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a b s t r a c t
Space and time are important components of our episodic memories. Without this information, we cannot
determine the “where and when” of our recent memories, rendering it difﬁcult to disambiguate individual
episodes from each other. The neural underpinnings of spatial and temporal order memory in humans remain
unclear, in part because of difﬁculties in disentangling the contributions of these two types of source
information. To address this issue, we conducted an experiment in which participants ﬁrst navigated a virtual
city, experiencing unique routes in a speciﬁc temporal order and learning about the spatial layout of the city.
Spatial and temporal order information were dissociated in our task such that learning one type of
information did not facilitate the other behaviorally. This allowed us to then address the extent to which the
two types of information involved functionally distinct or overlapping brain areas. During functional magnetic
resonance imaging (fMRI), participants retrieved information about the relative distance of stores within the
city (spatial task) and the temporal order of stores from each other (temporal task). Comparable hippocampal
activity was observed during these two tasks, but greater prefrontal activity was seen during temporal order
retrieval whereas greater parahippocampal activity was seen during spatial retrieval. We suggest that while
the brain possesses dissociable networks for maintaining and representing spatial layout and temporal order
components of episodic memory, this information may converge into a common representation for source
memory in areas such as the hippocampus.
© 2011 Elsevier Inc. All rights reserved.

Introduction
Our ability to remember recently experienced events (“episodes”)
depends on two critical components: our memory for the items we
experienced (e.g., a speciﬁc person, object, or word) and the context,
or source, under which we encoded these items (Tulving, 1985;
Johnson et al., 1993; Yonelinas, 2001; Addis and Schacter, 2008). Item
information can be considered non-unique as it may reoccur under
different contexts (e.g., meeting the same person in different
locations). It is the source information, or context in which an event
occurs, though, that typically deﬁnes a speciﬁc episode (e.g., meeting
a friend at a quiet cafe last Friday at 5 pm). Source information may
include several different components such as where (spatial context)
and when (temporal context) the event occurred relative to other
events as well as other details of the episode (Johnson et al., 1993;
Tulving, 1993; Yonelinas, 2001; Tulving, 2002; Fujii et al., 2004;
Shimamura and Wickens, 2009). Several studies support the idea that
the perirhinal cortex represents item information while the parahippocampal cortex, prefrontal cortex, and the hippocampus process
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and represent source information (Vargha-Khadem et al., 1997;
Brown and Aggleton, 2001; Cansino et al., 2002; Davachi et al., 2003;
Diana et al., 2007; Dudukovic and Wagner, 2007).
The question remains, however, how spatial and temporal order
information, as important components of source information deﬁning
an episode, are represented in the brain. Previous studies have
addressed this issue to some extent, although they do not yet provide
a convergent or clear picture of the brain networks involved in spatial
and temporal order information, respectively. A previous fMRI study
by Burgess et al. reported signiﬁcant activations in the hippocampus,
parahippocampal cortex, retrosplenial cortex, and precuneus when
subjects retrieved information about locations they visited in a virtual
environment compared to making judgments about the width of
objects (Burgess et al., 2001). Although this study did not speciﬁcally
employ temporal order judgments, a study using a similar experimental paradigm with medial temporal lobe damaged patients
demonstrated impairments in temporal order memory (judging the
order they received objects during the task) as well as spatial retrieval
(Spiers et al., 2001). While the Spiers et al. study implies the
importance of the hippocampus in both spatial and temporal order
judgments, because the patients had damage to both hippocampus,
parahippocampus, and other medial lobe structures (perirhinal
cortex), the exact role of the hippocampus vs. parahippocampal
cortex in spatial and temporal order retrieval based on these two
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studies is not clear. PET/fMRI studies by Fujii et al. and Hayes et al.
examined retrieval of spatial and temporal order information
following encoding of videos of people engaged in everyday life
activities (Fujii et al., 2004) or videos showing navigation through a
house (Hayes et al., 2004). Fujii et al. showed greater parahippocampal activation during spatial compared to temporal order retrieval but
no signiﬁcant hippocampal activation in any contrast (including
temporal vs. object and spatial vs. object retrieval); they did, however,
show signiﬁcant prefrontal cortex activation in the temporal vs.
spatial contrast. Hayes et al., in contrast, showed signiﬁcant
hippocampal activation during spatial, temporal order, and object
retrieval (see also: Ekstrom and Bookheimer, 2007, for similar results)
and greater activation in parahippocampal cortex during spatial vs.
temporal order retrieval. The authors, however, reported no significant activations during temporal vs. spatial contrasts.
Several possible issues may account for some of the discrepancies in
results in these studies. One issue is that task difﬁculty was not matched
across all conditions in two of these studies (Burgess et al., 2001; Hayes
et al., 2004). Some studies have suggested that differences in brain
activity may reﬂect differences in task difﬁculty (e.g., Zola-Morgan et al.,
1994; Shrager et al., 2007, but also see Carter et al., 2008). A second issue
is that the previously mentioned studies did not attempt to explicitly
disassociate spatial and temporal order retrieval. If these two variables
are correlated, they can facilitate each other behaviorally (Parmentier et
al., 2006), making observed brain activations more difﬁcult to interpret
because it becomes unclear the extent to which one is observing
completely spatial or completely temporal order retrieval. Thirdly, from
what we were able to determine based on what was reported, all of the
above-mentioned fMRI/PET studies used voxel sizes greater than
N3 mm. With the addition of spatial smoothing, it may be difﬁcult to
determine the difference between hippocampal and parahippocampal
activation within the medial temporal lobe, given the relatively small
size of the hippocampus on some slices (Duvernoy, 1998; Fried, 1998).
Finally, although previous studies looked at correct responses to spatial
and temporal order retrieval (Burgess et al., 2001; Spiers et al., 2001;
Hayes et al., 2004), they did not look separately at correct spatial and
temporal order retrieval compared with correctly retrieved item
information alone.
Thus, the purpose of this study was to look at spatial and temporal
order retrieval in the context of navigation, as done in some previous
studies (Burgess et al., 2001; Spiers et al., 2001; Hayes et al., 2004;
Ekstrom and Bookheimer, 2007), using an experimental paradigm
that (a) matched for task difﬁculty, (b) dissociated spatial and
temporal order retrieval, (c) used smaller sized voxels (2 mm),
arguably more appropriate for the hippocampus, and (d) looked at
both correct item retrieval (“hits”) independent of correct source
retrieval and correct item retrieval coupled with correct spatial and/or
temporal order retrieval (e.g., Mugikura et al., 2010). To do this, we
employed a virtual reality exploration task in which subjects freely
navigated a city in which the spatial layout and temporal order
information that they acquired was uncorrelated. We dissociated the
order in which subjects experienced events from the spatial
arrangement of stores within the environment through our experimental design, which we subsequently conﬁrmed with two separate
behavioral analyses. We thus addressed two primary questions: (1)
Does the brain employ overlapping or largely distinct neural
pathways for temporal order and spatial memory representations?
(2) What is the role of the hippocampus in this process?
Materials and Methods
Participants
We tested a total of 16 subjects (average age: 21.5, age range: 20–
28; 13 female) from University of California-Davis and the surrounding communities. This did not include four subjects, two of whom

were removed due to excess head motion and another two who were
removed because they performed below chance on both spatial and
temporal order retrieval. All subjects were paid for their participation,
right-handed, and screened for neurological disorders. All procedures
were in accordance with our Internal Review Board (IRB) Guidelines
for experimental testing.
Behavioral design: Encoding
Subjects navigated a virtual environment (“Yellowcab”) (Caplan et
al., 2003) designed using the py_epl programming library (Geller et al.,
2007) and OpenGL. The city contained eight stores located equidistant
from the center of the city that were spaced unevenly around a circle
(Fig. 1). The subjects were instructed to search for a passenger located
in the center of the city (the passenger was the same every trial) and to
deliver the passenger to one of eight different stores. By having stores
located equidistant from the center, we ensured that each delivery
took approximately the same amount of time and involved the same
spatial distance. The uneven spacing of stores around the perimeter of
the circle ensured that subjects used a spatial strategy to encode the
locations of stores rather than simply remembering the order of evenly
spaced objects (Huttenlocher et al., 2004).
We immersed the city in fog such that no two stores were clearly
visible from each other (Fig. 1). We did this to ensure that subjects
learned the location of the stores by navigating to each one rather than
simply rotating through the environment to see their spatial relations
all at once. We employed two different cities that we counterbalanced
equally across subjects. During retrieval, stores in the unstudied
second city served as lures for the ﬁrst city and vice versa.
Subjects were instructed to learn the spatial layout during the ﬁrst
two sets of deliveries and the order of deliveries on the last two sets of
deliveries; they were told that they would be tested on this
information later. The order of deliveries was the same every trial
and after eight deliveries; the subject was instructed that they would
start the deliveries over again. The temporal order of deliveries was
designed so that it was uncorrelated with the spatial arrangement of
the stores. Thus, if the subject delivered to Stores A, B, C, D, E, F, G, H
(in that order), no nearby stores (e.g., A, B, C, D) would be spatially
proximate in the layout. We further designed the layout to avoid any
spatial pattern to the temporal sequence of deliveries, e.g., the order of
deliveries deﬁning a star pattern throughout the city. These
manipulations were intended to dissociate spatial and temporal
order information. We address this issue further in the results.
Behavioral design and imaging during retrieval
We employed a mixed event-related, blocked design paradigm.
Retrieval was divided into ﬁve spatial blocks and ﬁve temporal order
blocks, which were interspersed with each other. The spatial and
temporal order tasks were identical during retrieval with the
exception that subjects retrieved the spatial arrangement of stores
in the spatial condition and the temporal order of stores in the
temporal condition. During both spatial and temporal trials, subjects
ﬁrst viewed 1 of 16 randomly selected familiar or lure stores (8
familiar/8 lure) for 2 s (with no accompanying text or other details),
indicating whether they saw the store previously using an MRcompatible keypad. After display of a store, subjects then viewed two
additional stores for 4 s and indicated which store was closer (a)
spatially (in spatial blocks) and (b) temporally (in temporal blocks) to
the reference store they had just seen during item recognition. The
two stores appeared on the screen with no accompanying text or
other details. See Fig. 1 for details.
Pairs included familiar and lure pairings, with a total of 32 familiar
pairs, 64 familiar/lure, and 32 lure/lure pairings. This breakdown of
lure (64) and familiar (64) stimuli in source pairings ensured that
familiar and lure stores appeared with equal probability in both item
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Fig. 1. Methods and experimental design subjects ﬁrst navigated a virtual environment in which they picked up a passenger in the center of the city and delivered him to one of eight
different stores. Subjects encoded the location of the eight stores and the order in which they delivered to the stores. Inset (right, top panel) shows aerial view of spatial layout used
in the task; joystick cartoon indicates that subjects actively navigated the environment. Following encoding, subjects retrieved spatial and temporal order information about their
recent navigational experience. They ﬁrst saw a reference store and indicated whether they had seen this store before and then saw two additional stores and indicated which of the
two stores was closer either in space or time to the reference store. No text appeared on the screen during the task except in the control task, where subjects saw X and O symbols and
indicated with a button press which letter appeared.

and source questions. This was to attempt to prevent subjects from
basing their responses during item recognition on an estimation of
which type of store (familiar or lure) appeared more frequently. Thus,
because a large number of source questions contained lure items for
which there was no correct answer, subjects were instructed to
respond by hitting a third key on the MRI keypad if a source question
was not applicable. Subjects had little trouble distinguishing lure from
familiar stores during item and source questions, an issue we return to
in the results. For all subsequent analysis, we consider only correct or
incorrect responses to familiar/familiar pairings and exclude all
combinations containing lure and any erroneous N/A responses
(which were nonetheless very infrequent). We also note that although
individual stores were repeated during the item presentation, the
combinations of stores for the item/source questions (store “triads”)
were novel on each trial. We return to these issues in the results.
We counterbalanced spatial and temporal order blocks across
subjects and presentation of stimuli jittered using opt-seq2 for
optimizing event-related design studies (Dale, 1999). Subjects performed an active rather than passive baseline task (see Fig. 1) to better

model task-related hippocampal activations (Stark and Squire, 2001).
In the baseline task, subjects hit the “1” key on the MRI keypad when
an “X” appeared on the screen and the “2” key when an “O” appeared
on the screen; each letter appeared for 1 s and total presentation time
varied depending on the jittered ISI required for that trial.
Imaging methods
All subjects were tested in the University of California-Davis
Imaging Research Center 3 T TIM TRIO 32 channel scanner (Siemens).
During retrieval, we imaged subject brain activity using whole brain
echo-planar imaging (EPI) sequences 2x2x2 mm (TR = 3 s, TE = 29 msec, slices = 47, ﬁeld of view (FOV) = 220 mm, ﬂip angle = 90°,
bandwidth = 1684 Hz/pixel).
Following behavioral imaging, we collected a whole brain
1 × 1 × 1 mm MP-RAGE sequence onto which subject individual
activations were registered. Subjects' anatomical images were then
registered to a standard brain (MNI template). Data were high-pass
ﬁltered to remove scanner drift and then motion corrected. We
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Table 1
Behavioral performance during spatial and temporal retrieval.
Measures

Spatial

Temporal

Hits
Misses
Correct rejections
False alarms
item correct, source correct

95.9 ± 4.6%
4.1 ± 4.6%
93.1 ± 1.6%
6.9 ± 1.6%
63.5 ± 2.5%

97.5 ± 4.6%
2.5 ± 4.6%
93.2 ± 1.5%
6.8 ± 1.5%
60.9 ± 2.4%

conducted all processing using Statistical Parametric Mapping (SPM8)
software (Wellcome Centre for Neuroimaging, UCL, London, UK) by
convolving our behavioral data with a canonical hemodynamic
response function (HRF) and then entering these data into a general
linear model (GLM) for comparison with fMRI data (Friston et al.,
1995). Analyses included one-way t-tests and paired t-tests directly
contrasting two different conditions (e.g., spatial vs. temporal). In all
cases, we implicitly modeled the baseline task and did not include it
directly in any contrasts. For example, we conducted the spatial/
temporal vs. baseline contrasts using one-way t-tests with the
baseline task implicitly modeled (and other variables not of interest
[e.g., lure trials] explicitly modeled out of the analysis).
We performed whole brain contrasts constrained with Monte
Carlo simulations in alpha-sim (Forman et al., 1995); a corrected
p b .05 corresponded to p value of b.005 and a cluster threshold of 46.
We then further investigated areas activation using MarsBaR v.042
(Brett et al., 2002) and custom written Matlab software (Mathworks,
Natick, MA) by extracting the percent signal change from clusters
identiﬁed with our whole brain analysis.
Results
Behavioral results
All subjects performed well-above chance on item recognition but
signiﬁcantly lower than ceiling performance of 100% (Table 1; t-test,
spatial: t(16) = 3.3, p b .005; temporal: t(16) = 3.8, p b .005); there
was no difference between spatial and temporal order tasks for hit
rate (t(16) = .18, p = n.s., Table 1). Source retrieval for familiar/
familiar pairs (see Materials and Methods) was also signiﬁcantly
above chance (Table 1); performance similarly did not differ between
the two conditions (t-test, t(15) = .52, p = n.s.). There was also no
difference in the median response latency for either item or source
retrieval for these pairs between the spatial and temporal order
conditions (item: spatial vs. temporal, .87 ± .03 vs. .84 ± .03 s, rank
sum test, z(16) = .61, p = n.s.; source: spatial vs. temporal, 2.03 ± .08
vs. 2.08 ± .08, rank sum test, z(16) = .69, p = n.s.). Performance for
lure/familiar and lure/lure source pairs was also well-above chance,
consistent with subjects' high correct rejection rate, and also did not
differ signiﬁcantly between conditions (Supplementary Table 1; only
familiar/familiar items and pairs were included in subsequent
analyses; see Material and methods for more details).

sequences of deliveries. It could also be the case that retrieving the
temporal order of individual routes facilitated spatial retrieval; if
either types of retrieval were interdependent, this would complicate
our attempts to functionally dissociate these networks. To determine
whether spatial or temporal order retrieval facilitated the other, we
tested whether the two probabilities were statistically independent
(Kreyszig, 1993). Independence requires that the conditional
probabilities of retrieval are equal to the marginal probabilities of
spatial or temporal order retrieval (i.e., Pspatal|temporal = Pspatial and
Ptemporal|spatial = Ptemporal). Consistent with spatial and temporal order
retrieval having no signiﬁcant inﬂuence on each other in our paradigm,
we found no signiﬁcant difference between Pspatal|temporal and Pspatial
(t(15) = .14, p = n.s.) and Pspatal|temporal and Ptemporal (t(15) = .31,
p = n.s.); see Table 2. These ﬁndings were consistent with subject
statements post-experiment, which suggested that one of the
challenging features of the task was remembering spatial and
temporal information independently.
It could be possible though even if spatial and temporal order
retrieval did not facilitate each other, that subjects were more likely to
remember spatial and temporal information together rather than as
separate pieces of information. For example, when they correctly
retrieved a speciﬁc store triad (Fig. 1) during temporal order retrieval,
if this was strongly associated with recovery of spatial information,
they should be better than chance at also correctly recollecting this
triad during the spatial source blocks. To address this issue, we
simulated the rate for which subjects might get both spatial and
temporal order information for an item by chance and compared with
their actual rate of getting spatial and temporal order information for
any given item. We did this by ﬁrst conducting Monte Carlo
simulations based on each subject's actual hit rate and modeling a
random distribution of spatial and temporal source correct responses
across items. We then compared this with subject's actual rate of
getting both spatial and temporal source information together. We
found no signiﬁcant difference between simulated and actual rates of
spatial and temporal order retrieval, suggesting again that this
information was treated as functionally separate information during
our task (Fig. 2; t(15) = .03, p = n.s.).
Imaging data: Brain regions associated with source memory
We ﬁrst conducted a whole brain analysis (at p b .05, corrected;
please see Materials and Methods for details on corrections for
multiple comparisons) that collapsed across spatial and temporal
order retrieval blocks to ﬁrst identify which brain regions were active
during source memory retrieval generally. In this analysis, we
compared correct source retrieval vs. incorrect source retrieval
(item correct, source correct: ICSC vs. item correct/source incorrect:

Behavioral independence of spatial layout and temporal order
information during retrieval
Although we designed the virtual city such that delivery order and
spatial layout were unrelated to each, it could be the case that spatial
layout facilitated retrieval of individual routes comprising the

Table 2
Conditional and marginal probabilities for spatial and temporal retrieval.
P(time|space)
P(space|time)
P(space)
P(time)

.61 ± .03
.63 ± .03
.64 ± .03
.61 ± .02

Fig. 2. Conjunctive spatial and temporal responses do not differ from chance. We
compared the rates at which subjects correctly responded for the same spatial and
temporal source questions with that expected by chance using Monte Carlo
simulations. There was no signiﬁcant difference between conjunctive spatial and
temporal responses and those predicted by chance. We note though that spatial and
temporal order retrieval generally were signiﬁcantly greater than chance (Table 1).
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Fig. 3. Brain regions active during source retrieval. We collapsed across spatial and temporal retrieval blocks and compared correct N incorrect source responses (ICSC N ICSI). Analysis
revealed clusters within the hippocampus and prefrontal cortex (BA 10).

ICSI). The hippocampus and prefrontal cortex (Broadmann Area [BA]
10) showed signiﬁcant activation in this contrast (Fig. 3); both of
these areas have been associated with source memory in previously
paradigms (Yonelinas et al., 2002; Davachi et al., 2003; Duarte et al.,
2005; Johnson, 2006; Staresina and Davachi, 2009). When we
speciﬁcally interrogated these clusters using an ROI analysis; both
showed signiﬁcantly greater activation during correct compared to
incorrect retrieval. We also identiﬁed additional areas outside of these
two primary areas that showed greater activation for correct N incorrect, which included parts of posterior cingulate gyrus
(Table 3). We also found areas that showed greater activation for
incorrect N correct source retrieval. These included areas such as
anterior cingulate gyrus, the insula, additional areas of prefrontal
cortex, and the precentral gyrus (Table 4).
Patterns of activity associated with hits during spatial and
temporal retrieval
Because we demonstrated that spatial and temporal order retrieval
were statistically independent during our task, this allowed us to
determine what brain areas might be associated with the two
different processes. We conducted three primary analyses here to
identify brain regions associated with spatial, temporal order, or
processing of both. These involved direct contrasts of trials in which
subjects, (A) correctly recognized old items generally (item correct:

Table 4
Clusters of activation for incorrect N correct contrast.

Table 3
Clusters of activation for correct N incorrect contrast.
Condition

Correct N Incorrect

Region

x

y

z

Z value

− 18
− 42
− 46
4
−2

− 12
44
46
− 38
− 32

− 16
8
0
26
26

2.9
3.17
3.78
3.70
3.72

MTL
Prefrontal
Cingulate
Gyrus

(Hippocampus)
(Middle FG)
(IFG)
(Posterior)

L
L
L
R
L

IC), (B) IC during spatial blocks N IC during temporal blocks, (C) IC
during temporal blocks N IC during spatial blocks. As we will discuss in
more detail shortly, considering items for which subjects correctly
retrieved item and source information (item correct, source correct:
ICSC) compared with IC did not yield substantially different results.
In analysis A, in which we collapsed across IC trials, we observed
robust hippocampal activation (Fig. 4a). We compared activation in
the spatial and temporal order conditions separately in an ROI
analysis and did not ﬁnd a signiﬁcant difference between spatial and
temporal order retrieval (Fig. 4a). The IC whole brain analysis also
revealed other brain regions active during hits, including parahippocampal cortex, the lingual gyrus, prefrontal cortex, parts of temporal
cortex, the thalamus, and the insula (Table 5). We then conducted
analyses B and C to determine whether there were brain areas that
showed greater activation for spatial compared to temporal order
retrieval and temporal order compared to spatial retrieval. In the
spatial N temporal order retrieval contrast, we found greater activation
in the parahippocampal cortex (Fig. 4b) but no hippocampal
activation (Table 5). We also found greater activation in the
spatial N temporal contrast in the posterior cingulate cortex, precuneus, and lingual gyrus (Table 5). Many of these areas have been
reported previously to be active during spatial tasks, and our ﬁndings

Cluster
size
64
69
69
133
133

Cluster
peak
3.96
3.78
3.78
3.72
3.72

Condition

Incorrect N Correct

Region
Motor

L
R
R
R
L

x
− 56
50
52
60
−8

R

50

Prefrontal
Cingulate
gyrus
Insula

(Precentral
gyrus)
(Middle FG)
(IFG)
(Anterior)

y
0
8
22
10
16

z
28
30
24
28
40

12

0

Z value
4.06
3.17
3.16
3.68
3.96

Cluster size
65
145
145
145
73

Cluster peak
4.06
3.68
3.68
3.68
3.96

3.72

102

3.72
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Fig. 4. Brain regions active during spatial and temporal retrieval: Responses during correct item recognition (IC). With three different analyses, we identiﬁed three primary brain
regions active during spatial and temporal retrieval blocks. (a) Comparing correct item recognition across spatial and temporal blocks revealed a cluster of signiﬁcant activation
within the hippocampus: we did not ﬁnd a signiﬁcant difference between spatial and temporal blocks in the hippocampus (Table 5). (b) Comparing spatial N temporal blocks during
correct item recognition revealed a signiﬁcant luster of activation in the parahippocampal cortex; a temporal N spatial comparison did not reveal signiﬁcant clusters within
parahippocampal cortex (Table 5). (c) Comparing temporal N spatial during correct item recognition revealed a signiﬁcant cluster of activation within the prefrontal cortex (BA 9) but
not for the spatial N temporal contrast (Table 5).

are consistent with those studies (Aguirre et al., 1996; Epstein and
Kanwisher, 1998; Maguire et al., 1998a; Burgess et al., 2001; Suzuki et al.,
2005; Wolbers and Buchel, 2005). We then compared temporal N spatial retrieval (Analysis C); the only signiﬁcant area of activation we
found in this analysis was a cluster within the prefrontal cortex (BA 9;
Fig. 4c). These data are consistent with previous reports demonstrating prefrontal cortex activation during retrieval of temporal order
information (Suzuki et al., 2002; Duarte et al., 2010).
Patterns of activity associated with correct spatial and temporal
order retrieval
Because subjects in our task attempted to retrieve information
about the spatial layout during the spatial blocks and the order of
stores during the temporal blocks independent of whether they
actually correctly retrieved the source, we initially did not distinguish

between trials IC trials (reported above) compared with correctly
retrieving item and source information (ICSC).
It could be the case, however, that activation patterns differed if
we considered only items for which subjects also correctly retrieved
either spatial or temporal order source correctly (ICSC spatial or ICSC
temporal). Thus, we performed three additional analyses: (A) spatial
+ temporal ICSC, (B) spatial N temporal ICSC, (C) temporal N spatial
ICSC, (D) spatial ICSC N item correct source incorrect (ICSI), (E)
temporal ICSC N ICSI.
We ﬁrst report on the results of spatial + temporal ICSC
(analysis A), which produced very similar ﬁndings to that of
spatial + temporal IC (see Table 6), including signiﬁcant hippocampal activation (see Supplementary Fig. 1). The results of comparing
spatial N temporal ICSC showed a potentially different pattern from
the analysis of hits alone and are shown in Fig. 5 and Table 6.
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Table 5
Clusters of activation for spatial + temporal IC, spatial N temporal IC, and temporal N spatial IC contrasts.
Condition

Spatial + temporal – item correct

Region

x

y

z

Z value

34
− 34
24
− 16

− 44
− 36
− 34
− 32

− 12
− 16
6
−4

4.13
3.36
4.71
5.36

MTL

(Parahippocampal
gyrus)
(Hippocampus)

Cingulate (Posterior)
Occipital
(Lingual gyrus)
Lobe
Precuneus
Frontal
(SFG)
(Medial FG)
(Middle FG)

Temporal

(IFG)
(STG)
(Middle TG)

Thalamus
Insula

Cluster
size
262
189
120
134

Spatial N temporal – item correct
Cluster
peak
4.66
4.43
4.71
3.26

R
L
R
L
R
L
R
L
R
L
R
L
L

14

− 76

8

5.46

11448

5.61

4
−2
44
− 30
− 48

18
24
26
12
48

50
46
28
62
0

4.63
5.34
5.23
4.62
3.9

2572
2572
418
2572
259

5.34
5.34
5.23
5.34
4.12

R
R
L
L

58
14
− 26
− 40

− 42
−6
− 30
14

− 12
0
2
4

4.35
3.27
3.65
2.93

93
60
58
152

4.35
3.27
3.65
4.27

Although we found comparable extra-hippocampal activation
patterns during spatial N temporal ICSC as we saw with spatial N temporal IC (e.g., parahippocampal cortex), we found greater
hippocampal activation during spatial N temporal ICSC but no
hippocampal activation during temporal N spatial ICSC. Thus, the
spatial N temporal contrast revealed a signiﬁcant cluster of activity
within the medial hippocampus (Fig. 5a). While this result might
seem to indicate greater hippocampal activation during spatial
compared to temporal retrieval, a note of caution is necessary. It is
possible that the hippocampus was still active during temporal
retrieval but not to the same extent as the hippocampus was active
during spatial retrieval.
Indeed, our ROI results from the spatial + temporal IC and ICSC
analysis (Fig. 4a, Supplementary Fig. 1) suggest slightly greater, yet
non-signiﬁcant activation, during spatial retrieval. This was conﬁrmed

y

z

Z value

26

− 36

− 12

20
− 12
−4
−4

− 54
− 58
− 32
− 48

14
8
42
68

x

Temporal N spatial – item correct

4.29

Cluster
size
102

Cluster
peak
4.29

2.9
3.78
2.91
3.23

173
60
59
56

4.62
3.78
3.68
3.23

x

y

z

Z
value

Cluster
size

Cluster
peak

36

21

25

3.2

46

3.7

with our ICSC analysis when we looked at the pattern of activation
within the hippocampus during spatial and temporal ICSC N ICSI (see
Table 7). Although the spatial ICSC N ICSI contrast did not reveal
signiﬁcant hippocampal activation, the temporal ICSC N ICSI contrast
revealed signiﬁcant anterior hippocampal activation. Thus, the
temporal ICSC N ICSI analysis revealed a cluster of activation within
the anterior hippocampus (Fig. 5b). These data thus support
hippocampal activity during temporal order retrieval, and together
with the results from the analysis of hits during spatial and temporal
retrieval and the spatial N temporal ICSC analysis, suggest hippocampal activity during both spatial and temporal source retrieval. We
follow up on these ﬁndings in the next set of analyses. We also note
that we again found prefrontal cortex activation during ICSC
temporal N spatial retrieval, although at a lower threshold than for
the IC temporal N spatial analysis (Table 6).

Table 6
Clusters of activation for spatial + temporal ICSC, spatial N temporal ICSC, and temporal N spatial ICSC contrasts.
Condition

Spatial + temporal – item correct
source correct

Region

x

MTL

Cingulate

(Parahippocampal
gyrus)
(Medial
hippocampus)
(Posterior
hippocampus)
(Posterior)
(Anterior)

Occipital
Lobe

(Lingual gyrus)
(Cuneus)

Precuneus
Frontal

(SFG)
(Medial FG)
(Middle FG)
(IFG)
(Precentral gyrus)

Motor
Thalamus
Insula
Lentiform nucleus

**p b .01 uncorrected.

R
L
R

Z value Cluster
size
30 − 44 − 12 3.93
18357
− 26 − 42 − 12 4.95
18357
38 − 20 − 18 2.98
18357
y

R
24 − 30
L
− 26 − 30
R
L
R
10
26
L − 310
28
R
L
R
12 − 96
R
L
R
28
64
L
0
18
R
L
R
46
26
R
L
− 42
8
L
− 12
−2
L
− 36
22
L
− 20 − 10

z

Spatial N temporal – item correct
source correct
Cluster x
y
peak
6.99
− 24 − 42
6.99
− 28 − 42
6.99
34 − 22

− 4 7.44
− 4 4.31

18357
18357

30 5.54
26 4.74

1732
1732

5.87
5.87

12 6.19

18357

6.99

14 3.07
48 5.87

26 5.31

230
1732

**Temporal N spatial – item
correct source correct

Z value Cluster Cluster x
size
peak
− 10 2.71
52
3.64
− 14 3.66
84
3.66
− 16 3.96
54
3.96

z

y

z

Z value Cluster Cluster
size
peak

6.99
6.99

4.02
5.87

1278

5.58

3815
104
3815
104

5.58
3.57
5.58
3.57

12 − 52
− 18 − 60

8 4.86
16 4.13

169
172

4.86
4.13

48

− 6 4.06

67

4.06

− 6 − 68

8 3.61

62

8 − 46
− 4 − 54

52 3.18
58 3.49

186
186

3.49
3.49

− 4 2.98
12 3.27

67
87

4.06
3.27

0

10
−8

54
54

62

26 18 28 3.27
30
2
−6
0

5.58
3.54
5.52
2.87

45

3.32
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Fig. 5. Further analysis of patterns of activation in the hippocampus: Hippocampus active during both spatial and temporal source retrieval (ICSC). (a) Comparing correct item and
correct source retrieval (ICSC) for spatial N temporal blocks revealed a cluster of activation in the right medial hippocampus. (b) Comparing correct item and correct source retrieval
with correct item and incorrect source retrieval (ICSC N ICSI) during temporal blocks only revealed a signiﬁcant cluster of activity in the left anterior hippocampus.

Thus, the ICSC results were largely convergent with our IC results,
with parahippocampal cortex showing greater activation during the
spatial N temporal contrast, prefrontal cortex showing greater activation during the temporal N spatial contrast, and hippocampus showing
activation during the spatial + temporal contrast. The notable exception was our ﬁnding of medial hippocampal activation during the
spatial N temporal ICSC contrast and anterior hippocampal activation
during the temporal ICSC N ICSI contrast. We return to these issues in
the discussion.
Patterns of activity associated with correct source retrieval during
spatial and temporal order retrieval alone (“baseline” comparison)
The purpose of this study was to try to understand, in more depth,
the brain regions involved in spatial and temporal order retrieval.
Because our results above showed (a) signiﬁcant hippocampal activity
during both spatial and temporal order retrieval during IC and ICSC
trials but (b) hippocampal activation during the ICSC spatial N temporal contrast and ICSC N ICSI contrast during temporal
blocks, we conducted a whole brain analysis in which we compared
ICSC in the spatial condition separately from ICSC in the temporal
condition. Although comparisons with baseline may contain other
potential activation patterns because details such as the images seen,
motor responses, and other aspects of the task are not directly

subtracted, we wished to contrast each condition directly with
baseline to gain a better understanding of whether hippocampal
activation was indeed present in both conditions during correct source
retrieval.
Our analyses showed that this was indeed the case. Both ICSC
spatial and temporal order blocks resulted in signiﬁcant hippocampal
activation (Supplementary Fig. 2). These data suggest that while the
levels of spatial and temporal order retrieval could vary slightly
during the different conditions, the results from our ﬁnal analysis
conﬁrm the presence of hippocampal activation during both spatial
and temporal source retrieval generally.
Effects of neural adaption on relevant brain regions
One issue that could be raised with our ﬁndings is that there could
be an effect of repeating stimuli on activation patterns observed in our
data. Because the city contained a limited number of stores during
encoding, these stores were repeated during item recognition
although each source question was unique (Fig. 1) and thus novel
every trial. It is possible though that repeating stores during item
recognition had some effect on our ﬁndings even though the areas we
looked at primarily (hippocampus, parahippocampal cortex, and
prefrontal cortex) are most often associated source memory and not
item memory. To address this issue in more depth, we performed a

Table 7
Clusters of activation for spatial ICSC N ISCI and temporal ICSC N ICSI.
Condition

Spatial – ICSC N ICSI

Region
MTL

x

Cingulate
Frontal

(Anterior hippocampus)
(Amygdala)
(Posterior)

(Middle)
(Inferior)
Lentiform nucleus

L
L
R
L
L
L
L

4
−4
− 44
− 48

y

− 38
− 34
48
42

z

34
22
0
6

Temporal – ICSC N ICSI
Z value

4.02
3.84
3.44
3.03

Cluster size

164
164
51
51

Cluster peak

4.02
4.02
3.44
3.44

x
− 22
− 20

y
−8
2

z
− 18
− 16

Z value
3.25
4.09

Cluster size
94
94

Cluster peak
4.09
4.09

− 26

− 10

− 10

3.61

94

4.09
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whole brain analysis comparing activation during the ﬁrst trial of
presentation of a store during item recognition compared to the
second trial when that store was presented during item recognition.
Consistent with their involvement in source memory rather than item
memory alone, as shown in Supplementary Table 2, we found no
signiﬁcant activations in hippocampus, parahippocampal cortex, or
prefrontal cortex as a result of adaptation.
Discussion
In this study, we followed up on an idea explored to some extent in
earlier studies (Burgess et al., 2001; Spiers et al., 2001; Fujii et al.,
2004; Hayes et al., 2004; Ekstrom and Bookheimer, 2007): determining whether largely overlapping or distinct networks of activity
underlie human spatial vs. temporal order processing of episodic
source information. We took a new approach to this issue not
explicitly controlled for in these previous studies: manipulating the
extent to which spatial layout and temporal order information were
associated with each other. In a behavioral study of working memory
exploring the extent to which spatial and temporal information might
facilitate each other, Parmentier et al. used a task in which subjects
learned groups of dots clustered either spatially or temporally. The
extent to which grouping were organized spatially or temporally (e.g.,
each dot revealed in time overlapping with its location spatially vs. no
overlap in spatial/temporal presentation) directly inﬂuenced the
extent to which the two types of encoding facilitated each other
during retrieval. In a situation in which two types of representations
are correlated, though, it might be expected that the two representations would share signiﬁcant overlap, thus providing signiﬁcant
facilitation for the other (see Uncapher et al., 2006). This though
would confound any efforts to determine the extent to which the two
representations might involve either overlapping or functionally
independent brain regions because when two variables signiﬁcantly
facilitate each other behaviorally, the two representations can be
used, to some extent, interchangeably (Parmentier et al., 2006).
Conducting two separate analyses (a conditional probability
analysis and “conjunctive” analysis), we found that, behaviorally,
spatial retrieval did not signiﬁcantly facilitate temporal order retrieval
and vice versa. These two analyses suggested that spatial and
temporal order retrieval were not correlated during our task and
thus likely involved independent representations, at least at the
behavioral level. We return to this issue in more depth during our
discussion of hippocampal task-related activations. Having established their behavioral independence, we then proceeded to investigate the extent to which the two variables recruited overlapping or
independent brain systems. We ﬁrst showed that when we collapsed
across spatial and temporal order retrieval and looked at correct
retrieval of source information compared with incorrect source
retrieval, two brain areas in particular activated: the hippocampus
and prefrontal cortex. Both of these brain regions have been
associated with retrieval of source information previously, and these
ﬁndings suggest that retrieval of source information generally in our
task activates similar brain areas as those reported previously
(Yonelinas et al., 2002; Davachi et al., 2003; Duarte et al., 2005;
Johnson, 2006; Staresina and Davachi, 2009).
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Fujii et al., 2004; Hayes et al., 2004) and other work has suggested the
importance of the parahippocampal cortex generally in the processing
of spatial context (Aguirre et al., 1996; Epstein and Kanwisher, 1998;
Maguire et al., 1998a; Burgess et al., 2002; Epstein et al., 2003;
Committeri et al., 2004; Janzen and van Turennout, 2004; but see also
Bar et al., 2008; Diana et al., 2008). When we looked at IC and ICSC trials
and compared temporal N spatial retrieval, we did not, however, ﬁnd
parahippocampal activation. These ﬁndings again argue for the
speciﬁcity of parahippocampal activity to the spatial condition, at least
in our task. If we had found parahippocampal activity during both
spatial and temporal retrieval and not during spatial retrieval
speciﬁcally, this would have argued for a general role of parahippocampal cortex in contextual representation. Spatial blocks though
speciﬁcally required subjects to retrieve information about the spatial
layout of stores while the temporal blocks required retrieval of the order
in which stores occurred during the environment. Our results, therefore,
are consistent with an interpretation that favors a speciﬁc role for the
parahippocampal cortex in spatial processing, particularly of spatial
layouts, rather than in general retrieval of contextual information.
Prefrontal cortex and temporal processing
When we contrasted temporal N spatial retrieval, we found
signiﬁcant areas of activation within the prefrontal cortex (Brodmann
area 9). Both analyses of IC and ICSC trials during temporal N spatial
retrieval revealed signiﬁcant areas of activation within this area of
prefrontal cortex. Previous studies have also associated the prefrontal
cortex with retrieval of temporal source information speciﬁcally
(Suzuki et al., 2002; Fujii et al., 2004; Duarte et al., 2010). These
studies have demonstrated signiﬁcant prefrontal activation during
both retrieval of between-list temporal context and within-list
temporal context and generally during retrieval of temporal order.
Given that we also observed prefrontal cortex activation during
temporal order retrieval, although we did not test between spatial
environments, our results, coupled with previous studies, suggest that
temporal order retrieval generally activates the prefrontal cortex.
One possible issue that could be raised regarding our temporal task
was how exactly subjects went about retrieving temporal information. Previous studies have suggested that some forms of long-term
autobiographical memory may depend on reconstruction of events
using schemas rather than temporal “tags” per se (Schank and
Abelson, 1977; Friedman, 2007). An example of this would be
remembering the order of events in one's life based on the fact that
some events necessarily follow others (i.e., high school graduation
precedes college). Computational modeling results suggest, though,
that retrieving novel episodic temporal order information is likely
accomplished using a temporal tag in item–context bindings.
Speciﬁcally, when retrieving the relative position of an item, modeling
temporal context as a “random” walk through context space during
encoding improves model ﬁts of serial order learning (Howard et al.,
2005; Polyn et al., 2009). While the details of temporal order encoding
and retrieval have yet to be worked out, because there were no
schemas or other sources of information subjects could use to retrieve
temporal order information in our task, our data would seem more
consistent with the idea that subjects likely use some form of episodic
temporal representation to help anchor when a delivery occurred.

Parahippocampal cortex and spatial processing
General hippocampal involvement during source retrieval
We next proceeded to analyze spatial and temporal order retrieval
separately. In two different analyses, in which we compared spatialN temporal IC and spatial N temporal ICSC, we found signiﬁcant
parahippocampal activation speciﬁc to spatial retrieval. These data
suggest the involvement of the parahippocampal cortex, in particular,
during source retrieval involving a spatial layout. Several previous
reports have also shown parahippocampal activation speciﬁcally during
spatial retrieval from recently acquired episodes (Burgess et al., 2001;

To understand hippocampal involvement during our task, we
performed several different analyses, all of which converged to point
out general hippocampal involvement during source retrieval. Our
ﬁrst analysis, which contrasted ICSC vs. ICSI across spatial and
temporal blocks, demonstrated hippocampal activity during correct
compared with incorrect source retrieval. We also found no difference
during correct item responses for spatial compared to temporal
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retrieval (and vice versa). These ﬁndings suggest that hippocampal
activity reﬂects the retrieval of source information, suggested as well
in previous studies (Yonelinas et al., 2002; Davachi et al., 2003;
Staresina and Davachi, 2009). Burgess et al. (2001), though, showed
hippocampal activity speciﬁc to spatial retrieval and several studies
have shown hippocampal activity during spatial navigation tasks
(Maguire et al., 1998b; Mellet et al., 2000; Hartley et al., 2003; Hayes
et al., 2004; Igloi et al., 2010). We found greater medial hippocampal
activity when subjects correctly retrieved spatial source information
(spatial N temporal ICSC contrast) although we also found a signiﬁcant
cluster of anterior hippocampal activation during correct temporal
source retrieval (temporal ICSC N ICSI); comparisons against baseline
revealed hippocampal activation during both spatial and temporal
retrieval. Our results, therefore, support the idea that the hippocampus was active during both spatial and temporal order retrieval, in
contrast to parahippocampal and prefrontal cortex (BA 9). Thus, to
our knowledge, our paper is the ﬁrst to contrast hippocampal activity
during spatial layout and temporal order retrieval when controlling
for the interdependence of spatial and temporal information. These
ﬁndings thus support the involvement of the hippocampus generally
in retrieval of source information rather than speciﬁcally in spatial or
temporal order retrieval per se.
Because spatial navigation has been associated previously in some
studies with hippocampal activity (Maguire et al., 1998b; Mellet et al.,
2000; Hartley et al., 2003; Hayes et al., 2004; Igloi et al., 2010), one
issue that could be raised with our ﬁndings of hippocampal activity
during source retrieval is that our comparison of spatial and temporal
order retrieval were nonetheless still in the context of spatial
navigation. Several points are worth noting in reference to this
concern. First, our task involved retrieval of either information about
the relative position of a store within the spatial layout (in spatial
blocks) or the relative order of a store within the temporal sequence of
deliveries (in temporal blocks). Because the deliveries occurred in a
speciﬁc order over time while the spatial layout remained the same
every trial, it seems most parsimonious to assume subjects remembered the order of deliveries as they might a serial ordered list
(Murdock, 1968, 1974) and the spatial layout as a coherent entity with
distinct spatial metrics (Gallistel, 1990). This idea was also consistent
with some subject reports, suggesting they actively repeated the order
of deliveries, as one might with a serial list (Murdock, 1974), but
attempted to form a map of spatial locations of stores in the
environment (O'Keefe and Nadel, 1978). The fast response times of
subjects (2 s) during retrieval would further be consistent with using a
rapid form of representation, such as is derived during serial learning
and spatial representation, instead of replaying each route individually, which might involve some cross talk between the two types of
retrieval. Furthermore, because we showed that the two processes
were statistically independent, it is difﬁcult to see how the layout may
have facilitated temporal order retrieval (or vice versa).
Nonetheless, we cannot rule out the possibility that temporal
order information in our task still contained some spatial “ﬂavor”
because it was formed in the context of spatial navigation, which
could be distinct from remembering a temporal sequence independent of navigation. We note however that previous studies have often
failed to ﬁnd hippocampal activation generally during navigation and
instead, the most frequently reported pattern of activation during
spatial navigation is parahippocampal activation (Aguirre et al., 1996;
Epstein and Kanwisher, 1998; Maguire et al., 1998a; Burgess et al.,
2002; Epstein et al., 2003; Janzen and van Turennout, 2004; Ekstrom
et al., 2009). We, however, found hippocampal activity during both
spatial and temporal order retrieval, consistent with previous fMRI
studies that have associated hippocampal activity with source
memory. Furthermore, other studies have also reported hippocampal
activation during non-spatial temporal sequence disambiguation
(Kumaran and Maguire, 2006) and lesions to the hippocampus in
the rodent impair acquisition of temporal sequence learning (Ergorul

and Eichenbaum, 2006). Thus, while we cannot rule out the possibility
of temporal context still having some “spatial” ﬂavor during our task,
our pattern of results, coupled with previous studies, argue for a
general involvement of the hippocampus in source retrieval rather
than a speciﬁc role in either spatial or temporal order retrieval.
Another possible concern that could be raised with our results
relates to the fact that although our paradigm allowed us to compare
the independent contributions of spatial layout and temporal order
information to episodic memory, our fMRI contrasts cannot rule out
the possibility that areas we identiﬁed as signiﬁcantly more involved
in spatial or temporal retrieval (e.g., parahippocampal and prefrontal
cortex) also played some role, albeit to a lesser extent, in the other
process. In an effort to equate our contrasts to the greatest extent
possible, our fMRI comparisons determined which regions showed
greater activity during spatial layout vs. temporal order retrieval. Thus,
while our study cannot rule out some involvement of parahippocampal and prefrontal cortex (BA 9) in spatial and temporal memory,
respectively, our ﬁndings argue that these areas play largely distinct
roles in spatial and temporal representation compared to a more
overlapping role in these processes played by the hippocampus.
In conclusion, our data suggest hippocampal involvement in both
spatial and temporal order processing, at least in the context of
navigation. Our data also suggest additional areas, such as parahippocampal and prefrontal cortex, play largely distinct roles in
spatial and temporal order processing, respectively. These ﬁndings
help establish the networks of brain areas involved in the processing
of spatial and temporal order components of episodic memory.
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