
Neuropsychologia 43 (2005) 659–674

Co-activation of the amygdala, hippocampus and inferior frontal
gyrus during autobiographical memory retrieval

Daniel L. Greenberga, Heather J. Ricea,b, Julie J. Cooperb, Roberto Cabezaa,b,
David C. Rubina, Kevin S. LaBara,b,∗

a Psychological and Brain Sciences, Duke University, Durham, NC, USA
b Center for Cognitive Neuroscience, Duke University, P.O. Box 90999, Durham, NC 27708-0999, USA

Received 31 October 2003; received in revised form 17 August 2004; accepted 9 September 2004

Abstract

Functional MRI was used to investigate the role of medial temporal lobe and inferior frontal lobe regions in autobiographical recall.
Prior to scanning, participants generated cue words for 50 autobiographical memories and rated their phenomenological properties using our
autobiographical memory questionnaire (AMQ). During scanning, the cue words were presented and participants pressed a button when they
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etrieved the associated memory. The autobiographical retrieval task was interleaved in an event-related design with a semantic r
category generation). Region-of-interest analyses showed greater activation of the amygdala, hippocampus, and right inferior fr
uring autobiographical retrieval relative to semantic retrieval. In addition, the left inferior frontal gyrus showed a more prolonged
f activation in the semantic retrieval condition. A targeted correlational analysis revealed pronounced functional connectivity a
mygdala, hippocampus, and right inferior frontal gyrus during autobiographical retrieval but not during semantic retrieval. The
upport theories of autobiographical memory that hypothesize co-activation of frontotemporal areas during recollection of episode
ersonal past.
2004 Elsevier Ltd. All rights reserved.
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. Introduction

Autobiographical memory consists of memories for per-
onal life events. According to behavioral research (Rubin,
chrauf, & Greenberg, 2003), neuropsychological case re-
orts (e.g.Crovitz, 1986; Maguire, Vargha-Khadem, &
ishkin, 2001b; O’Connor, Butters, Miliotis et al., 1992),
nd philosophical accounts (Brewer, 1995), autobiograph-

cal memory involves something more than the encoding,
torage, and retrieval of data; namely, such memories are rec-
llected (Brewer, 1995) or retrieved with a sense of reliving
Rubin, 1998). As with episodic memory, the person remem-
ering the memory must be conscious of the prior conscious
xperience—a self-reflective mental state that Tulving terms
utonoetic consciousness (Tulving, 1985).

∗ Corresponding author. Tel.: +1 919 681 0664; fax: +1 919 681 0815.
E-mail address:klabar@duke.edu (K.S. LaBar).

Substantial neuropsychological research indicates th
tobiographical memory depends upon medial tempora
prefrontal regions. Patients with medial temporal dam
lose the ability to store new memories and may lose old m
ories (McClelland, McNaughton, & O’Reilly, 1995; Scoville
& Milner, 1957; Squire, 1992), though the nature and e
tent of retrograde memory loss remains a matter of
pute (Knowlton & Fanselow, 1998; Nadel & Moscovitch
1997, 1998). Damage to the ventral frontal lobes can re
in confabulation, which involves memories that are diso
nized, implausible and inaccurate (Baddeley & Wilson, 1986;
Moscovitch, 1989; Moscovitch & Melo, 1997; Schacter
Norman, & Koutstaal, 1998; Talland, 1965). Moreover, when
right inferior frontal damage is combined with right ante
temporal damage (Calabrese et al., 1996; Kroll, Markowitsch,
Knight, & von Cramon, 1997) or is limited to the right un
cinate fasciculus connecting these regions (Levine et al.
1998), retrograde amnesia can result. Given these find
Markowitsch (1995)has proposed that the retrieval of

028-3932/$ – see front matter © 2004 Elsevier Ltd. All rights reserved.
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memories depends on the connections between anterome-
dial temporal and inferior frontal lobe structures, particu-
larly those connections that course through the frontotempo-
ral junction in the right hemisphere.

Despite a strong cognitive and neuropsychological tradi-
tion of autobiographical memory research, few neuroimaging
studies have been conducted in this domain of memory. In a
review of 11 studies,Maguire (2001)cited several issues that
make autobiographical studies difficult to investigate with
neuroimaging techniques. These include choice of appropri-
ate control tasks as well as time course and verification of
memory retrieval. Some neuroimaging studies have allowed
only a relatively short time to retrieve memories, such as 4.3 s
(Piefke et al., 2003) or 4.8 s (Conway et al., 1999). Behav-
ioral experiments, however, have shown that autobiograph-
ical memories are retrieved piecemeal, not as single units,
and that it may take as long as 10 s to retrieve the full mem-
ory (Rubin & Schulkind, 1997). Studies that involved shorter
trial durations may emphasize retrieval initiation and search
processes rather than processes related to actual recollection,
or ecphory.

The most consistent activations associated with autobio-
graphical retrieval include the ventral prefrontal cortex, me-
dial and lateral temporal lobe, temporal pole, and retrosple-
nial/cingulate regions (Maguire, 2001). However, the later-
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blocked designs, and successful retrieval was not verified
in the scanner (althoughPiefke et al., 2003; Maguire &
Frith, 2003, did verify recollection retrospectively). Method-
ological issues, including MRI-related susceptibility artifact
(LaBar, Gitelman, Mesulam, & Parrish, 2001) and habitua-
tion across blocks of trials (Breiter et al., 1996; Taylor et al.,
1998) may partially obscure activity in this brain region.

We conducted an fMRI study to address these issues and to
specifically test for correlated activity among the amygdala,
hippocampus and inferior frontal gyrus (IFG) during auto-
biographical retrieval. We aimed to fulfill several objectives
in order to build upon previous work. First, an event-related
design was implemented to avoid cognitive and brain acti-
vation issues associated with trial blocking. This design also
enables the discarding of individual trials associated with re-
trieval failure. Second, a semantic retrieval control task was
used to address the specificity of the results to the autobio-
graphical domain. Semantic retrieval was used as a control
task in several functional neuroimaging studies of autobio-
graphical memory (Maguire, 2001; Ryan et al., 2001). We
chose a prototypical semantic memory task (category exem-
plar generation) that, like autobiographical memory, involves
multiple search and retrieval steps over an extended period
of time. Third, we characterized the phenomenological prop-
erties of the autobiographical memories using our autobio-
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lity of these activations has varied widely across stu
e.g. right-lateralization:Fink et al., 1996; Markowitsch e
l., 2000; left-lateralization:Conway et al., 1999; Maguire
Mummery, 1999; Maguire, Mummery, & B̈uchel, 2000

iefke, Weiss, Zilles, Markowitsch, & Fink, 2003; bilateral;
ndreasen, O’Leary, Cizadlo, Arndt & Rezai, 1995; Conway
t al., 2001, 2003; Maguire & Frith, 2003). These studie
ave used a wide variety of control tasks, ranging from

able counting (Maguire & Mummery, 1999) to retrieval of
ctitious memories (Markowitsch et al., 2000), which make
irect comparisons difficult. The majority of the studies a
sed blocked-design protocols, which raise additional is
egarding cognitive set and strategic processes that influ
rain activation and laterality (e.g.Velanova et al., 2003;
agner, Desmond, Glover, & Gabrieli, 1998).
One factor that distinguishes autobiographical retri

rom other typical episodic memory tasks is the leve
motional arousal associated with the event (Bluck & Li,
001; Reisberg, Heuer, MacLean, & O’Shaughnessy, 1;
alarico, LaBar, & Rubin, in press). There is strong eviden
or a role of the amygdala in arousal-mediated memor
ects (reviewed inCahill & McGaugh, 1998), and the amyg
ala is anatomically interconnected with the other fronto
oral components implicated in autobiographical memo
escribed above (Amaral, Price, Pitk̈anen, & Carmichae
992). However, only a few studies have reported am
ala activation during autobiographical retrieval (includ
ink et al., 1996; Maguire & Frith, 2003; Markowitsch e
l., 2000), even when emotional factors were systematic
robed (Damasio et al., 2000; Piefke et al., 2003). With

ew exceptions (Maguire & Frith, 2003), these studies us
raphical memory questionnaire (AMQ) to verify that
ypes of memories elicited were similar to those obtaine
ur previous behavioral studies. Fourth, longer trial len
ere used to allow participants ample time to retrieve m
ries. The time to retrieve was also shortened by using a
ue generation procedure (e.g.Maguire & Mummery, 1999)
n which participants recorded personalized cue words
ere subsequently presented in the scanner to retrieve
ociated autobiographical event. This aspect of the d
elps minimize potential confounding effects related to

erent stages of retrieval emphasized across the episod
emantic tasks (e.g. retrieval search versus ecphory). F
e conducted a targeted correlation analysis on activ

n the amygdala, hippocampus, and IFG to investigate f
ional connectivity among these frontotemporal regions
unction of type of memory engaged.

Three predictions were made regarding the role of t
rontotemporal regions in memory retrieval. First, we p
icted greater activity in the amygdala, hippocampus,
ight IFG during autobiographical retrieval relative to sem
ic retrieval. Second, we predicted greater correlated ac
mong these three regions in the autobiographical cond

han in the semantic condition. These two hypotheses
erived from existing theories that posit specific interact
etween the IFG and anteromedial temporal lobe reg

n autobiographical recall (Markowitsch, 1995; Maguire,
001). Third, we predicted greater activation in the left I
uring semantic retrieval relative to autobiographical

rieval, based on previous functional neuroimaging studi
emantic memory (for reviews, seeCabeza & Nyberg, 200;
hompson-Schill, 2003).
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2. Methods

2.1. Participants

Sixteen healthy adults participated in the study. Five of
these participants were excluded due to excessive head move-
ment during scanning (defined as a center-of-mass movement
greater than 3.75 mm in any plane). The remaining 11 partic-
ipants (5 male, 6 female; age range = 18–25) were used in all
analyses. All participants were right-handed and were nega-
tive for histories of psychiatric illness, neurological disorder,
and drug abuse. The Institutional Review Board at Duke Uni-
versity Medical Center approved the protocol for use in hu-
man participants, and all participants gave informed consent
prior to participation.

2.2. Study design

Participants were asked to think of 50 autobiographical
memories and to fill out our autobiographical memory ques-
tionnaire (AMQ) (Rubin et al., 2003; Talarico et al., in press)
for each memory. They were allowed to take the question-
naires home to fill them out at their leisure over several weeks,
and were asked to return the completed questionnaire within
24 h of the first scanning session. Participants were informed
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row. Total scan time for each session, including acquisition
of anatomical scans, was approximately 1 h and 20 min.

Participants were given three instructions: (1) when an au-
tobiographical cue phrase appeared on the screen, they should
think of the memory associated with that cue. When they re-
called the associated memory, they should push a button on a
response box and try to re-experience and maintain the mem-
ory in mind until the end of the trial; (2) when a category cue
phrase appeared on the screen, they should think of as many
exemplars of that category as possible and push a button when
they could not think of any additional examples; (3) when a
fixation cross appeared on the screen, they should look at it
without making any response. In both case 1 and case 2, the
trial length was 24 s; if they did not make a response within
this time, the keywords disappeared and were replaced with
the fixation cross. Two to three weeks after the first scan,
participants returned for a second scan. The parameters and
experimental design were identical, except that the runs were
presented in reverse order; the same autobiographical and se-
mantic keywords were used on both occasions. This second
scanning session was run to increase statistical power. Data
were collapsed across scanning sessions for each participant
for the region-of-interest analysis (see Section2).

2.3. Questionnaire
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hat these memories could come from any point in their
nd did not have to be complete or totally coherent; that is
utobiographical memory would suffice. The questionna
sked them to provide a few keywords for each memory
ould allow them to recall it while in the scanner. They w
ermitted to select any keywords they desired, except

hey were asked to replace names with initials and to re
rom using taboo words that mention illicit activity. This l
er instruction served to protect the identity of individu
ot involved in the study and minimized the emotional
act of the cues themselves. They were also asked to ra
roperties of each memory on a series of scales. The full

ions and their rating scales are presented in the Appe
long with the variable names to which we refer through

he paper. The questions investigated recollection and b
he component processes of the memory, and some o
eported properties of the events.

Participants were scanned in two separate sessions.
ad 3–5 weeks to work on the questionnaire; most pa

pants completed and returned it 24–72 h before the
ial scan. Each scanning session was divided into five

ithin each run, participants were presented with 10 of
utobiographical memory keywords and 10 category na

rom theBattig and Montague (1969)norms. All stimuli were
resented for 24 s and followed by a fixation cross for
timuli were presented using CIGAL, an in-house softw
rogram (Voyvodic, 1999). Category cues were display
ntirely in uppercase letters, whereas memory cues we

irely in lowercase letters. Within each run, stimuli were p
ented in a pseudorandom order subject to the constrain
o more than two trials of the same task were presente
.3.1. Recollection and belief
Philosophers and psychologists have identified reco

ion or autonoetic consciousness as a fundamental
rty of autobiographical memory (Baddeley, 1992; Brewer,
986, 1995; Greenberg & Rubin, 2003; Rubin, 1998; Rubin
Greenberg, 1998, 2003; Tulving, 1983, 1985; Wheeler

tuss, & Tulving, 1997). We formulated three rating sca
ntended to assess the sense of reliving. The first que
sked whether the subjects felt as though they were re

he original event. The second question was taken specifi
rom work by Tulving and his colleagues (e.g.Wheeler et al.
997), and asked whether the memory came with a sen
entally traveling back in time to the original experien
he third question asked whether the subjects could rem
er the event, or if they simply knew it had happened (rem
er/know). We included reports of belief along with report
eliving by asking our subjects to judge whether the even
lly occurred in the way it was remembered, or whether s
arts of the memory had been imagined (our real/ima
ariable). Also, given the research on field/observer pers
ives (e.g.Nigro & Neisser, 1983), we asked whether partic
ants saw the memory through their own eyes or throug
yes of an outside observer.

.3.2. Component processes
The most important of the component processes invo

n having and reporting an autobiographical memory in
sychological and philosophical literatures is visual imag
Brewer, 1995; Greenberg & Rubin, 2003; Larsen, 1998;
ubin, 1998; Rubin & Greenberg, 1998, 2003). Visual im-
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agery can be divided on behavioral and neural grounds
into two systems: object or descriptive imagery and spatial
imagery. More colloquially, these comprise a “what” and
a “where” system (Rubin, 1995; Ungerleider & Mishkin,
1982). We measured the descriptive component of visual im-
agery by using a rating scale that asks whether the event could
be seen in the mind (our see variable). We examined the spa-
tial component by asking whether the setting and the spatial
layout could be recalled.

We asked whether the memory could be heard in the mind
(hear) to contrast visual imagery from imagery in general and
because of the interest in auditory imagery (Reisberg, 1992).
Autobiographical memories often contain reports of lan-
guage, and language is the most common way to communi-
cate autobiographical memories. We therefore asked whether
people were talking in the memory (talk) and whether the
memory comes in words. Because of the important role that
narrative plays in autobiographical memory (seeRubin, 1995,
1998, for reviews) and because narrative can be viewed as in-
dependent of language (Greenberg & Rubin, 2003; Rubin &
Greenberg, 2003), we asked three questions about narrative
coherence: whether the memory came as a coherent story or
as isolated facts or observations; whether it was complete, or
fragmented with missing pieces; and whether it had personal
coherence and fit into the person’s life story.
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est in the distribution of memories over the lifespan (Crovitz
& Schiffman, 1974; Rubin & Schulkind, 1997; Schrauf &
Rubin, 1998) and because older memories might be less in-
tense on all scales due to forgetting, we asked subjects to date
their memories so we could calculate the age of memory.

2.3.4. Scanning parameters
MR images were acquired with a 1.5T General Elec-

tric Signa Nvi scanner (Milwaukee, WI) equipped with
41 mT/m gradients. The participant’s head was immobilized
using a vacuum cushion and tape. The anterior commis-
sure (AC) and posterior commissure (PC) were identified in
the mid-sagittal slice of a localizer series. Thirty-four con-
tiguous slices were prescribed parallel to the AC-PC plane
for high-resolution T1-weighted structural images (repetition
time (TR) = 450 ms, echo time (TE) = 20 ms, field-of-view
(FOV) = 24 cm, matrix = 2562, slice thickness = 3.75 mm).
An additional series of T1-weighted structural images ori-
ented perpendicular to the AC-PC were acquired using the
same parameters. Gradient echo echoplanar images sen-
sitive to blood-oxygen-level-dependent (BOLD) contrast
were subsequently collected in the same transaxial plane
as the T1-weighted structural images (TR = 3 s, TE = 40 ms,
FOV = 24 cm, matrix = 642, flip angle = 90◦, slice thick-
ness = 3.75 mm, thereby producing 3.75 mm3 isotropic vox-
els).
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In addition to the more traditionally cognitive propert
e have just described, it is clear that emotions play an im

ant and actively researched role in autobiographical me
Christianson, 1992; Christianson & Safer, 1995). We asked
hether the emotions of the event were reinstated, and

heir valence was.

.3.3. Reported properties of events
Because rehearsal, especially spaced rehearsal (Bahrick,

979; Rubin, 1995), improves retention, because the rep
f such rehearsal varies for different types of cues (Rubin,
roth, & Goldsmith, 1984), and because in many mod

ehearsal can lead to the development of a schema or
ransfer from episodic to semantic memory (Tulving, 1972),
e asked subjects to estimate the number of times the
reviously thought about the memory. We also asked wh

he memory consisted of general knowledge about the e
r whether it contained additional information.

Sometimes multiple occurrences of an event can le
single autobiographical memory, a phenomenon th

mportant to the study of autobiographical memory in
ression and post-traumatic stress disorder (McNally, Litz,
rassas, Shin, & Weathers, 1994; Williams, 1995), as well as
utobiographical memory in general (Conway & Pleyd
earce, 2000). To capture this distinction, we asked p

pants to judge whether the memory was for an event
ccurred once within a single day (once/many) and, if
hether it was a summary or merging of similar events
hether it was for an event that extended for a period gr

han 1 day (merged/extended). The 1-day duration follo
irectly from Williams’s work. Finally, because of the int
.3.5. FMRI data analysis
A priori anatomical regions of interest (ROIs) were dra

n each subjects’ high-resolution coronal anatomic im
OIs were drawn on a slice-by-slice basis using an
ouse computer program (Brain Imaging and Analysis C

er, Duke University Medical Center) within the Matlab
ironment (Mathworks Inc., Natick, MA) on a PC-DOS pl
orm. Mean signal change for each voxel within each ROI
xtracted for the first five post-stimulus time points relativ
he 6 s pre-stimulus baseline. These data were then plot
haracterize the hemodynamic response time course fo
ondition. No smoothing, normalization or thresholding
mployed in the ROI analysis. The time courses for the R
ere also examined by hemisphere and anterior–pos
lice distribution. Rostrocaudal profile of activation w
onsidered in the analysis because previous neuroim
tudies have shown anterior–posterior gradients in emo
nd memory-related activity in the medial temporal

nferior prefrontal regions of interest (e.g.Breiter et al.
996; Lepage, Habib, & Tulving, 1998; Schacter & Wagne
999; Strange, Fletcher, Henson, Friston, & Dolan, 19;
agner et al., 2001; Yamasaki, LaBar, & McCarthy, 2002).
tatistical analyses were performed on these data by
aring percent signal change at experimentally-derived

ime points for each ROI using repeated-measures AN
ollowed by post-hoc pairwise dependentt-tests. Anα level
f 0.05 was used to determine significance in these ana

In addition, a correlational analysis was conducted
ng the ROI data extracted from individual participants. T
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analysis used peak activity to determine the correlation of
activity across region, hemisphere and anterior/posterior di-
vision for the two retrieval conditions. Pearson correlation
coefficients were calculated for each ROI crossed with all
other regions, separated by subdivision and hemisphere, ex-
cept that within each hemisphere, correlations within a par-
ticular region were not considered. A reducedα level of 0.01
was used to determine significance for all correlations, given
the multiple comparisons constituting the analysis. Note that
this analysis does not compute correlations based on group-
averaged data sets.

The ROIs included the amygdala, hippocampus and IFG.
Anatomical definition of each region was guided by the
anatomical borders described inTalairach and Tournoux
(1988), Duvernoy (1999)and Convit et al. (1999). More
specifically, the boundaries of each ROI were as follows.

2.3.6. Amygdala
The anterior border was defined at the point where the op-

tic chiasm first became discontinuous. The ovoid shape of the
amygdala was followed from the ventrolateral white matter
tract to the dorsomedial cerebral spinal fluid (CSF) boundary.
Tracing continued posteriorly through the point where the an-
gular bundle projects out to create the inferomedial boundary.
Posterior to this section, the hippocampus cuts in ventrally
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defined by connecting the ends of the superior and inferior
borders across the white matter. Drawing ended posteriorly
on the slice before the IFG was obstructed by the precen-
tral gyrus at the central sulcus. A formal distinction was not
made among the pars orbitalis, pars triangularis, and pars
opercularis. The IFG appeared on six slices, which were di-
vided into anterior (three slices) and posterior (three slices)
subdivisions.

Finally, to identify activity in brain regions that were not
our a priori focus, we conducted a whole-brain voxel-based
analysis using SPM99 (Wellcome Department of Neurology,
London, UK). The functional images were corrected for their
interleaved acquisition order and realigned to the first im-
age to correct for head motion. The realigned images were
then co-registered to the co-planar anatomical image for each
participant. The co-planar anatomical images were spatially
normalized to a common stereotactic space using the Mon-
treal Neurological Institute template included in SPM99. The
functional images were then normalized to the common space
using the parameters defined by the co-planar anatomical im-
age and smoothed using an 8 mm isotropic Gaussian kernel.
Hemodynamic responses to the memory retrieval cues were
isolated by convolving a vector of onset times of the cues with
a synthetic hemodynamic response function and its temporal
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t the amygdalo–hippocampal junction was used as the

ral limit. The amygdala appeared on four slices, which w
ivided into anterior (two slices) and posterior (two slic
ubdivisions.

.3.7. Hippocampus
The anterior border was defined as the slice on w

he inferior lateral ventricles appeared roughly horiz
al without any body of gray matter visible below the
racing followed along the gray-white matter border al

he inferior side of the hippocampus, proceeded ac
he border of the inferior lateral ventricle, transected
mygdalo–hippocampal junction along the body of the
ocampus, and transected the entorhinal cortex and pa
ocampal gyrus at approximately their most medial po
n posterior slices, tracing followed a similar procedure
ain difference was that the fimbria was transected w

isible. The posterior border was defined as the first slic
hich the crus of the fornix was visible through the pulvi
f the thalamus. The hippocampus appeared on seven
hich were divided into anterior (three slices) and poste

four slices) subdivisions.

.3.8. Inferior frontal gyrus (IFG)
The IFG is bordered superiorly by the inferior frontal s

us and laterally by CSF. Tracing began in the anterior
lice where white matter could be discerned between th
ral orbital sulcus and the middle frontal gyrus. In ante
ections, the inferior border was the horizontal ramus o
ateral fissure, whereas in posterior sections, the inferior
,

erivative. The general linear model was used to mode
ffects of interest and other confounding effects, such as
ion effects or motion-related artifacts, for each particip
cross participant comparisons were made with a ran
ffects model in which linear contrasts were first applie

he parameter estimates of interest, resulting in at-statistic
or every voxel. Then, group averages were calculate
mploying pairwiset-tests on the resulting contrast imag
tatistical parametric maps were thresholded at the lev
< 0.01 uncorrected for our a priori regions of interest (am
ala, hippocampus, and inferior frontal gyrus), andp< 0.001
ncorrected for all other brain regions. A spatial extent thr
ld of three contiguous voxels was used for all brain regio

. Results

.1. Behavioral results

Participants took an average of 3.28 s (S.D. = 1.57 s) t
rieve an autobiographical memory and 14.50 s (S.D. = 2.
o finish generating category exemplars. On average, p
pants successfully retrieved memories on 98.7% of the
ls and finished generating category exemplars on 81.4

rials. Trials in which participants failed to retrieve an au
iographical memory were dropped. No semantic mem

rials were dropped because the failure to finish gen
ng exemplars meant that the process of retrieval had
inued throughout the trial. As in other studies (Maguire &
rith, 2003), participants reported retrieving the memory

he original experience, not the questionnaire or the p
us scanning session.Table 1presents means and stand
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Table 1
Behavioral ratings of the phenomenological properties of the memories from
the autobiographical memory questionnaire

Variable Mean S.D.

Reliving 4.2 1.7
Hear 3.9 1.7
See 5.2 1.2
Talk 4.1 1.8
Spatial 4.8 1.5
Emotions 4.4 1.9
Setting 5.4 1.4
Remember/know 5.9 1.2
In words 2.6 1.8
Back in time 4.5 1.6
Story 4.6 1.8
Fragmented 3.8 2.1
General 2.7 1.7
Coherence 4.7 1.8
Valence 5.0 1.9
Field/observer 1.2 0.5
Real/imagine 6.3 0.9
Rehearsal 4.0 1.6
Once/many 0.8 0.4
Merged/extended 0.6 0.5
Age of memory (days) 1750 1785

deviations of the participants’ ratings on the questionnaire.
They are within 1 S.D. of results we obtained in an earlier
behavioral study with 50 participants (Rubin et al., 2003).

3.2. FMRI results: ROI analyses

Results from the ROI analyses on the amygdala, hip-
pocampus and IFG are presented inFig. 1. For the amygdala,
ANOVA revealed a significant three-way interaction among
retrieval condition, hemisphere and slice,F(3, 30) = 3.48,
p< 0.03, a two-way interaction between hemisphere and
slice,F(3, 30) = 3.27,p< 0.04, and a main effect of hemi-
sphere,F(1, 10) = 5.64,p< 0.04. Follow-up dependentt-tests
showed a left hemisphere bias in amygdala activation during
autobiographical retrieval, which was especially prominent
in anterior slices (Fig. 1a).

For the hippocampus, ANOVA revealed significant main
effects of retrieval condition,F(1, 10) = 10.30,p< 0.009, and
hemisphere,F(1, 10) = 6.78,p< 0.03. These results indicate
greater hippocampal activation during autobiographical re-
trieval and a left hemisphere bias (Fig. 1b).

For the IFG, ANOVA revealed a significant three-way in-
teraction among retrieval condition, hemisphere, and slice,
F(5, 50) = 2.58,p< 0.04, and a main effect of hemisphere,
F(1, 10) = 27.67,p< 0.001. Overall, there was greater acti-
v dent
t right
h
s left
I ring
s ivity
i as
c ifi-

cant interaction between retrieval condition and time from 9
to 15 s post-stimulus,F(2, 20) = 21.59,p< 0.001.

3.3. FMRI results: correlational analyses

Correlational analyses revealed different patterns of
co-activation among the amygdala, hippocampus and IFG
across the two retrieval conditions (Fig. 3). During autobio-
graphical retrieval, activation in left posterior hippocampus
was significantly correlated with activation in right posterior
IFG, r(9) = 0.83, p< 0.002 and left posterior amygdala,
r(9) = 0.89,p< 0.0002. Activation in left posterior amygdala
was also correlated with activation in right posterior IFG,
r(9) = 0.76, p< 0.007, and right anterior IFG,r(9) = 0.72,
p< 0.012. The fact that significant correlations involved
posterior amygdalar and hippocampal regions whereas the
overall level of activity was greater in anterior areas of these
structures illustrates the fact that activation and correlational
analyses can reveal different aspects of neural functioning.
We also note that activity in the right IFG was also correlated
with that in the right amygdala and right hippocampus at a
less stringentα level of 0.05, but no such correlations were
found with the left IFG at this reduced threshold. During
semantic retrieval, activation in left anterior hippocampus
was correlated with activation in left anterior amygdala,
r ted
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ation in the left hemisphere; however, post-hoc depen
-tests showed a posterior gradient of activation in the
emisphere during autobiographical retrieval (Fig. 2). In-
pection of the raw time courses of mean activity in the
FG indicated a more protracted duration of activity du
emantic retrieval, despite similar peak amplitudes of act
n both conditions (Fig. 1c). This qualitative impression w
onfirmed by a post-hoc ANOVA, which showed a sign
(9) = 0.76,p< 0.007, and the anterior IFG was correla
cross hemispheres,r(9) = 0.77,p< 0.006, but there were n
ignificant frontotemporal interactions.

.4. FMRI results: analysis of testing session effects

In the ROI-based analyses described above, data wer
apsed across testing sessions to increase statistical p
o evaluate whether the retrieval activations varied acc

ng to the testing session (Session 1 versus Sessio
our-way repeated-measures ANOVAs were conducte
ach ROI separately using testing session, memory c

ion, hemisphere, and slice as within-subjects factors,
reenhouse–Geisser corrections as appropriate. The r

howed a significant main effect of testing session in all t
OIs: amygdala,F(1, 10) = 21.65,p< 0.0009; hippocampu
(1, 10) = 5.38,p< 0.04; IFG,F(1, 10) = 6.33,p< 0.03. In
ll three ROIs, overall signal intensity decreased acros

wo testing sessions. In addition, the IFG showed an i
ction between hemisphere and testing session, suc

he leftward asymmetry in activation was reduced ac
esting sessions,F(1, 10) = 5.53,p< 0.04. Importantly, ther
ere no significant main effects or interactions with mem
ondition (autobiographical/semantic). Thus, there wa
ifferential impact of testing session on brain activation

unction of retrieval type.

.5. FMRI results: voxel-based analyses

The SPM99 random-effects analysis conducted on
hole brain confirmed activation in our a priori regions
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Fig. 1. Group-averaged hemodynamic responses representing mean activity of all voxels in the: (a) amygdala; (b) hippocampus; and (c) inferior frontal gyrus
(IFG). Percent signal changes for the autobiographical and semantic retrieval conditions are expressed relative to pre-stimulus fixation baseline. The shaded
areas indicate the locations of the ROIs and do not represent activation. For visualization purposes, data are collapsed into anterior and posteriorsubregions and
averaged across the two scanning sessions. Middle panel shows four selected slices from an individual brain for each region of interest. Error bars represent
S.E.M. AM: autobiographical memory; SM: semantic memory.
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Fig. 2. Slice distribution of mean activity in the inferior frontal gyrus (IFG) at 9 s post-stimulus. Data are averaged across the two scanning sessions. Slice 1 is
the most anterior slice, and slice 6 is the most posterior slice. Error bars represent S.E.M. AM: autobiographical memory; SM: semantic memory.

interest during autobiographical retrieval (Table 2). Other
brain regions that were more engaged during autobiographi-
cal than semantic retrieval included the precuneus/posterior
cingulate (Brodmann area (BA) 23/30/31), temporoparietal
junction (BA 39), medial and lateral aspects of the temporal
lobe (including fusiform (BA 37) and parahippocampal (BA
35) gyri, and middle (BA 21/39) and superior (BA 22) tem-
poral gyri, respectively), caudate nucleus, frontal pole (BA
9/10), and middle (BA 6) and superior (BA 6) frontal gyri.
Brain regions that were more engaged during semantic than
autobiographical retrieval included the inferior parietal lob-
ule (BA 40) and lateral orbitofrontal cortex (BA 11).

4. Discussion

The present study investigated the contribution of me-
dial temporal and inferior frontal regions to autobiographical

memory retrieval. A cued recall task was implemented us-
ing personalized cue words created prior to scanning, which
were interleaved in an event-related design with semantic
cue words for a category generation task. In support of our
first hypothesis, we found greater activation in the left amyg-
dala, left hippocampus, and right IFG during autobiographi-
cal retrieval relative to semantic retrieval. This result extends
previous neuroimaging and neuropsychological studies that
highlight the involvement of frontotemporal structures in au-
tobiographical memory (reviewed inMaguire, 2001). In sup-
port of our second hypothesis, correlational analysis showed
a tighter coupling of activity across these three regions during
autobiographical retrieval relative to semantic retrieval. This
finding suggests a modulation of cohesiveness between ven-
tral frontal and medial temporal lobe compartments as a func-
tion of the type of retrieval engaged. Finally, although the left
IFG contributed to both autobiographical and semantic mem-
ory retrieval, semantic processing was associated with activ-
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ig. 3. Schematic illustration of results from the correlational analys
osterior subregions are indicated by dark shading. Shading grossly
ignificant Pearson correlation coefficients (p< 0.01) between the two s
rontal gyrus.
ach retrieval condition. Anterior subregions are indicated by lightshading, an
s subregion boundaries for visualization purposes only. Numeric valrepresen
ns connected by arrows. AMY: amygdala; HIP: hippocampus; IFG:
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Table 2
Results from the voxel-based random-effects analysis using SPM99

Region BA Side T value x y z

Autobiographical > semantic

Precuneus/posterior cingulate 31/23/30 Left 6.67 −8 −68 15
Right 4.71 8 −60 19

Superior frontal gyrus 6 Left 6.29 −8 15 64
Parahippocampal gyrus 35 Right 6.01 23 −30 −19

Middle temporal gyrus 21 Right 5.77 56 −15 −19
39 Right 5.47 45 −68 15

Middle frontal gyrus 6 Left 5.28 −45 4 45

Superior temporal gyrus 22 Left 5.14 −49 −60 15
Left 4.86 −45 −53 19

Inferior frontal gyrus 45 Right 5.05 56 30 4
Caudate Right 4.82 19 −4 23

Hippocampus Right 4.61 26 −15 −19
Left 3.45 −28 −20 −17

Frontal pole 9/10 Left 4.57 −11 53 23
Temporoparietal junction 39 Left 4.43 −38 −83 23
Fusiform gyrus 37 Left 4.26 −26 −45 −19

Amygdala Left 2.91 −22 −6 −21
Right 2.89 25 −10 −21

Semantic > autobiographical

Inferior parietal lobe 40 Left 5.52 −49 −49 45
Lateral orbitofrontal cortex 11 Right 4.97 30 56 −11

Spatial coordinates (x, y, z) are in Montreal Neurologic Institute space. BA: Brodmann area.

ity that was more prolonged, in partial support of our third
hypothesis, though this may be attributable to the temporally-
extended nature of the task. Together, these results advance
an understanding of the neural mechanisms subserving recall
of personal episodic information and their distinction from
mechanisms subserving semantic memory.

The behavioral results indicated that the phenomenolog-
ical properties of the memories being probed in the scan-
ner were similar to those obtained in independent behav-
ioral studies (e.g.Rubin et al., 2003), thus validating our
method for procuring autobiographical events in the fMRI
environment. The pre-cueing procedure reduced the typical
time course for autobiographical memory retrieval to within
1 TR of cue onset. This, combined with the fact that partici-
pants were engaged in the semantic task for the majority of
the trial duration, minimized potential confounds across the
two conditions related to differences in time-on-task or dif-
ferent aspects of retrieval emphasized (e.g. initiation/search
versus ecphory). By employing an event-related design, we
avoided the impact of trial blocking on hemispheric asym-
metries associated with memory retrieval (Velanova et al.,
2003; Wagner et al., 1998) and eliminated individual trials
characterized by memory failure, which was verified on-line.
Lastly, the ROI-based statistical approach allowed: (1) a more
precise analysis of the contribution of adjacent medial tem-
p dual
p ce of
a ar-

acterization of differences in IFG hemodynamic profiles as
a function of retrieval condition. The implications of these
results are further discussed for each brain region below.

4.1. Role of the amygdala

Much evidence supports a role for the amygdala in the en-
coding of positive and negative emotional memories (Dolcos,
LaBar, & Cabeza, 2004; Hamann, Elt, Grafton, & Kilts,
1999reviewed inCahill & McGaugh, 1998; Hamann, 2001).
Only a few studies, however, have reported amygdala activa-
tion during retrieval (Fink et al., 1996; Dolan, Lane, Chua,
& Fletcher, 2000; Maguire & Frith, 2003; Markowitsch et
al., 2000; Rausch et al., 1996). Most of these studies have
not examined the relation between amygdala activation and
emotional intensity or valence; one study found no such
relation (Maguire & Frith, 2003). Autobiographical events
tend to have relatively high emotional salience due to their
personal involvement, and emotional content influences the
phenomenological properties of the memory and their recall
accessibility (Bluck & Li, 2001; Talarico et al., in press). Au-
tobiographical paradigms may thus be useful for assessing
the role of the amygdala in memory retrieval. The behav-
ioral results from the present study indicated that the auto-
biographical memories tended to be positive in valence and
t esent
d f
t or re-
oral lobe structures to memory retrieval based on indivi
articipants’ anatomy; (2) assessment of the covarian
ctivity in these regions with that of the IFG; and (3) ch
ended to evoke the same emotional intensity that was pr
uring the original experience (Table 1). The peak activity o

he amygdala’s response was located in a more anteri
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gion of the left hemisphere, although the correlation with
other brain regions was stronger in its more posterior aspect.
This difference may reflect differential involvement of amyg-
daloid subnuclei, which are difficult to resolve at 1.5T. Al-
though we observed amygdala activation in the present study,
many previous studies have not reported amygdala responses
(e.g.Conway et al., 1999, 2001, 2003; Maguire & Mummery,
1999; Maguire et al., 2000; Piefke et al., 2003; Ryan et al.,
2001), even when specific emotions were probed (Damasio
et al., 2000; George, Ketter, Parekh, Herscovitch, & Post,
1996; Lane et al., 1997; Liotti et al., 2000; Mayberg et al.,
1999; Pardo, Pardo, & Raichle, 1993). Moreover, there are
few autobiographical memory studies in neurologic patients
with amygdala damage (e.g.Mori et al., 1999).

Several factors contribute to the difficulty in eliciting
amygdala activation during autobiographical retrieval. First,
amygdala responses to emotional stimuli tend to habituate
over time, especially in blocked-design experiments (e.g.
Breiter et al., 1996; Taylor et al., 1998). Second, MRI-related
susceptibility artifact in the vicinity of the amygdala varies
across participants (LaBar et al., 2001). This issue may be
particularly formidable to voxel-wise statistical procedures
that require precise spatial overlap of activity across individ-
uals to characterize group-averaged results. Such variability
can be minimized by tailored pulse sequences that reduce
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tions the amygdala contributes to autobiographical retrieval.
ROI-based statistical analyses that do not assume a canonical
hemodynamic response profile time-locked to cue onset may
be important for disentangling these alternatives.

4.2. Role of the hippocampus

Lesion evidence indicates that the hippocampus plays a
vital role in episodic memory (Scoville & Milner, 1957; for
reviews, seeMcClelland et al., 1995; Squire, 1992), and func-
tional neuroimaging evidence shows that this region is ac-
tivated not only during episodic encoding but also during
episodic retrieval (for a review, seeCabeza & Nyberg, 2000).
The role of the hippocampus in the retrieval of remote mem-
ories is a matter of dispute (Knowlton & Fanselow, 1998;
Nadel & Moscovitch, 1997, 1998). Under one view, gener-
ally called “consolidation theory,” the hippocampus and sur-
rounding areas are required for the encoding of new memories
and the retrieval of recent memories, but are not required for
the retrieval of remote memories (Alvarez & Squire, 1994;
McClelland et al., 1995; Murre, 1999;Murre, Graham, &
Hodges, 2001; Squire, 1992). The precise definition of “re-
mote” is disputed as well, but patients with bilateral hip-
pocampal damage have retrograde amnesias that last any-
where from months or years to decades. The second view,
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usceptibility artifact in the medial temporal lobes (Posse e
l., 2003; Wang, Song, McCarthy, & LaBar, in press) or by
mploying ROI-based analytic approaches. Third, the
ourse of amygdala activity may vary depending on the
ct function it serves. In this regard, it is important to dis
uish whether amygdala activation reflects emotional r

ions or feeling states evoked following recall of an emotio
ife event, mnemonic processes associated with retriev
empt/initiation, or emotional evaluation of the recall cue
elf (LaBar, 2003). These processes would have different t
ourses of activation relative to cue onset and may hav
erent sensitivities to control tasks. In the present study
etrieval cue words themselves were relatively low in e
ional impact (see Section2); therefore, amygdala activati
s unlikely due to decoding of the emotional salience of
tself. Furthermore, the hemodynamic profile of amygd
ctivation did not have a temporal lag or sustained pr
elative to the other regions involved (Fig. 1a). These fea
ures suggest that the amygdala is not signaling a res
eeling state induced following retrieval of the memory. P
ious studies that compared fictitious versus non-fictit
motional events (Markowitsch et al., 2000) or personal ver
us non-personal traumatic memories (Rausch et al., 1996)
ave also reported amygdala activation, although its h
pheric distribution has varied. These studies further su
n emotional memory function of the amygdala rather
n emotional perception function since the control task
luded presentation of emotionally salient information. Th
tudies, however, used blocked designs that could not te
ally distinguish responses at different stages of the retr
rocess. Further studies are needed to elucidate which
ultiple-trace theory, holds that the hippocampus is alw
equired for the retrieval of episodic memories. Under
iew, repeated retrieval of autobiographical memories re
n multiple “traces” of the memory within the hippocam
egion. For this reason, it is hypothesized that older mem
ill have more traces distributed throughout the hippocam

egion, and will therefore be less susceptible to medial tem
al damage (Nadel & Moscovitch, 1997, 1998, 2001; Nadel,
amsonovich, Ryan, & Moscovitch, 2000). The present stud
oes not address this issue, as the memories were rela
ecent (4.8 years old on average;Table 1), and both theorie
ould predict hippocampal activation during the retrieva
emories this old.
Recent fMRI evidence suggests some more detailed e

ations of our results. One study has shown that the lef
ocampus may be more involved in retrieving older memo

han the right hemisphere (Maguire & Frith, 2003). This pat-
ern could explain why hippocampal activations in functio
euroimaging studies of autobiographical memory tend

eft lateralized (Maguire, 2001). Consistent with this trend,
he present study the activation and functional connectiv
he hippocampus during autobiographical memory were
ateralized (Fig. 1); however, the voxel-based analysis did
eal right-sided activation (Table 2) and, as noted previous
he memories were on average less than 5 years old.

Importantly, the activation of the hippocampus dur
utobiographical memory was greater than the activ
f this region during a demanding semantic retrieval t

t is a controversial issue whether episodic and sem
emory, as two forms of declarative memory, are simil
ependent on the hippocampus (e.g.Squire & Zola, 1998),
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or whether episodic memory is more dependent on the hip-
pocampus than semantic memory (e.g.Aggleton & Brown,
1999; Mishkin, Vargha-Khadem, & Gadian, 1998; Tulving
& Markowitsch, 1998; Vargha-Khadem, Gadian, & Mishkin,
2001). The present results suggest that the hippocampus is
involved in both forms of declarative memory, but it plays a
greater role in episodic than in semantic memory.

It is important to emphasize that the hippocampus was
more activated during autobiographical retrieval than dur-
ing semantic retrieval, even though the latter was tempo-
rally extended. This fact suggests that the difference is
not merely related to the amount of information retrieval
but the nature of the information retrieved. Recent func-
tional neuroimaging studies of episodic retrieval have asso-
ciated the hippocampus with the retrieval of specific rela-
tional/contextual information, or recollection (e.g.Eldridge
et al., 2000; Yonelinas, Hopfinger, Buonocore, Kroll, &
Baynes, 2001). Lesion studies have yielded complementary
findings. In episodic memory tasks, people tend to produce
more “remember” responses after conceptually-based en-
coding (Gardiner & Parkin, 1990). Unilateral temporal lobe
epilepsy or excision, however, reduces this effect; for left-
hemisphere patients, the effect was eliminated for words,
while for right-hemisphere patients, it was eliminated for
faces (Moscovitch & McAndrews, 2002). Thus, both the
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In contrast with right IFG, left IFG was more involved in
semantic retrieval than in autobiographical retrieval. In par-
ticular, the duration of the left IFG activation was longer dur-
ing semantic than during autobiographical retrieval (Fig. 1c).
Even if this difference was partly due to prolonged exemplar
generation processes, it challenges the notion that left pre-
frontal regions play a special role in autobiographical retrieval
(Conway et al., 1999; Maguire et al., 2001a,b). For example,
Conway et al. (1999)found left prefrontal regions, includ-
ing IFG, were more activated during the retrieval of autobio-
graphical memories in response to common words (Crovitz
technique) than during cued-recall of overlearnt word-pairs.
Given that autobiographical trials were short (4.8 s), the left
prefrontal activation could have reflected primarily the gen-
eration rather than the monitoring of autobiographical mem-
ories. Recent functional neuroimaging evidence suggests
that generation processes depend on left prefrontal regions,
whereas monitoring processes depend on right prefrontal re-
gions (Cabeza et al., 2003). Thus, the fact that in the present
study right IFG played a more important role in autobiograph-
ical retrieval than left IFG could be partly a consequence of
using participant-specific retrieval cues, which reduced the
time required for memory generation and allowed more time
for monitoring the retrieval output.
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maging and the lesion literature show that the hippocam
lays a critical role in the recollection of previously ex
ienced events. Because of the involvement of the sel
isuospatial imagery, recollection is likely to play an e
reater role in autobiographical than in laboratory epis
emory, and we recently found evidence consistent with

dea using fMRI (Cabeza et al., in press).

.3. Role of the IFG

Markowitsch (1995)has specifically proposed a role
ight IFG during retrieval of old episodic memories, giv
ndings of retrograde amnesia following damage to this
ion and the uncinate fasciculus that connects this re

o the anteromedial temporal lobe. Our findings support
dea, especially when considered in combination with
orrelational analysis that showed greater functional con
ivity among the right IFG, amygdala and hippocampus
ng autobiographical retrieval. One caveat to this is tha
ivity in the right IFG correlated more strongly with the
emporal lobe regions in the left hemisphere (Fig. 3) than
n the right hemisphere, where such correlations were f
nly at a reduced statistical threshold ofp< 0.05 (see Sectio
). Nonetheless, no temporal lobe regions correlated
he left IFG during autobiographical retrieval (even at a
uced threshold), and the frontotemporal interactions di
eneralize to semantic retrieval. These results thus pr
ome evidence for the strong version of theMarkowitsch
1995) hypothesis, although they may indicate frontot
oral interactions during autobiographical retrieval m
enerally.
.4. Limitations and future directions

The tasks used in neuroimaging studies of autobiogra
al memory have varied widely (Maguire, 2001). The pre
can cue generation paradigm, which was used here
n several previous studies (Fink et al., 1996; Maguire &

ummery, 1999; Maguire et al., 2000, 2001; Maguire &
rith, 2003), has been criticized because it may permit
ncoding of the memories. We do not feel that this altern

nterpretation explains the greater hippocampal involvem
uring autobiographical retrieval in our study for three
ons. First, during debriefing, participants in this study
orted recalling the memory of the original experience,

he rating session or the previous scanning session, whic
lso been the case in other studies (Maguire & Frith, 2003).
econd, data from the AMQ showed that participants ha

en thought or talked about the events, and there is little
on to expect that one additional retrieval would drastic
hange the memory (see alsoPiefke et al., 2003). Third, a sta
istical comparison of the two fMRI testing sessions sho
o interaction between session and type of memory retr
autobiographical/semantic). One might expect greater
ocampal activation in the autobiographical versus sem
ontrast during the first scanning session if such activa
eflects the novel association of the event with the cue o
eflects re-encoding of the event (since by session two,
he autobiographical and semantic memories would b
ncoded). On the positive side, this design permits gr
ontrol over the time course of retrieval and reduces
umber of retrieval failures during the scanning ses
y using cues that the participants themselves have ju



670 D.L. Greenberg et al. / Neuropsychologia 43 (2005) 659–674

to be effective. This design also allowed us to compare
the characteristics of participants’ memories to those ob-
tained in previous behavioral studies, thereby helping to
ensure that participants retrieve full-blown autobiograph-
ical memories in the magnet instead of autobiographical
facts.

On the other hand, the memory task used in this study did
preclude an examination of some relevant questions. Specifi-
cally, several earlier studies have compared brain activation in
recent and remote memories (Conway et al., 1999; Maguire
& Frith, 2003; Maguire, Henson, Mummery, & Frith, 2001b;
Piefke et al., 2003). In the present study, we used a task that
permitted relatively unrestricted generation of autobiograph-
ical memories in order to be comparable to the semantic task.
An examination of the effects of remoteness would require
several additional constraints on memory generation. First,
given the distribution of memories across the lifespan (Rubin
& Schulkind, 1997), participants would have to retrieve a
certain number of memories from the recent and remote pe-
riods (e.g.Piefke et al., 2003). Second, the remote memories
would need to be 20–30 years old or older, because neu-
ropsychological (Squire, 1992) and neuroimaging (Maguire
& Frith, 2003) evidence shows that consolidation effects are
not necessarily apparent before this time. In this study, how-
ever, memories were 4.8 years old on average, and even the
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to the pre-stimulus baseline without reference to the control
task.

Our experimental design consisted of two retrieval ses-
sions. The direct comparison across retrieval sessions did not
yield differences in the pattern of brain activation. For this
reason, data were combined across testing sessions. Nonethe-
less, the experience of retrieving in session 1 did have a long-
lasting impact, since the degree of activation was reduced
overall in session 2. Because the activity we report is primar-
ily carried by data obtained from session 1, a second retrieval
session may not be necessary to incorporate in future studies
employing similar designs, provided that sufficient power is
obtained from one retrieval session.

Due to the targeted nature of our hypotheses, we did not
investigate how the frontotemporal regions interacted with
other brain regions involved in the network that supports
autobiographical memory retrieval (Maguire et al., 2001a,b;
Piefke et al., 2003; Ryan et al., 2001), so the pattern of cor-
relations we report here may be extensible to other parts of
the brain. The whole-brain SPM analysis did reveal activa-
tions in other brain regions that have been reported in previ-
ous autobiographical studies, including the precuneus, me-
dial and lateral aspects of the temporal lobe, and the frontal
pole. Given the complex, multifactorial nature of autobio-
graphical memory, it will be important to understand the
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ldest memories were no more than 20 years old. M
ver, the levels of detail must be equated to ensure
ifferences in hippocampal activation cannot be attrib

o the greater number of details present in recent m
ies (Maguire & Frith, 2003). While our approach did n
ermit us to address the issue of remoteness, it allow

o examine a more naturalistic sample of autobiograp
emories.
Furthermore, autobiographical retrieval tasks are par

arly difficult to control in neuroimaging studies because t
an differ in many respects to other retrieval tasks (Maguire,
001). We chose a prototypical semantic task (category
ration) as a control condition to determine whether the
ations in the autobiographical retrieval task extended t
omain of semantic retrieval. It is possible that these t
iffered in other cognitive features that account for diffe

ial activation in frontotemporal regions. For example, in
utobiographical condition, there is only one correct mem
ssociated with each cue, whereas in the semantic cond

here are multiple correct exemplars associated with eac
hus, executive processes related to response selectio
ave differed across the conditions (although both task
aged left IFG). The category generation task was sp
ally chosen to control for other aspects of autobiograp
etrieval, particularly its temporally-extended and itera
ature, which would not have been controlled by other t

n which semantic processing terminates almost immedi
pon cue presentation (e.g. abstract/concrete judgmen
ny event, the ROI analyses clearly implicate involveme

he amygdala, hippocampus and IFG during autobiogra
al retrieval because their time courses were extracted re
y

elationship between these regions and other distributed
ems important for recollection of people and events f
he personal past (Greenberg & Rubin, 2003; Paller et al.
003). A remaining challenge is to decompose auto
raphical networks into their constituent parts. Param
tudies that vary one or more aspects of autobiogr
al recollection (e.g. emotional tone or remoteness;Piefke
t al., 2003; Maguire & Frith, 2003) will be critical in

his regard. Taking on-line measures of the phenom
ogical properties of the memories, such as those qu
y our autobiographical memory questionnaire, will fa

tate these efforts. Finally, as mentioned above, the
oral lag inherent in the autobiographical retrieval pro
ay be exploited in future studies to more carefully m

he relationship between activation of different brain reg
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rieval. The results of such studies will have broader im
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Appendix A. Autobiographical memory questionnaire

Listed below are the questions from our autobiographical memory questionnaire, along with the brief variable name we use for
each.
For questions a–g, the scales ranged from 1 (not at all), to 3 (vaguely), to 5 (distinctly), to 7 (as clearly as if it were happening
right now).

a. Reliving As I remember the event, I feel as though I am reliving the original event.

b. Hear As I remember the event, I can hear it in my mind.

c. See As I remember the event, I can see it in my mind.

d. Talk As I remember the event, I or other people are talking.

e. Spatial As I remember the event, I know its spatial layout.

f. Emotions As I remember the event, I can feel now the emotional intensity that I felt then.

g. Setting As I remember the event, I can recall the setting where it occurred.

For questions h–n, the scales ranged from 1 (not at all), to 3 (vaguely), to 5 (distinctly), to 7 (as much as any memory).

h. Remember/know Sometimes people know something happened to them without being able to actually remember it. As I
think about the event, I can actually remember it rather than just knowing that it happened.

i. In words As I remember the event, it comes to me in words.

j. Back in time As I remember the event, I feel that I travel back to the time when it happened, that I am a subject in it
again, rather than an outside observer tied to the present.

k. Story As I remember the event, it comes to me in words or in pictures as a coherent story or episode and not
as an isolated fact, observation, or scene.

l. Fragmented My memory of the event is fragmented into specific details with missing bits.

m. General My memory for the event is only as detailed as the general knowledge of this type of event that I would
expect most people to have.

n. Coherence My memory of the event has a personal coherence: it fits easily into a story I would tell about that part
of my life.

The remaining questions had unique scales.

o. Valence Please rate the emotional valence or the kinds of emotions it involves (1 = 100% negative; 7 = 100%
positive).

p. Field/observer As I remember the event, I imagine it again through my own eyes seeing what I would have seen then,
or as an observer from a different perspective than the one I had (1 = own eyes; 2 = observer; 3 = can’t
tell).

q. Real/imagine I believe the event in my memory really occurred in the way I remember it and that I have not imagined
or fabricated anything that did not occur (scale: 1 = 100% imaginary; 7 = 100% real).

r. Rehearsal Since it happened, I have thought or talked about this event (scale: 1 = not at all; 7 = as often as any
event in my life).

s. Once/many To the best of your knowledge, is the memory of an event that occurred once at one particular time and
place, a summary or merging of many similar or related events, or for events that occurred over a fairly
continuous extended period of time lasting more than a day (scale: 1 = once; 2 = merging; 3 = extended).
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Responses to this question were recoded to produce two scales. Once/many had a value of 1 if the subject judged the memory
to take place within a single day and 0 if it took longer. Merged/extended had a value of 0 if the event lasted longer than a day
and was extended in a fairly continuous manner over a period of time and 1 if it was the merging of many discrete events.
t. Age of memory Please date the memory (month/day/year) as accurately as you can. Please fill in a month, day, and year

even if you must estimate. If the memory extended over a period of time, report the approximate middle
of the period (scored as retention interval in days).
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