified in each signifi-
ant LV (i.e., Imagined events > Remembered events; Remembered
vents > Imagined events; a conjunction of all autobiographical
vents > control task). In all cases, the overall pattern of activity
dentified by SPM was remarkably similar to that of PLS, with
lusters evident in the majority of regions identified by the PLS
nalyses. For instance, the Imagined > Remembered SPM contrast
evealed activity in medial PFC, bilateral MTL, retrosplenial cor-
ex, precuneus and thalamus. The Remembered > Imagined SPM
ontrast identified occipital activation. However, the patterns of
ctivity evident in SPM did not reach statistical significance (only
eing evident at p < .05, uncorrected), reflecting the increased sta-
istical sensitivity of PLS. This informal comparison is consistent
ith a published comparison of SPM and PLS (McIntosh et al., 2004).

hese authors attribute the increased power of PLS over SPM to a
umber of factors, including the multivariate approach (which is
ypically more sensitive than univariate analyses, especially in sit-
ations where the dependent measures are correlated), as well as
he conservative nature of random effects analyses (based on Ran-
om Field Theory) and the use in SPM of a canonical hrf (sensitivity

s reduced if the voxel’s response differs from the canonical hrf).

. Discussion

.1. Common activation of the core network during imagining
nd remembering

The present study was designed to address a number of issues
rising from recent neuroimaging studies on remembering the
ast and imagining the future. One issue concerns the underly-

ng basis for the common activation of the core network during
ast and future event tasks. In our constructive episodic simula-
ion hypothesis (Schacter & Addis, 2007a, 2007b), we proposed that
uch common activation reflects the reliance of both past and future
vents on episodic memory: when remembering, an episodic mem-
ry of a past event is retrieved; when imagining, relevant details
re gleaned from various episodic memories to furnish the future
vent simulation. However, it is possible that this common activity
ctually reflects the retrieval of a single episodic memory during
oth remembering and imagining; when simulating future events,

ndividuals might simply recast a memory of a past experience as
n imagined future event. Previous findings of greater activation of
he core network when simulating future events (Addis et al., 2007;
zpunar et al., 2007) could be taken to speak against this possibil-
ty, suggesting that constructing future events is a more cognitively
emanding process requiring the recombination of details. How-
ver, it is also possible that the process of ‘recasting’ a past event

s a future event, rather than simply retrieving it as required in
he past condition, also results in a higher degree of core network
ctivity.

The results of the current study provide direct evidence against
he possibility that the finding of common past-future activity,
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nd/or increased future-related activity, is related to the process
f recasting past events as future events. Here, we induced par-
icipants to engage in a recombination process when imagining
vents by experimentally recombining details that were ran-
omly selected from the participants’ own past events. Post-scan
escriptions of the imaginary events generated during the scan-
er confirmed that subjects were able to recombine the specified
erson, place and object details extracted from different episodic
emories into a coherent representation of an imaginary future or

ast event. Importantly, the non-rotated PLS analysis of all autobio-
raphical events relative to the control task demonstrated that even
hen subjects are recombining details to create imagined events,

xtensive neural overlap between imagining and remembering is
vident. Specifically, overlap was evident in all the major compo-
ents of the core network: medial prefrontal and frontopolar cortex,

ateral prefrontal regions (e.g., inferior frontal gyrus), hippocam-
us, parahippocampal gyrus, lateral and anterior temporal cortex,
edial parietal cortex (including posterior cingulate, retrosplenial

ortex and precuneus), lateral parietal cortex, lingual and fusiform
yri, the cuneus and cerebellum. Thus, the present data indicate
learly that, consistent with the constructive episodic simulation
ypothesis, the core network that subserves remembering is also
obustly engaged when individuals recombine details from past
pisodes into imaginary event constructions. Note, however, that
full experimental evaluation of the recasting account would ide-
lly include a condition in which subjects are specifically instructed
o recast past experiences as possible future events, which should
eveal the key differences between recombining and recasting.

In contrast to our previous findings of extensive past-future
verlap arising only during the elaboration phase of the autobi-
graphical event tasks (Addis et al., 2007), here we found neural
verlap to be extensive during the construction phase. This differ-
nce from our previous finding is not entirely surprising. Unlike our
revious study where non-personal cues (nouns) were presented,
he use of an experimental recombination procedure in the current
tudy required the use of personal event details as cues. Such per-
onalized cues provide more direct access to episodic information
han do the non-personal cues used in our previous study, where
articipants have to first make the link between a non-personal
ue and personal information in episodic memory to even begin
he process of retrieving or imagining an event. Therefore, although
eaction times are approximately equivalent between the two stud-
es, it is nonetheless likely that in the current paradigm, participants

ere able to imagine or retrieve personal events more easily than
n our previous paradigm. Consistent with this suggestion, other
tudies using personalized cues have also found activation of the
ore network early in the trial (Botzung et al., 2008; D’Argembeau,
ue, Lu, van der Linden, & Bechara, 2008). Additionally, we also
howed that the neural overlap between these tasks withstands
ifferences in the phenomenological qualities of remembered and

magined events. While previously we found strong neural overlap
hen past and future events were matched for the level of detail,

motionality and personal significance (not by design but rather
hance), we show that the same network is engaged even when
emembered events are more detailed, emotional and personally
ignificant than imagined events.

Although all three autobiographical event tasks engaged the
ore network more than the control task, the responses of regions
ithin the core network to these tasks were not uniform. The
rfs indicated that some regions of the core network responded

ore strongly to imagining than remembering, while other regions

howed the reverse pattern. Consistent with this finding, the mean-
entered PLS analysis identified two distinct networks of regions
ithin the core network: the imagining subsystem and the remem-

ering subsystem.
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.2. The imagining subsystem

The imagining subsystem comprised regions that were preferen-
ially associated with imagining events in the past or the future. This
unctional network included extensive aspects of bilateral medial
refrontal cortex, inferior frontal gyrus, medial temporal lobe, polar
nd posterior temporal cortex, medial parietal cortex and cerebel-
um. These results show that even when details for participants’
magined events are experimentally recombined, there was greater
ctivation in many regions on the core network for imagining ver-
us remembering. We therefore suggest that this pattern of results
eflects the increased cognitive demands related to recombining
pisodic details into an imaginary scenario, as opposed to the recast-
ng of an entire past event as a future event.

Interestingly, the findings of this analysis converge with recent
ork by Kahn and colleagues (Kahn, Andrews-Hanna, Vincent,

nyder, & Buckner, 2008) examining the anatomical networks asso-
iated with the hippocampus by analyzing intrinsic functional
onnectivity (Vincent et al., 2006). They found that different medial
emporal regions were associated with two distinct networks, both
f which we found active during imagining. First, the body of the
ippocampus and the parahippocampal gyrus were part of a net-
ork that included medial prefrontal, medial parietal and lateral
arietal regions. Interestingly, we found similar regions engaged as
art of the imagining subsystem that were also associated with
ctivity in the body of the right hippocampus during TR 2, and
he parahippocampal cortex throughout the trial. Second, Kahn et
l. report that the anterior hippocampus was connected primar-
ly with the temporopolar cortex, regions that we also found to
omprise the imagining events here. Notably, these two regions
ere not preferentially associated with the remembering subsys-

em (for further discussion of subsystems within the core network,
ee Buckner et al., 2008).

The medial temporal lobe components of the imagining subsys-
em primarily included the anterior right hippocampus, which we
reviously found to be uniquely active during the construction of
uture events (Addis et al., 2007). Moreover, in a parametric mod-
lation study, we also found that the anterior hippocampus was
esponsive to the level of detail in future but not past events (Addis

Schacter, 2008). This pattern is consistent with the idea that the
nterior hippocampal region supports relational processing (Chua,
chacter, Rand-Giovannetti, & Sperling, 2007; Davachi, Mitchell, &
agner, 2003; Jackson & Schacter, 2004; Kirwan & Stark, 2004;

chacter & Wagner, 1999), including the flexible recombination of
lements extracted from previously learned associations (Preston,
hrager, Dudukovic, & Gabrieli, 2004). Thus, the present finding of
ore anterior hippocampal activity during the imagining of sce-

arios when the flexible use of details extracted from previously
ncoded memories of past events was experimentally induced fur-
her supports the idea that recombination is an important process
f simulating events.

.3. Imagining future versus past events

The second aim of this study was to determine whether regions
reviously reported as preferentially activated by imagining future
vents, such as the right frontopolar cortex and hippocampus
Addis et al., 2007), are related mainly to the prospective nature of
magining future events (that is, the requirement to mentally “look
head” to an event that might occur in one’s personal future), or to

he imagining process inherent in the future event task. An issue
ith most previous studies is that these factors have been con-

ounded: the past and future event tasks that have been used differ
oth with respect to temporal direction (past, future) and process
imagining, remembering). Although one previous study included a
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ask requiring one to imagine Bill Clinton events, the core network
as less activated by this task than by imagining one’s personal
ast or imagining one’s personal future (Szpunar et al., 2007). Here,
articipants imagined past events that had not previously occurred

n addition to remembering real past events and imagining future
vents. The results of the mean-centered PLS analyses indicated
hat activity we had previously found to be associated with future
vents appears to reflect the imagining component of the future
vent task rather than the prospective component. Specifically, here
e found that imagining both past and future events relied on the

ame subsystem—the imagining subsystem. With respect to the
ippocampus, these data are consistent with the idea that recom-
ining event details into an imaginary event would be engaged
egardless of the temporal direction of the event, consistent with
ndings from recent research revealing hippocampal engagement
hen individuals imagine novel but ‘atemporal’ events that are not

ocated specifically in the past or future (Hassabis et al., 2007a,
007b).

In the context of these findings, it is interesting to consider,
r to reconsider, the role of the anterior medial prefrontal cortex
including the frontal poles) during event simulation. Originally we
roposed that activity in this region may support the prospective
spect of future events, such as the representation of intentions
Addis et al., 2007). Okuda et al. (2003) had found frontopolar cortex
o be responsive to the amount of intentional information com-
rising the future events, in addition to a number of lesion and
euroimaging studies linking this region with prospective memory
Okuda et al., 1998; Burgess, Quayle, & Frith, 2001; Burgess, Veitch,
e Lacy Costello, & Shallice, 2000) and anticipation of future conse-
uences in decision making (Bechara, Damasio, & Damasio, 2000;
echara, Damasio, Damasio, & Anderson, 1994). However, our cur-
ent results indicate that frontopolar cortex was engaged when
magining the future and the past. Therefore, this region likely sup-
orts a function related to the process of imagining rather than the
ontent or temporal direction of the event per se. One candidate
unction we have suggested previously is the overall integration
f multimodal information from diverse systems, supported by a
apacity known as the episodic buffer (Schacter & Addis, 2007c).
addeley (2000) updated his well-known tripartite model of work-

ng memory, consisting of a central executive, phonological loop,
nd visuo-spatial sketchpad, to include a fourth component, the
pisodic buffer. In the updated model, the central executive is asso-
iated with strategic control of processing, whereas the episodic
uffer is “a limited capacity system that provides temporary stor-
ge of information held in a multimodal code, which is capable of
inding information from the subsidiary systems, and from long-
erm memory, into a unitary episodic representation” (Baddeley,
000, p. 417). Neuroimaging data indicate that the maintenance
f integrated spatial and verbal information in working memory
ask engages medial prefrontal cortex more so than the main-
enance of non-integrated information (Prabhakaran, Narayanan,
hao, & Gabrieli, 2000). Thus we have suggested that this region
ay provide the “stage” (see also, Suddendorf & Corballis, 2007)

or simulations of imaginary events, holding together the diverse
lements compromising such representations. As revealed by the
urrent PLS analysis, anterior medial prefrontal cortex is an integral
art of the imagining subsystem, along with other regions involved

n the integration of multimodal episodic details, such as the ante-
ior hippocampus. Future work exploring the interactions between
he medial prefrontal cortex and hippocampus will enable a bet-

er understanding of recombining process integral to imagining
pisodic events.

Although the second latent variable from the mean-centered PLS
nalysis primarily described the remembering subsystem, it also
evealed a limited number of regions that were associated with the

t
(
T
e
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magining and control tasks in contrast to remembering task. One
uch region was the left inferior frontal gyrus, a region previously
ound to be associated with imagining future events relative to
emembering past events (Addis et al., 2007). This region is thought
o support semantic generation (Fletcher, Shallice, & Dolan, 2000;
oldrack et al., 1999), including the cue-specification strategies and
etrieval of semantic information regarding life events which may
e engaged when imagining personal events (Conway et al., 2003).
hile such processes are likely recruited when imagining both the

ast and the future, our results also suggest that imagining past
vents is somewhat more correlated with activity in these regions
han imagining future events. It is possible that imagining a past
vent that never actually happened requires more intensive gener-
tive processing; one has to be more imaginative to come up with
unique past event that can fit plausibly into one’s past. More-

ver, the random experimental recombination of details may have
emanded more imaginative work on those past-imagine trials
hen the participant had to integrate people and places that were
ot known simultaneously in the past. For example, some trials may
ave required a participant to imagine a plausible past event that

nvolved their high school auditorium and a friend they later met
n college. In contrast, generating an imaginary future event is not
ubject to the constraints—as the future has not yet happened, one
oes not have to “fit” their imagined events into a prescribed time
ourse of life events.

Regardless of how such issues are resolved, the present results
uggests that in addition to further exploration of the imagining
ubsystem in simulating future events, investigators should also
xamine its role in counterfactual thinking, which involves con-
tructing mental representations of alternative versions of past
vents (e.g., Byrne, 2005; Knight & Grabowecky, 1995; Roese, 1997;
chacter, 2001). People tend to construct counterfactual represen-
ations of past events involving negative outcomes and emotions,
uch as regret or disappointment, imagining how an event could
ave or should have turned out differently than it did. We suspect
hat some of the same regions that are important for simulating
ossible future outcomes also play role in simulating alternative
utcomes to actual past events.

.4. The remembering subsystem

The third aim of this study was to determine whether remem-
ering past events is associated with a distinct pattern of neural
ctivity. Specifically, we predicted that remembering the past
hould engage the parahippocampal and posterior visual cortices
ore so than imagining, in line with the fact that memories con-

ain rich contextual and visual information (Greenberg & Rubin,
003; Rubin & Greenberg, 1998) and often to a greater degree
han imagined events (e.g., D’Argembeau & van der Linden, 2004).
he finding of a neural signature associated with past and not
uture events has been inconsistent: some studies report no unique
ctivity (e.g., Addis et al., 2007; Szpunar et al., 2007), while oth-
rs have identified the medial prefrontal cortex (Botzung et al.,
008; Hassabis et al., 2007a), hippocampus (Botzung et al., 2008)
nd parahippocampal cortex (Addis & Schacter, 2008; Okuda et al.,
003). The present study, however, is the first of such studies to
eport that remembering past events is associated with greater
ecruitment of a remembering subsystem than is imagining events.
s predicted, this subsystem included posterior visual cortices,
uch as fusiform, lingual and occipital gyri and cuneus, in addi-

ion to regions previously associated with remembering past events
i.e., medial prefrontal, hippocampus and parahippocampal gyrus).
he association of posterior visual regions with remembering past
vents is consistent with the idea of recapitulation—that the reacti-
ation of sensory-perceptual and contextual details during retrieval
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ecruits the neural regions which originally processed such infor-
ation (e.g., Johnson et al., 2008; Kahn et al., 2004; Wheeler &

uckner, 2004; Woodruff et al., 2005). Moreover, the regions com-
rising the remembering subsystem found here are consistent with
he functional network identified by Kahn et al. (2008) as associated
ith the posterior medial temporal lobe.

Why might this pattern of activity be evident in the current but
ot other studies? First, it may be related to the level of detail asso-
iated with remembered events. In the fMRI studies by Addis et
l. (2007) and Hassabis et al. (2007a), the level of detail was indis-
inguishable for remembered and imagined events. Moreover, in
ther studies phenomenological data were not collected, so it is
ot clear if detail was equated across event types (Botzung et al.,
008; Okuda et al., 2003; Szpunar et al., 2007). However, in the cur-
ent study, remembered events were rated as significantly more
etailed than imagined events, in line with previous behavioral
tudies (e.g., D’Argembeau & van der Linden, 2004) and the reality
onitoring framework (Johnson et al., 1988). Reality monitoring is

he process of determining whether retrieved information which
as originally internally or externally generated. Johnson and col-

eagues theorize that the level of perceptual detail comprising an
vent can indicate whether an event was experienced or imag-
ned, such that more perceptually detailed events are thought to
ave been previously experienced, and thus externally generated.
ubin (1998) argues that these types of detail can lead individuals to
ssess memories of past events as accurate and believable. Recent
euroimaging evidence indicates that activity in visual processing
egions is associated with attributing a remembered item to previ-
usly perceiving an item versus imagining it (Kensinger & Schacter,
006). While this strategy is concordant with the fact that expe-
ienced events tend to be more detailed, it can break down when
magined events are highly detailed (Johnson et al., 1988). How-
ver, in the present study, where remembered events were more
etailed than imagined events, regions, such as posterior visual
nd parahippocampal cortices were preferentially engaged during
emembering, supporting the retrieval of contextual and visuospa-
ial detail, respectively. This observation implies that if detail were
quated across event conditions as in previous studies, or included
s a covariate to statistically match event conditions, this effect
ould be diminished, if not eliminated.

It is also likely that such differences may have not been evident
n previous studies because of an inability to detect the effect due to
nsufficient power and/or differences in the timing of neural activ-
ty, as suggested by the findings of Conway et al. (2003). Although
heir slow-wave ERP study examined memory for previously imag-
ned events (rather than the imagining of events) and memory for
reviously experienced events, they observed timing differences

n activity related to their tasks. Specifically, left prefrontal activity
ssociated with imagined events emerged early in the trial dur-
ng the construction phase (i.e., prior to a button press indicating
he subjects had a memory in mind). However, posterior activity in
emporal, parietal and occipital electrodes associated with memory
or experienced events only emerged later in the trial, around the
ime of the button press and throughout the 7.5 s elaboration phase.
o address these kinds of issues, we specifically employed spa-
iotemporal PLS, a multivariate analytic approach for neuroimaging
ata (a) is more powerful than univariate analyses and (b) does not
ssume a canonical hrf, thus allowing for differences in timing of
unctional networks (Addis et al., 2004).

In the current study, we found that the imagining and

emembering subsystems had somewhat different temporal char-
cteristics. Although we think that these findings should be
reated cautiously pending confirmation from other studies, a
ouple of points seem worth noting. First, the percent signal
hange data extracted from regions comprising the imagining

B

B
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ubsystem demonstrate that as early as TR 2 (i.e., two to four sec-
nds after stimulus onset) the imagining and remembering tasks
ere differentiated. In contrast, activity in regions comprising the

emembering subsystem is not clearly distinct across the tasks until
R 3. Second, plots of the weighted average of whole-brain activity
uggest that while activity in the imagining subsystem peaks at TR 4
nd then subsides, the engagement of the remembering subsystem
s at a peak throughout TRs 4–6. While these temporal differences
re small, they may have resulted in difficulty teasing apart the
ubsystems with univariate analyses using a canonical hrf.

In summary, by using a novel paradigm in which details
rom participants’ own personal experiences were experimentally
ecombined for the purpose of imagining past and future events,
e were able to address and resolve a number of issues arising

rom recent work on past and future events. First, even when sub-
ects were required to recombine details, we replicated findings of
ore network activity common to both remembering and imagining
vents, and increased activity related to imagining events. These
bservations provide evidence against the possibility that these
esults reflect an ‘imagining’ process whereby participants sim-
ly recast past events as future events. Second, we found evidence
f distinct subsystems within the core network that are engaged
y imagining and remembering. The imagining subsystem, includ-
ng the anterior hippocampus and extensive medial prefrontal and
arietal regions, was engaged both when imagining the future and
he past. These data suggest that regions previously found to be
ssociated with future events, including anterior hippocampus,
edial prefrontal cortex and inferior frontal gyrus, support pro-

esses general to imagining events that are not related specifically
o prospection. In contrast, the remembering subsystem included
xtensive regions of posterior visual cortex, consistent with the rich
ontextual and visuospatial detail comprising memories of events
xperienced in the past.
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