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Abstract

& The essential role of the medial temporal lobe (MTL) in
long-term memory for individual events is well established, yet
important questions remain regarding the mnemonic functions
of the component structures that constitute the region. Within
the hippocampus, recent functional neuroimaging findings
suggest that formation of new memories depends on the den-
tate gyrus and the CA3 field, whereas the contribution of the
subiculum may be limited to retrieval. During encoding, it has
been further hypothesized that structures within MTL cortex
contribute to encoding in a content-sensitive manner, where-
as hippocampal structures may contribute to encoding in a
more domain-general manner. In the current experiment, high-
resolution fMRI techniques were utilized to assess novelty and
subsequent memory effects in MTL subregions for two classes
of stimuli—faces and scenes. During scanning, participants per-
formed an incidental encoding (target detection) task with
novel and repeated faces and scenes. Subsequent recognition
memory was indexed for the novel stimuli encountered during
scanning. Analyses revealed voxels sensitive to both novel faces
and novel scenes in all MTL regions. However, similar percent-

ages of voxels were sensitive to novel faces and scenes in
perirhinal cortex, entorhinal cortex, and a combined region
comprising the dentate gyrus, CA2, and CA3, whereas para-
hippocampal cortex, CA1, and subiculum demonstrated greater
sensitivity to novel scene stimuli. Paralleling these findings, sub-
sequent memory effects in perirhinal cortex were observed for
both faces and scenes, with the magnitude of encoding activa-
tion being related to later memory strength, as indexed by a
graded response tracking recognition confidence, whereas sub-
sequent memory effects were scene-selective in parahippocam-
pal cortex. Within the hippocampus, encoding activation in the
subiculum correlated with subsequent memory for both stimu-
lus classes, with the magnitude of encoding activation varying in
a graded manner with later memory strength. Collectively, these
findings suggest a gradient of content sensitivity from posterior
(parahippocampal) to anterior (perirhinal) MTL cortex, with
MTL cortical regions differentially contributing to successful en-
coding based on event content. In contrast to recent sugges-
tions, the present data further indicate that the subiculum may
contribute to successful encoding irrespectiveof event content. &

INTRODUCTION

Memory is central to our cognitive lives, enabling us to
discriminate novel people, places, and things from stim-
uli that are familiar due to previous experience. The
medial temporal lobe (MTL) plays an essential role in
the acquisition and retrieval of episodic memories—
long-term memories for specific events (Preston &
Wagner, 2007; Squire, Stark, & Clark, 2004; Eichenbaum
& Cohen, 2001; Eichenbaum, 2000; Tulving, 1983; Cohen
& Squire, 1980). The ability to subsequently distinguish
novel and familiar stimuli is thought to partially depend
on novelty encoding processes in the MTL that support
successful memory formation (Tulving, Markowitch,
Craik, Habib, & Houle, 1996; Tulving & Kroll, 1995). For
example, neuropsychological data demonstrate that
MTL lesions impair novelty detection (Knight, 1996),
and numerous neuroimaging studies in humans indicate
that functional activation in MTL structures is greater

when encountering novel relative to repeated stimuli
(Henson, Cansino, Herron, Robb, & Rugg, 2003; Zeineh,
Engel, & Bookheimer, 2000; Stern et al., 1996), with the
magnitude of the MTL novelty response correlating with
subsequent memory outcome (Kirchhoff, Wagner, Maril,
& Stern, 2000; see also Dudukovic & Wagner, 2007).

The MTL circuit is composed of the hippocampal for-
mation (the dentate gyrus, CA fields, and subiculum) and
the surrounding entorhinal, perirhinal, and parahippo-
campal cortical areas. The anatomical organization of
the MTL suggests that its component regions mediate
the acquisition, retention, and retrieval of memory in
different ways. For example, perirhinal cortex and para-
hippocampal cortex receive inputs from unimodal and
polymodal association cortices in the lateral temporal,
frontal, and parietal lobes via distinct pathways (Suzuki
& Amaral, 1994; Tranel, Brady, Van Hoesen, & Damasio,
1988; Van Hoesen & Pandya, 1975; Van Hoesen, Pandya,
& Butters, 1975; Jones & Powell, 1970). In nonhuman
primates, the predominant inputs to perirhinal cortex are
from unimodal visual association areas in the adjacent1Stanford University, 2University of Texas at Austin
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inferior temporal cortex, a region important for visual
object processing, whereas parahippocampal cortex re-
ceives its predominant inputs from posterior visual asso-
ciation areas and posterior parietal cortex, whose
functions are more visuospatial in nature (Suzuki, 2009;
Suzuki & Amaral, 1994). Perirhinal and parahippocampal
cortex provide the major inputs to entorhinal cortex,
which, in turn, provides the major inputs to the hippo-
campus (Witter & Amaral, 1991; Suzuki & Amaral, 1990;
Witter, Van Hoesen, & Amaral, 1989; Amaral, Insausti, &
Cowan, 1987; Van Hoesen et al., 1975). Given this con-
vergence of inputs, the hippocampus is hypothesized
to bind the distinct elements of an event into an inte-
grated memory representation (Diana, Yonelinas, &
Ranganath, 2007; Eichenbaum, Yonelinas, & Ranganath,
2007; Mayes, Montaldi, & Migo, 2007; Davachi, 2006;
Manns & Eichenbaum, 2006; Davachi, Mitchell, & Wagner,
2003; O’Reilly & Rudy, 2001). Within the hippocampus,
inputs to the dentate gyrus arrive from entorhinal cor-
tex, with the dentate gyrus then projecting to the CA3
field (Lavenex & Amaral, 2000; Amaral & Insausti, 1990).
Projections from CA3 provide the primary input to CA1
(Duvernoy, 1998; Amaral & Insausti, 1990), which, in turn,
projects to the subiculum, the major output structure
of the hippocampus.

Guided by this neuroanatomical knowledge, a central
goal of current research is to understand how the
mnemonic functions of specific MTL subregions are
constrained by intrinsic organization and extrinsic con-
nectivity with neocortex. One possibility is that the
unidirectional nature of the connections in the hippo-
campal formation leads to functional differences in the
early and late components of the circuit based on mne-
monic stage. Indeed, recent fMRI evidence suggests that
hippocampal subfields early in the trisynaptic pathway—
namely, voxels encompassing the dentate gyrus, CA2,
and CA3—are differentially involved in the successful en-
coding of episodic memories (Eldridge, Engel, Zeineh,
Bookheimer, & Knowlton, 2005; Zeineh, Engel, Thompson,
& Bookheimer, 2003), whereas the late component of
the trisynaptic pathway—the subiculum—is engaged dur-
ing episodic retrieval but does not contribute to epi-
sodic encoding (Eldridge et al., 2005; Zeineh et al., 2003;
Gabrieli, Brewer, Desmond, & Glover, 1997). Other evi-
dence, however, suggests that the subiculum may be
sensitive to stimulus novelty (Bakker, Kirwan, Miller, &
Stark, 2008; Zeineh et al., 2000), raising the possibility
that the subiculum also contributes to or is modulated
by episodic encoding.1 Because it is unknown whether
such novelty responses in the subiculum correlate with
behavioral evidence of successful memory formation, at
present, the relation between subiculum activity and en-
coding is uncertain.

Another factor that is thought to differentiate MTL
subfield function is the nature of an event’s content. The
extrinsic connectivity between MTL cortical areas and
sensory neocortex suggests that MTL subregional con-

tributions to encoding are constrained by the neocortical
inputs to each region. In the case of MTL cortical areas,
the predominance of inputs from ventral visual cortical
areas to perirhinal cortex and dorsal visual cortical areas
to parahippocampal cortex suggests that these regions
may be differentially sensitive to the encoding of vi-
sual objects and visuospatial information, respectively
(Diana et al., 2007; Eichenbaum et al., 2007; Davachi,
2006; Manns & Eichenbaum, 2006). Consistent with this
hypothesis, MTL damage inclusive of human perirhinal
cortex results in recognition memory deficits for objects
(Buffalo, Reber, & Squire, 1998) and is also posited to
impair visual discrimination of complex objects and faces
(Barense, Gaffan, & Graham, 2007; Lee, Buckley, et al.,
2006; Barense et al., 2005; Lee, Buckley, et al., 2005; Lee,
Bussey, et al., 2005; cf. Shrager, Gold, Hopkins, & Squire,
2006; Levy, Shrager, & Squire, 2005), whereas damage to
human parahippocampal cortex results in impaired per-
formance on spatialmemory tasks (Epstein, DeYoe, Press,
Rosen, & Kanwisher, 2001; Bohbot et al., 1998).

Functional neuroimaging studies offer a mixed picture
regarding the nature of content sensitivity in human
MTL cortex. On the one hand, some studies have dem-
onstrated differential sensitivity to visual object and vi-
suospatial stimuli along the anterior–posterior axis of the
parahippocampal gyrus, with (a) perirhinal cortex dem-
onstrating greater activation when subjects view object
stimuli, such as novel objects (Pihlajamaki et al., 2003), en-
code associations between intraobject features (Staresina
& Davachi, 2006, 2008), and encode objects in context
(Awipi & Davachi, 2008; Lee, Scahill, & Graham, 2008;
Lee, Bandelow, Schwarzbauer, Henson, & Graham, 2006;
Pihlajamaki et al., 2004), and (b) parahippocampal cortex
demonstrating greater activation when subjects view
visuospatial stimuli, such as scenes, houses, spatial con-
figurations, and known landmarks (Awipi & Davachi,
2008; Sommer, Rose, Glascher, Wolbers, & Buchel,
2005; Pihlajamaki et al., 2004; Epstein, Harris, Stanley, &
Kanwisher, 1999; Epstein & Kanwisher, 1998; Maguire,
Frackowiak, & Frith, 1997). By contrast, a recent study
that directly compared activation during the encoding
stage of a short-delay recognition task revealed activation
in perirhinal cortex during the encoding of both objects
and locations, but activation in anterior parahippocampal
cortex selective to the encoding of locations (Buffalo,
Bellgowan, & Martin, 2006). Multivoxel pattern analysis
also suggests that perirhinal activation may not afford
discrimination between visual stimulus categories (e.g.,
objects vs. scenes), whereas parahippocampal activation
affords discrimination not only between objects and
scenes but also between different classes of visual objects
(e.g., faces vs. toys vs. abstract shapes) (Diana, Yonelinas,
& Ranganath, 2008). Thus, it remains unclear whether
human perirhinal cortex differentially responds to novel
visual objects or whether perirhinal function generalizes
across novel objects and novel visuospatial stimuli. More-
over, because prior studies have not examined whether
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content-sensitive MTL cortical activation relates to subse-
quent memory performance, it remains uncertain whether
such MTL cortical responses reflect processes that vary
withencoding success (Paller&Wagner, 2002;Brewer, Zhao,
Desmond, Glover, & Gabrieli, 1998; Wagner et al., 1998).

Relative to MTL cortex, the greater convergence of neo-
cortical inputs in the hippocampus suggests that hippo-
campal subfields may contribute to encoding regardless
of event content (Diana et al., 2007; Eichenbaum et al.,
2007; Davachi, 2006; Manns & Eichenbaum, 2006). Indeed,
neuropsychological studies of patients with MTL lesions
suggest a distinction between hippocampal and MTL
cortical structures based on event content. For example,
focal hippocampal damage can result in intact recognition
memory for single items and for associations between
items of the same domain (e.g., pairs of faces, pairs of
words), but marked impairment of memory for across-
domain associations (e.g., objects and their locations, faces
and spoken names) (Mayes et al., 2004). Neuroimaging
data also suggest that the hippocampus supports encod-
ing that generalizes across event content (Awipi&Davachi,
2008; Diana et al., 2008; Staresina & Davachi, 2008; Prince,
Daselaar, & Cabeza, 2005). For example, the viewing of
faces and hearing of names in isolation activates the hip-
pocampus, whereas face–name pairings may result in a re-
distributed pattern of hippocampal activation suggestive
of the integration of across-domain event elements (Small
et al., 2001).

Other evidence, however, suggests that the hippo-
campus may play a differential role in the processing and
encoding of visuospatial information (for a review, see
Bird & Burgess, 2008). For example, patients with focal
hippocampal lesions demonstrate impaired recognition
memory for spatial scenes but intact recognition for
faces, whereas patients with larger MTL lesions that also
encompassed perirhinal cortex demonstrate impaired
recognition for both scenes and faces (Taylor, Henson,
& Graham, 2007). Patients with selective hippocampal
lesions also demonstrate impaired recognition (Bird,
Vargha-Khadem, & Burgess, 2008; Bird, Shallice, &
Cipolotti, 2007; Cipolotti et al., 2006) and visual discrim-
ination of visuospatial information (Lee, Buckley, et al.,
2005; Lee, Bussey, et al., 2005), with preserved recogni-
tion and visual discrimination of novel faces. Moreover,
patients with Alzheimer’s disease, which is thought to
involve predominant hippocampal atrophy, demon-
strate impaired visual discrimination selective for visual
scenes, whereas patients with semantic dementia, which
is associated with predominant perirhinal damage, dem-
onstrate impaired visual discrimination selective for
faces (Lee, Levi, Davies, Hodges, & Graham, 2007; Lee,
Buckley, et al., 2006). These observations have led some
to posit that the human hippocampus differentially
mediates visuospatial encoding, rather than contributing
to encoding in a domain-general manner.

The present study sought to address outstanding
questions about MTL function, utilizing high-resolution

fMRI to examine the role of MTL subregions in mne-
monic encoding of visual object (face) and visuospatial
(scene) stimuli. High-resolution fMRI techniques pro-
vide superior localization of MTL structures, including
subfields of the hippocampus, enabling more precision
when characterizing the mnemonic function of specific
MTL subregions. Few studies have directly compared
content-sensitive encoding responses between MTL cor-
tical regions and the hippocampus, and none have ex-
amined whether content-sensitive encoding responses
exist in subfields of the human hippocampus. Within
anatomically defined MTL subregions, the present study
characterized (1) each region’s sensitivity to novel faces
and scenes, (2) how the response in each region is related
to subsequent recognition memory for each stimulus
class, and (3) how the magnitude of activation in each
region relates to later memory confidence. We were par-
ticularly interested in testing whether novelty responses
in the subiculum are associated with subsequent memory
performance, and whether novelty and subsequent mem-
ory effects in each MTL subregion are sensitive to event
content (faces and scenes).

METHODS

Participants

Twenty-six healthy, right-handed volunteers participated
after giving informed consent in accordance with a proto-
col approved by the Stanford Institutional Review Board.
Participants received $20/hr for their involvement. Data
from 20 participants were included in the analyses (age
18–22 years, mean = 19.9 ± 1.5 years; 11 women), with
data from the other six being excluded due to poor be-
havioral performance (4 participants), difficulty with stim-
ulus presentation (1 participant), and excessive motion
(1 participant).

Behavioral Procedures

During functional scanning, participants performed a
target detection task on pictures of scenes and faces
(Figure 1A). Stimuli were generated using Matlab (The
MathWorks, Natick, MA) on an iMac laptop computer
and back-projected via a magnet-compatible projector
onto a screen that could be viewed through a mirror
mounted above the participant’s head. Participants re-
sponded with a button pad held in their right hand.
Across 10 event-related functional runs, participants
viewed a total of 200 novel scenes and 200 novel faces,
2 repeated scenes and 2 repeated faces (each seen 25
times across the runs), and 1 target scene and 1 target
face (each seen 50 times across the runs). On each trial,
a stimulus would appear for 2 sec, and participants in-
dicated with a yes/no keypress whether the stimulus
was one of the two target stimuli. Participants viewed
both repeated and target stimuli 20 times each prior to
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scanning to ensure the familiarity of these items. A
baseline task was intermixed with the target detection
trials. During baseline trials, an arrow was presented for
2 sec; participants were instructed to indicate by key-
press whether the arrow pointed to the left or to the
right. The order of conditions was determined by a se-
quencing program that optimizes the efficiency of event-
related fMRI designs (Dale, 1999).

The experiment consisted of a study–test, study–test
design, such that after the first five study runs there was
a recognition memory test, and then the second five
study runs were followed by a second recognition mem-
ory test. During each test, memory for the novel stimuli
presented during the immediately preceding five study
runs was assessed via a recognition test (not scanned)
consisting of the 200 studied items (100 novel scenes,
100 novel faces) intermixed with 100 foils (50 unstudied
scenes, 50 unstudied faces). Participants viewed each
stimulus andmade recognition memory judgments along
a 5-point confidence scale: 1 = absolutely sure an item
was new, 2 = somewhat sure an item was new, 3 = very
unsure an item was old or new, 4 = somewhat sure an
item was old, and 5 = absolutely sure an item was old
(Figure 1B). Participants were instructed to minimize
‘‘3’’ responses and to use that category only when they
were very uncertain about the status of the test probe.
Each recognition memory test was self-paced and lasted
approximately 15 min. Items were counterbalanced
across conditions, functional runs, and participants.

Imaging Procedures

Imaging data were acquired on a 3.0-T Signa whole-body
MRI system (GE Medical Systems, Milwaukee, WI, USA)
with a custom-made transmit/receive head coil. Head

movement was minimized using a ‘‘bite bar’’ and addi-
tional foam padding. Prior to functional imaging, high-
resolution, T2-weighted, f low-compensated spin-echo
structural images [repetition time (TR) = 3000 msec;
echo time (TE) = 68 msec; 0.43! 0.43 mm in-plane reso-
lution] were acquired in twenty-two 3-mm-thick slices
perpendicular to the main axis of the hippocampus,
allowing for the segmentation of hippocampal subfields
(CA2/3/DG, CA1, and subiculum) and MTL cortices (peri-
rhinal, parahippocampal, and entorhinal cortices).

Functional images were acquired using a high-resolution
T2*-sensitive gradient-echo spiral in/out pulse sequence
(Glover & Law, 2001) with the same slice locations as
the structural images (TR = 4000 msec; TE = 34 msec;
flip angle = 908; FOV = 22 cm; 1.7 ! 1.7 ! 3.0 mm res-
olution). Prior to functional scanning, a high-order shim-
ming procedure, based on spiral acquisitions, was utilized
to reduce B0 heterogeneity (Kim, Adalsteinsson, Glover,
& Spielman, 2002). Critically, spiral in/out methods are
optimized to increase signal-to-noise ratio and BOLD
contrast-to-noise ratio in uniform brain regions while re-
ducing signal loss in regions compromisedby susceptibility-
induced field gradients (SFG) (Glover & Law, 2001),
including the anterior MTL. Compared to other imaging
techniques (Glover & Lai, 1998), spiral in/out methods
result in less signal dropout and greater task-related acti-
vation in the MTL (Preston, Thomason, Ochsner, Cooper,
& Glover, 2004), allowing targeting of structures that have
previously proven difficult to image due to SFG (e.g., peri-
rhinal cortex).

A total of 630 functional volumes were acquired for
each participant over 10 scanning runs. In order to ob-
tain a field map for correction of magnetic field hetero-
geneity, the first time frame of the functional time series
was collected with an echo time 2 msec longer than all

Figure 1. Materials and task design. (A) The scanned encoding task required participants to perform target detection on novel and repeated
face and scene stimuli. (B) During an unscanned recognition memory task, participants viewed the novel stimuli from the target detection
task as well as unstudied faces and scenes. Participants provided recognition responses based on a 5-point scale (1 = absolutely sure an item
was new, 2 = somewhat sure an item was new, 3 = very unsure an item was old or new, 4 = somewhat sure an item was old, and 5 =
absolutely sure an item was old).
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subsequent frames. For each slice, the map was calcu-
lated from the phase of the first two time frames and
applied as a first-order correction during reconstruction
of the functional images. In this way, blurring and geo-
metric distortion were minimized on a per-slice basis. In
addition, correction for off-resonance due to breathing
was applied on a per-time-frame basis using phase
navigation (Pfeuffer, Van de Moortele, Ugurbil, Hu, &
Glover, 2002). This initial volume was then discarded as
well as the following two volumes of each scan (a total
of 12 sec) to allow for T1 stabilization.

Imaging Analyses

Data were preprocessed using SPM2 (Wellcome Depart-
ment of Imaging Neuroscience, London, UK) and custom
Matlab routines. Functional images were corrected to
account for the differences in slice acquisition times by
interpolating the voxel time series using sinc interpola-
tion and resampling the time series using the center slice
as a reference point. Functional volumes were then re-
aligned to the first volume in the time series to correct
for motion. A mean T2*-weighted volume was computed
during realignment, and the T2-weighted anatomical
volume was coregistered to this mean functional vol-
ume. To preserve spatial resolution, data were not spa-
tially smoothed or normalized.

Voxel-based statistical analyses were conducted at the
individual participant level, treating each voxel accord-
ing to a general linear model and accounting for the
intrinsic autocorrelation in fMRI data. A statistical model
was constructed to assess the relationship between en-
coding activation and subsequent memory performance
for each class of stimuli. In this model, novel trials were
categorized based on responses on the subsequent rec-
ognition memory test. Separate regressors for each stim-
ulus class were constructed for items that were later
recognized with high confidence (5 responses) and low
confidence (4 responses), and for forgotten items (1 and
2 responses). Very unsure responses (3 responses) were
included as a regressor in the model when an individual
participant had more than 10 responses of this type.
Otherwise, these responses were modeled as a covariate
of no interest. Additional regressors for repeated and
target trials for each stimulus class were also included in
this model. In this model, each trial was treated as an
impulse, and those events were convolved with a canon-
ical hemodynamic response function. Linear contrasts
were performed to generate SPM(t) maps representing
differences in brain activation between conditions.

Group analyses were performed using region-of-interest
(ROI) analyses targeting MTL subregions. Anatomically
defined ROIs were demarcated on the high-resolution
structural images for hippocampal subfields (CA2/3/DG,
CA1, and subiculum) and MTL cortices (perirhinal, para-
hippocampal, and entorhinal cortices), using techniques
adapted for analysis and visualization of MTL subregions

(Zeineh et al., 2000, 2003; Pruessner et al., 2000, 2002;
Insausti et al., 1998; Amaral & Insausti, 1990). In addition,
because hippocampal subfields cannot be delineated in
the most anterior and posterior extents of the hippocam-
pus at the resolution employed, anterior hippocampal and
posterior hippocampal ROIs (inclusive all subfields) were
also demarcated (Zeineh et al., 2003); these regions cor-
respond approximately to MNI coordinates of y = 0 to
y = "6 for the anterior hippocampus and y = "33 to
y = "40 for the posterior hippocampus. For each ana-
tomical ROI, percent signal change was extracted sepa-
rately for each stimulus class for the following four
conditions: (1) high-confidencehits, (2) low-confidencehits,
(3) misses, and (4) repeated items. Percent signal change
was calculated using MarsBaR (Brett, Anton, Valabregue,
& Poline, 2002) as the peak amplitude of the observed
hemodynamic response averaged across all voxels in
each region, which, for all conditions, was the second
TR representing the period of time 4 to 8 sec poststimulus
onset. For each MTL region, data were submitted to a
mixed-effects ANOVA with hemisphere, stimulus class,
and condition as repeated factors and participants as a
random effect. Planned comparisons were subsequently
performed to assess pairwise differences between stimu-
lus class and memory condition effects.

Anatomically defined ROIs average activation across
all voxels within a region, whose response may be heter-
ogeneous in nature or nonresponsive to the task. To
extend the anatomically defined ROI analyses, additional
functionally defined ROIs focused on voxels that dem-
onstrated sensitivity to novel face and scene stimuli rel-
ative to baseline. A statistical model was calculated with
regressors for novel, repeated, and target trials for each
stimulus class. For individual participants, contrast im-
ages were defined for (1) novel faces relative to baseline
and (2) novel scenes relative to baseline. These contrasts
were then masked with the anatomically defined ROIs
for that participant. To ensure inclusion of all voxels
modulated by the encoding task, a liberal threshold of
p < .025 (uncorrected) was used to isolate active voxels
within each anatomical region.

For these content-sensitive voxels in each MTL region,
we assessed the functional overlap within an individual
participant to determine the percentage of voxels that
were sensitive to (1) novel face stimuli, (2) novel scene
stimuli, or (3) both novel face and scene stimuli. Differ-
ences in content sensitivity were compared across MTL
regions by repeated-measures ANOVAs. These three pop-
ulations of voxels were treated as distinct functional ROIs.
To assess subsequent memory effects in these novelty
sensitive voxels, similar procedures to those used in the
anatomically defined ROI analyses were employed for data
extraction and statistical analyses for these functionally
defined ROIs, wherein encoding activation was compared
across novel stimuli based on subsequent recognition.
Data are reported for ROIs with an average of four or
more activated voxels.
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RESULTS

Target Detection Performance

Percent correct performance on the target detection
task averaged 93.7 (SE = 1.5) for face and 94.2 (SE =
1.4) for scene stimuli (Figure 2A). A repeated-measures
ANOVA revealed a trend for an effect of trial type [novel,
repeated, target: F(2, 38) = 3.13, p= .055], but no effect
of stimulus class (face, scene: F < 1) nor an interaction
[F(2, 38) = 1.03, p > .35]. Pairwise comparisons re-
vealed superior performance on novel trials (97.2, SE =
0.5) relative to repeated [91.6, 3.0; t(19) = 2.08, p = .05]
and target trials [93.1, 1.1; t(19) = 3.79, p = .001]. Anal-
yses of reaction times on correct trials revealed an ef-
fect of stimulus class [F(1, 19) = 23.09, p< .001], but no

effect of trial type (F < 1). Reaction times for faces
(748 msec, SE = 19 msec) were faster than those for
scenes (791 msec, 20 msec). A Stimulus class ! Trial type
interaction [F(2, 38)= 5.51, p< .01] revealed that reaction
times decreased from target to novel face stimuli, but in-
creased from target to novel scene stimuli. Pairwise com-
parisons between trial types for both faces and scenes,
however, revealed no significant differences (ts < 1).

Recognition Memory Performance

Hit and false alarm rates on the subsequent recognition
memory test are depicted in Figure 2B. Corrected recog-
nition performance (hits " false alarms) was significantly

Figure 2. Behavioral performance. (A) Target detection accuracy during scanned encoding for novel (dark gray), repeated (light gray), and
target (white) stimuli. (B) Percentage of ‘‘old’’ responses on the recognition memory task collapsed across confidence for face and scene stimuli.
Hits (green) and false alarms (white) are plotted separately for each stimulus class. (C) Percentage of responses on the recognition memory task
for old and new items by level of confidence for face and scene stimuli. High-confidence ‘‘old’’ responses (dark green), low-confidence ‘‘old’’
responses (light green), ‘‘unsure’’ responses (yellow), low-confidence ‘‘new’’ responses (dark gray), and high-confidence ‘‘new’’ responses
(light gray) are plotted separately for each stimulus class.
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above chance for faces [t(19)= 9.59, p< .001] and scenes
[t(19) = 9.31, p < .001]; corrected recognition was
modestly but significantly greater for scenes than faces
[t(19)= 2.74, p< .05]. Additional analysis of performance
by response confidence revealed more high-confidence
‘‘old’’ responses for scene relative to face stimuli, as
evidenced by a significant interaction between stimulus
class and confidence level [F(4, 76) = 25.20, p < .001;
Figure 2C]. Moreover, the ability to confidently differen-
tiate between old and new stimuli was superior for scene
relative to face stimuli, as revealed by a three-way inter-
action of stimulus class, trial type (old vs. new), and recog-
nition response (high confidence–old, lowconfidence–old,
low confidence–new, high confidence–new) [F(4, 76) =
15.79, p < .001].

Anatomical ROI Analyses

For each anatomically defined MTL subregion (ROI), a
repeated-measures ANOVA was performed to assess the
effects of hemisphere, stimulus class (faces and scenes),
and condition (high confidence [HC] recognized, low
confidence [LC] recognized, forgotten [F], and repeated
items) on encoding activation (Table 1). Overall, hemi-
sphere did not interact with either stimulus class or con-
dition, except where noted below. As detailed in Table 1,
effects of stimulus class and condition were predomi-
nantly observed in MTL cortex.

The effect of stimulus class differed across MTL corti-
cal areas (Figure 3; Table 1). In particular, parahippo-
campal cortex was more active during the processing of

Table 1. Anatomically Defined ROIs

Stimulus Condition Stimulus ! Condition

Region F(1, 19) (p) F(3, 57) (p) F(3, 57) (p)

MTL Cortex

Perirhinal – 3.04 (.04) –

Parahippocampal 59.26 (<.001) – –

Entorhinal 5.14 (.04) 2.19 (.10) –

Hippocampus

CA2,3/Dentate gyrus 3.46 (.08) – 2.29 (.10)

CA1 – – –

Subiculum – – –

Anterior hippocampus 5.86 (.03) – –

Posterior hippocampus – – –

Values in bold indicate significance at p < .05; – indicates p > .10.

Figure 3. Encoding activation in anatomically defined MTL cortical regions based on subsequent memory. Percent signal change in perirhinal,
parahippocampal, and entorhinal cortices is plotted for stimuli recognized with high confidence (dark green), stimuli recognized with
low confidence (light green), forgotten (dark gray), and repeated (white) stimuli for faces and scenes.
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scenes relative to faces, whereas activation was greater
during face relative to scene processing in perirhinal
and entorhinal cortex, with this effect being significant in
the latter region. These across-region differences were
supported by Region ! Stimulus class interactions [para-
hippocampal vs. perirhinal: F(1, 19)= 29.09, p< .001; para-
hippocampal vs. entorhinal: F(1, 19) = 33.93, p < .001].

The effect of condition was modest in these anatomi-
cally based ROIs, reaching significance only in perirhinal
cortex (Figure 3; Table 1). Pairwise comparisons revealed
greater perirhinal activation for HC and LC recognized
stimuli relative to F stimuli [t(19) = 2.44, p < .05 and
t(19) = 2.33, p< .05, respectively] and to repeated stim-
uli [t(19) = 1.84, p = .08 and t(19) = 2.31, p < .05, re-
spectively]. Similarly, whereas entorhinal cortex did not
demonstrate an effect of condition or a Stimulus class !
Condition interaction, a separate ANOVA examining con-
dition during face encoding revealed greater activation
during LC recognized faces relative to F faces [t(19) =
2.81, p= .01] as well as HC and LC recognized relative to
repeated faces [t(19) = 2.12, p < .05 and t(19) = 4.12,
p = .001, respectively].

Within the hippocampus, the only ROI to demon-
strate a main effect across the factors of interest was the
anterior hippocampus (Table 1), with activation being
greater for face relative to scene stimuli. Within specific
hippocampal subfields, the subiculum demonstrated a
Hemisphere ! Condition interaction [F(1, 19) = 4.20,
p < .01]. In the left subiculum, activation was greater
during HC and LC recognized stimuli relative to repeated
stimuli [t(19) = 1.88, p = .08 and t(19) = 2.67, p < .05,
respectively], with a trend for greater activation during
LC recognized relative to F stimuli [t(19) = 1.78, p= .09].
By contrast, right subiculum activation did not differ be-
tween novel and repeated stimuli (ts < 1), although there
was a trend for greater activation during LC recognized
relative to F stimuli [t(19) = 2.02, p = .06].

Content-sensitive Voxels

The preceding anatomically based analyses are maximally
sensitive when all voxels within a region respond to task
conditions in a homogenous manner. However, this is
often not the case, as distinct populations of voxels with-
in a region may be unresponsive to task conditions or
different populations of voxels within a region may dem-
onstrate different patterns of sensitivity. Accordingly, we
explored the potential for heterogeneity of responses
within MTL subregions by identifying voxels demon-
strating sensitivity to novel stimuli of each class (regard-
less of memory outcome) relative to baseline ( p < .025;
see Methods). Given the modest effect of hemisphere
in our anatomical ROI analyses, we considered voxels
from each MTL subregion collapsed across hemisphere.
For content-sensitive voxels in each region, we then as-
sessed the functional overlap of effects to determine the
proportion of active voxels sensitive to face stimuli, scene

stimuli, or both face and scene stimuli (Figure 4A). As
with the anatomical ROI analyses, these functional pro-
cedures were performed on individual subject data and
then pooled for group-level analysis.

Analysis of stimulus class effects revealed predomi-
nant functional homogeneity in parahippocampal cortex
and functional heterogeneity in perirhinal cortex and
entorhinal cortex. Specifically, in parahippocampal cor-
tex, the percentage of active voxels selective for scene
stimuli (79.8%) was greater than that selective for face
stimuli [8.4%; t(19) = 16.90, p < .001], indicating a rel-
ative homogeneity of response (Figure 4B). A chi-square
test of content-sensitive voxel counts performed on
individual participants revealed that all 20 of our partic-
ipants demonstrated more scene-sensitive than face-
sensitive voxels in parahippocampal cortex (all x2 > 4.26,
p < .05). By contrast, the percentage of active voxels
demonstrating selectivity to face or to scene stimuli did
not significantly differ in perirhinal cortex [51.0% vs.
41.9%; t(19) = 1.09, p > .10] nor in entorhinal cortex
(47.0% vs. 45.9%; t< 1). In perirhinal cortex, a chi-square
test of novelty responsive voxels revealed that five par-
ticipants demonstrated more face-sensitive than scene-
sensitive voxels (all x2 > 4.55, p < .05), whereas five
participants demonstrated the opposite pattern of con-
tent sensitivity (all x2 > 6.90, p < .01); the remaining
10 participants demonstrated no significant difference (all
x2 < 4). Chi-square tests of content sensitivity in ento-
rhinal cortex revealed no significant effects in any of the
16 participants with a sufficient number of voxels to
permit analysis (all x2 < 3). The across-region differences
in content sensitivity between parahippocampal and
perirhinal cortex were supported by Region ! Stimulus
class interactions based on voxel percentages [F(2, 38) =
63.13, p < .001], as well as a Region ! Stimulus class
interaction based on individual chi-square tests of voxel
frequencies (all x2 > 4, p < .05).

Functional differences were also observed between hip-
pocampal ROIs (Figure 4C). Whereas the percentage of
active voxels selective for faces (48.5%) or for scenes
(43.4%) did not differ in CA2,3/DG (t< 1), the percentage
of scene- versus face-selective voxels was greater in CA1
[59.0% vs. 29.4%, respectively; t(19) = 2.89, p < .01] and
in the subiculum [56.1% vs. 27.7%; t(19) = 3.37, p< .005].
Region ! Stimulus class interactions confirmed that con-
tent sensitivity in CA2,3/DG differed from that in CA1 [F(2,
38) = 4.82, p < .05] and the subiculum [F(2, 38) = 8.57,
p = .001]. Individually based chi-square tests of content-
sensitive voxel frequencies revealed that seven partici-
pants demonstrated greater sensitivity to scene novelty
relative to face novelty in CA1 (all x

2 > 4, p < .05), with
the remaining participants demonstrating no difference
between stimulus class (all x2 < 3). A similar pattern was
observed in the subiculum, with eight participants dem-
onstrating greater sensitivity to scene novelty relative to
face novelty (all x2 > 4, p < .05). Although six partici-
pants demonstrated content preferences in CA2,3/DG, two
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demonstrated a greater number of novelty-sensitive voxels
for faces relative to scenes (all x2 > 5.4, p < .05) and four
demonstrated a preference for scenes (allx2> 4.5, p< .05).

Subsequent Memory Effects in Content-sensitive
Voxels: Perirhinal Cortex

To assess whether encoding activation varied as a func-
tion of later memory performance in content-sensitive

voxels, a repeated-measures ANOVA was performed with
subsequent memory condition (HC recognized, LC rec-
ognized, and F) and stimulus class (face and scene) as
factors. Separate ANOVAs were performed on the face-
and scene-sensitive voxels in each ROI.

In perirhinal cortex, voxels sensitive to faces dem-
onstrated an effect of memory condition that did not
interact with stimulus class (Figure 5A; Table 2). These
face-sensitive voxels demonstrated graded activation

Figure 4. (A) MTL novelty responses sensitive to stimulus content displayed for five individual participants. Voxels sensitive to face (red),
scene (yellow), and both face and scene (orange) novelty are displayed along the anterior–posterior axis of the MTL. The region of the
parahippocampal gyrus depicted in the two most anterior slices corresponds to perirhinal cortex, whereas the region of the parahippocampal
gyrus depicted in the two most posterior slices corresponds to parahippocampal cortex. (B) Pattern of content sensitivity in anatomically defined
MTL cortical regions. For voxels demonstrating sensitivity to novel stimuli relative to baseline, the percentage of novelty-sensitive voxels response
to faces (red), scenes (yellow), and both classes of stimuli (orange) are plotted for perirhinal, parahippocampal, and entorhinal cortices, and
similarly in (C) for the hippocampal subfields (CA2,3/DG, CA1, and subiculum). The mean number of content-sensitive voxels within a region
is represented in the upper right-hand corner of the graph for each ROI.
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according to subsequent memory for novel stimuli [HC
recognized, LC recognized, and F; linear trend: F(1,
19) = 6.43, p = .02]. Pairwise comparisons revealed
greater activation during HC recognized relative to F

stimuli [t(19) = 2.54, p < .05] as well as LC recognized
relative to F stimuli [t(19) = 2.84, p = .01]. When en-
coding effects were considered separately for each stim-
ulus class, perirhinal face-sensitive voxels demonstrated

Figure 5. Encoding activation in content-sensitive (A) face and (B) scene voxels based on subsequent memory. Percent signal change in
perirhinal and parahippocampal cortices as well as the subiculum is plotted for stimuli recognized with high confidence (dark green), stimuli
recognized with low confidence (light green), forgotten (dark gray), and repeated (white) stimuli for faces and scenes. Asterisks indicated a
significant linear trend across subsequent memory performance for novel stimuli. (C) Peristimulus time courses averaged across face- and
scene-sensitive voxels in functionally defined ROIs for face and scene stimuli recognized with high confidence (dark green), stimuli recognized
with low confidence (light green), forgotten (black), and repeated (gray).
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a graded subsequent memory effect for faces, as evi-
denced by a significant linear trend across the HC rec-
ognized, LC recognized, and F conditions [F(1, 19) =
13.70, p < .005]. Pairwise comparisons revealed greater
activation during the encoding of HC recognized faces
relative to LC recognized [t(19) = 2.11, p < .05] and
F faces [t(19) = 3.70, p < .01], and a trend for greater
activation during LC recognized relative to F faces
[t(19) = 1.90, p = .07]. In contrast, perirhinal face-
sensitive voxels did not demonstrate an effect of mem-
ory for scenes when indexed by either linear contrasts or
pairwise comparisons ( ps > .10).

Perirhinal scene-sensitive voxels demonstrated an ef-
fect of memory condition across stimulus class (Fig-
ure 5B; Table 3). In these perirhinal voxels, a significant
linear trend was observed for novel stimuli based on
subsequent memory [F(1, 19) = 12.52, p< .01]. Pairwise
comparisons revealed greater activation during HC and
LC recognized relative to F stimuli [t(19) = 3.54, p < .01
and t(19) = 2.61, p< .05, respectively]. When considered
separately for each stimulus class, encoding activation
demonstrated a significant linear trend for novel scenes
based on subsequent memory [F(1, 19) = 5.94, p< .05].
However, paired comparisons revealed that although

Table 2. Functionally Defined Face-sensitive Voxels

Stimulus Memory Condition Stimulus ! Memory Condition

Region (n) F (p) F (p) F (p)

MTL Cortex

Perirhinal (20) 52.29 (<.001) 5.14 (.02) –

Parahippocampal (20) 3.55 (.08) – –

Entorhinal (20) 35.29 (<.001) – –

Hippocampus

CA2,3/Dentate gyrus (20) 56.57 (<.001) – –

CA1 (18) 32.95 (<.001) 2.96 (.07) –

Subiculum (19) 16.44 (.001) 4.75 (.02) –

Anterior hippocampus (18) 25.16 (<.001) – –

Posterior hippocampus (19) 33.45 (<.001) – –

Values in bold indicate significance at p < .05; – indicates p > .10; n = number of participants included in the analyses.

Table 3. Functionally Defined Scene-sensitive Voxels

Stimulus Memory Condition Stimulus ! Memory Condition

Region (n) F (p) F (p) F (p)

MTL Cortex

Perirhinal (20) 71.25 (<.001) 7.60 (.002) –

Parahippocampal (20) 271.09 (<.001) 3.19 (.05) 3.95 (.04)

Entorhinal (20) 69.49 (<.001) – –

Hippocampus

CA2,3/Dentate gyrus (19) 28.16 (<.001) – –

CA1 (18) 107.21 (<.001) – –

Subiculum (20) 47.03 (<.001) 10.72 (<.001) –

Anterior hippocampus (17) 17.15 (.001) – –

Posterior hippocampus (19) 50.75 (<.001) – –

Values in bold indicate significance at p < .05; – indicates p > .10; n = number of participants included in the analyses.
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activation was greater during the processing of HC and
LC recognized scenes relative to F scenes [t(19) = 2.44,
p < .05, and t(19) = 2.23, p < .05, respectively], activa-
tion did not differ between the HC and LC conditions
(t < 1). Moreover, a subsequent memory effect for the
nonpreferred face stimuli was observed in scene-sensitive
voxels [linear trend: F(1, 19) = 8.27, p= .01], with paired
comparisons revealing greater activation for HC recog-
nized than for F faces [t(19) = 2.88, p = .01].

Finally, perirhinal voxels that were sensitive to both
novel faces and novel scenes demonstrated an effect of
memory condition [F(2, 26) = 5.90, p< .01] that did not
differ based on stimulus class [F(2, 26) = 2.69, p = .09].
Specifically, subsequent memory effects were observed
in these perirhinal voxels for faces [linear trend: F(1,
13) = 10.22, p < .01] and scenes [linear trend: F(1,
13) = 7.15, p< .05]. HC and LC recognized faces elicited
greater activation than F faces [t(13) = 3.20, p < .005,
and t(13)= 2.29, p< .05]. Similarly, HC recognized scenes
elicited greater activation than F scenes [t(13) = 2.67,
p < .005]. However, activation did not differ between
stimuli recognized with HC and LC for either faces or
scenes ( ps > .40).

Subsequent Memory Effects in Content-sensitive
Voxels: Parahippocampal Cortex

In contrast to perirhinal cortex, activation in parahippo-
campal face-sensitive voxels did not differentiate based
on subsequent memory (Figure 5A; Table 2). This dif-
ference between parahippocampal and perirhinal cortex
was supported by a two-way interaction between region
(parahippocampal vs. perirhinal) and stimulus class [F(1,
19) = 47.81, p < .001], and by a two-way interaction
between region and memory condition [F(2, 38) = 3.65,
p < .05].

Parahippocampal scene-sensitive voxels showed an
effect of memory and a Memory ! Stimulus class inter-
action (Figure 5B; Table 3). Specifically, parahippocam-
pal scene-sensitive voxels demonstrated a subsequent
memory effect for scenes, as evidenced by a significant
linear trend across HC recognized, LC recognized, and F
scenes [F(1, 19) = 10.16, p < .01]. Pairwise comparisons
revealed greater activation during HC recognized rela-
tive to LC recognized [t(19) = 2.07, p< .05] and F scenes
[t(19) = 3.19, p< .01]. By contrast, although these voxels
demonstrated greater activation during LC recognized
than during F faces [t(19) = 2.96, p < .01], there were
no other significant differences across face stimuli as in-
dexed by either a linear contrast or pairwise comparisons
( ps > .15). Parahippocampal and perirhinal differences
were again supported by Region ! Memory condition
[F(3, 57) = 4.78, p< .05] and Region ! Stimulus class !
Memory condition [F(2, 36) = 3.28, p< .05] interactions.

Parahippocampal voxels sensitive to both novel faces
and novel scenes demonstrated an effect of stimulus
[scene > face: F(1, 18) = 24.23, p < .001]. However,

these parahippocampal voxels did not show a significant
effect of memory condition [F(2, 36) = 2.80, p= .08], or
a linear trend across the subsequent memory conditions
[F(1, 18) = 2.51, p = .13].

Subsequent Memory Effects in Content-sensitive
Voxels: Hippocampal Subfields

Memory effects were further interrogated within content-
sensitive voxels in the subfields of the hippocampus,
where subsequent memory effects were primarily ob-
served in the subiculum (Tables 2 and 3). Specifically,
face-sensitive subiculum voxels demonstrated an effect
of memory condition that did not interact with stimulus
class (Figure 5A; Table 2). These face-sensitive voxels
demonstrated graded activation according to subse-
quent memory for novel stimuli [HC recognized, LC rec-
ognized, and F; linear trend: F(1, 18) = 6.71, p < .02],
with pairwise comparisons revealing greater activation
during HC recognized relative to F stimuli [t(18) = 2.59,
p < .05] and a trend for greater activation relative to
LC recognized stimuli [t(18) = 1.95, p = .07]. When
examining encoding activation separately for each stim-
ulus class, a significant linear trend was observed for
novel faces based on subsequent memory [F(1, 18) =
8.77, p < .01], where activation was greater during HC
recognized faces relative to F faces [t(19) = 2.96, p <
.01]; activation for LC recognized faces was intermedi-
ate to that for HC recognized and F faces [t(19) = 1.83,
p = .08 and t(19) = 1.79, p = .09, respectively]. Graded
subsequent memory effects were not observed when
separately considering scene stimuli ( ps > .15).

Scene-sensitive subiculum voxels also demonstrated
an effect of memory condition across stimulus class
(Figure 5B; Table 3). In these voxels, a significant linear
trend was observed for novel stimuli based on subse-
quent memory [F(1, 19) = 18.71, p < .001], with HC
recognized stimuli eliciting greater activation than LC
recognized [t(19) = 2.49, p< .05] and F stimuli [t(19) =
4.33, p < .001]. LC recognized stimuli further differed
from F stimuli [t(19) = 2.29, p < .05] This graded
subsequent memory response was observed for both
novel faces [F(1, 18) = 9.26, p < .01] and scenes [F(1,
18) = 6.41, p < .05], where encoding activation
was greater for HC recognized faces relative to F faces
[t(18) = 3.04, p < .01] and for HC recognized scenes
relative to F scenes [t(18) = 2.53, p < .05]. Encoding
responses for LC recognized items were intermediate to
and did not differ from HC recognized or F items for
either face or scene stimuli (ts < 1.9).

DISCUSSION

The present high-resolution fMRI study of content-
sensitive encoding responses in MTL cortical regions
and hippocampal subfields revealed two main findings.
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First, we observed a dissociation along the anterior–
posterior axis of the parahippocampal gyrus, with the
magnitude of encoding activation in perirhinal cortex
being related to later memory for both faces and scenes,
whereas subsequent memory effects in parahippocam-
pal cortex were scene selective. This observation builds
on prior reports of differential MTL cortical sensitivity to
event content by linking these differential responses to
encoding success (as indexed by subsequent memory).
Second, the present data extend views of hippocampal
encoding mechanisms, providing evidence that encod-
ing responses in the human subiculum correlate with
later successful recognition. Moreover, in contrast to para-
hippocampal cortex, encoding activation in the subiculum
predicted subsequent memory strength for both face and
scene stimuli.

Content-sensitive Encoding in MTL Cortex

Prior studies that directly compared the processing of
visual object and visuospatial information in perirhinal
cortex alternately observed specificity for visual object
information (Awipi & Davachi, 2008; Lee et al., 2008;
Pihlajamaki et al., 2004) or content-general patterns of
responding (Buffalo et al., 2006). Consistent with the
latter pattern, our data revealed activation in perirhinal
cortex that generalized across visual object and visuo-
spatial information, and extended these prior studies by
demonstrating that the magnitude of this perirhinal re-
sponse is related to mnemonic encoding (as indexed by
later recognition confidence). The content-general na-
ture of perirhinal responding was supported by three ob-
servations. First, across the entire anatomically defined
perirhinal region, subsequent memory effects were ob-
served that did not differentiate between stimulus classes.
Second, the percentage of perirhinal voxels sensitive to
novel faces and the percentage sensitive to novel scenes
did not significantly differ. Third, subsequent memory ef-
fects were observed for the preferred stimulus class in
face- and scene-sensitive voxels, again demonstrating that
encoding activation in perirhinal cortex was related to
memory outcome for both types of stimuli. Moreover,
whereas encoding activation in face-sensitive perirhinal
voxels was not predictive of memory for the nonpreferred
scene stimuli, activation in scene-sensitive voxels demon-
strated a subsequent memory response for the nonpre-
ferred face stimuli, suggesting that themnemonic function
of these scene-sensitive voxels generalizes to support en-
coding of other stimulus domains such as faces.

The present perirhinal face encoding response is con-
sistent with neuropsychological data demonstrating
that MTL damage inclusive of human perirhinal cortex
results in recognition memory impairments for objects
(Buffalo et al., 1998) and impaired visual discrimination
of complex objects and faces (Barense et al., 2005, 2007;
Lee, Buckley, et al., 2005, 2006; Lee, Bussey, et al., 2005;
cf. Shrager et al., 2006; Levy et al., 2005). By contrast, the

present perirhinal subsequent memory effects for visual
scenes diverge from studies of semantic dementia pa-
tients with damage inclusive of perirhinal cortex (but
largely sparing parahippocampal cortex) that have not
revealed corresponding deficits in visual discrimination
for spatial information (Lee et al., 2007; Lee, Buckley,
et al., 2006). One possible account of this discrepancy is
that the perirhinal encoding response to visuospatial
information reflects the input from parahippocampal
cortex to perirhinal cortex (Suzuki, 2009; Suzuki &
Amaral, 1994). Another possibility is that complex scene
stimuli—such as those used here and in prior studies of
visuospatial memory and perception (Kirchhoff et al.,
2000; Epstein et al., 1999; Epstein & Kanwisher, 1998;
Maguire et al., 1997)—entail images of objects in space.
Accordingly, perirhinal activation could reflect encoding
of the visual objects in scenes, rather than of visuospatial
information per se. Future studies that directly explore
functional interactions between perirhinal and parahip-
pocampal cortex and that manipulate the nature of the
visuospatial information to be encoded are required to
adjudicate between these accounts.

In contrast to perirhinal cortex, our data support a
specific role for the parahippocampal cortex in the suc-
cessful encoding of visuospatial information. Indeed, the
anatomically defined parahippocampal region demon-
strated greater activation to scene relative to face stimuli,
and the vast majority of parahippocampal voxels sensitive
to novel stimuli were specifically sensitive to novel scenes.
Moreover, subsequent memory effects were only ob-
served in parahippocampal scene-sensitive voxels for
the preferred stimulus class, where encoding activation
in these voxels was greatest for scenes later recognized
with high confidence relative to scenes recognized with
low confidence and forgotten scenes. Collectively, the
pattern of response in parahippocampal cortex con-
verges with previous neuropsychological (Epstein et al.,
2001; Bohbot et al., 1998) and neuroimaging studies
(Awipi & Davachi, 2008; Sommer et al., 2005; Pihlajamaki
et al., 2004; Epstein et al., 1999; Epstein & Kanwisher,
1998; Maguire et al., 1997) that suggest a specialized role
for parahippocampal cortex in the encoding of visuo-
spatial information.

Application of fMRI multivoxel pattern analysis, how-
ever, has recently raised questions about the selectivity
of human parahippocampal cortical function (Diana
et al., 2008). In particular, Diana et al. (2008) demon-
strated that parahippocampal activation not only affords
classification of whether subjects are viewing objects or
scenes but also carries sufficient information to discrimi-
nate between different classes of visual objects (e.g., faces
vs. toys vs. abstract shapes), suggesting that nonspatial
information is processed within the parahippocampal
region. Moreover, Bar, Aminoff, and Ishai (2008), Bar,
Aminoff, and Schacter (2008), Aminoff, Gronau, and Bar
(2007), Bar (2004), and Bar and Aminoff (2003) have
hypothesized that parahippocampal cortex is generally
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involved in processing both spatial and nonspatial con-
textual information. Consistent with these findings, the
current study revealed a minority of voxels in parahippo-
campal cortex that were sensitive to novel faces. However,
encoding activation in these face-sensitive parahippo-
campal voxels did not predict later memory for faces,
suggesting that parahippocampal processing is not reliably
related to face mnemonic encoding.2 As such, the present
data suggest that the core MTL cortical representation
critical to successful encoding of faces may be based on
mnemonic processing in perirhinal cortex.

Content-sensitive Encoding in
Hippocampal Subfields

Our results indicate a domain-general role for the hippo-
campus in the successful formation of new memories,
extending current evidence on hippocampal function by
demonstrating that subiculum activation relates to suc-
cessful event encoding. Interestingly, although the pro-
portion of voxels in the subiculum sensitive to novel
scenes was greater than that sensitive to novel faces,
subsequent memory effects were observed in both the
face- and scene-sensitive voxels. Moreover, subsequent
memory effects were observed for both the preferred
and nonpreferred stimuli in the scene-sensitive subicu-
lum voxels.

The observation of significant subsequent memory
effects in the human subiculum diverge from two prior
high-resolution fMRI studies that demonstrated a disso-
ciation between hippocampal subregions based on the
stage of episodic memory processing (Eldridge et al.,
2005; Zeineh et al., 2003). Specifically, in a blocked-
design study, Zeineh et al. (2003) revealed that encoding
activation in a region encompassing CA2/3/DG correlat-
ed with associative learning, whereas activation in the
subiculum predominantly related to episodic retrieval.
Complementing these findings, Eldridge et al. (2005)
assessed subsequent memory and retrieval effects in
hippocampal subfields using a paired associate task,
where later recognition of one member of a study pair
was probed using the remember–know (R/K) paradigm.
Eldridge et al. observed greater encoding activation in
CA2/3/DG associated with subsequent R and K hits rel-
ative to later forgotten items, whereas retrieval activity in
the subiculum was greater during R hits relative to K hits,
misses, and correct rejections. Interestingly, Eldridge
et al. also observed that encoding activity in the left
subiculum was greater for subsequent K hits relative to
both subsequent R hits and forgotten items (R hits and
forgotten items did not differ). Interpretation of this
encoding pattern is complex, however, as one would
expect that a region involved in successful memory for-
mation would demonstrate similar encoding responses
for subsequent R and K hits or greater activation for
R hits than K hits, rather than the reverse. By contrast,
the current study replicated prior observations of novelty-

related responses in the subiculum (Bakker et al., 2008;
Zeineh et al., 2000), and extended these findings by
demonstrating that encoding activation in the subiculum
was graded based on later recognition memory strength.
Accordingly, the present data challenge the notion that
subiculum encoding activation is unrelated to successful
memory formation.

It is worth noting that although we observed voxels
in every hippocampal region that was sensitive to novel
stimuli, activation in CA1 and in CA2/3/DG was not asso-
ciated with later memory performance. This finding dif-
fers from the encoding responses observed in CA2/3/DG
when using associative memory paradigms (Eldridge
et al., 2005; Zeineh et al., 2003), raising the possibility
that variance in CA field activation during encoding is
not as strongly related to later item recognition memory
as it is to later performance on memory tasks that test
memory for the conjunction or relation between multi-
ple event elements. Alternatively, the present absence of
clear subsequent memory effects in CA1 and in CA2/3/DG
may reflect a null result that should be interpreted with
caution. Indeed, given the trisynaptic circuit, it is unclear
how the subiculum could mediate subsequent memory
in the absence of associated processes within CA1 and
in CA2/3/DG based on its hypothesized role in the ampli-
fication of CA field responses (O’Mara, 2006). On the
other hand, it has also been suggested that, through
direct projections from MTL cortical regions (including
perirhinal cortex), the subiculum may be important for
object–space associative memory that combines input
from MTL cortical regions with input from the CA fields
(O’Mara, 2006). Accordingly, although our findings argue
against a restricted role of the subiculum to retrieval,
future studies are required to more fully understand how
the subiculum interacts with earlier components of the
hippocampal circuit to support episodic encoding.

The current findings support theories that suggest that
the hippocampus contributes to mnemonic encoding re-
gardless of event content (Diana et al., 2007; Eichenbaum
et al., 2007; Davachi, 2006; Manns & Eichenbaum, 2006).
Consistent with our findings, recent neuroimaging work
has demonstrated sensitivity to novel faces and scenes
within the hippocampus (Lee et al., 2008), and additional
studies have demonstrated content-general encoding re-
sponses in the anterior hippocampus (Awipi & Davachi,
2008) that are related to the amount and not to the type
of information successfully encoded (Staresina & Davachi,
2008). Our data extend these findings by demonstrating
that encoding responses in the subiculum are directly
related to later recognition confidence across stimulus
classes. Moreover, our findings bear on current arguments
about whether the hippocampus subserves domain-
general or domain-sensitive encoding. Specifically, where-
as some neuropsychological findings suggest that damage
limited to the hippocampus selectively impairs recogni-
tionmemory for visuospatial information (Bird et al., 2007,
2008; Lee et al., 2007; Taylor et al., 2007; Cipolotti et al.,
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2006; Lee, Buckley, et al., 2005, 2006; Lee, Bussey, et al.,
2005), other findings reveal that recognition impairments
for visual words, objects, and faces can result from selective
hippocampal damage (Bayley, Wixted, Hopkins, & Squire,
2008; Gold, Hopkins, & Squire, 2006; Manns, Hopkins,
Reed, Kitchener,& Squire, 2003; Stark& Squire, 2003). The
present subsequent memory effects for both preferred
and nonpreferred stimuli in content-sensitive subiculum
voxels are compatible with the domain-general view of
mnemonic processing in the human hippocampus.

MTL Encoding Activation and
Later Memory Strength

The present data may also bear on recent efforts to
understand the relation between MTL activation at en-
coding and gradations in later memory performance,
such as gradations in subsequent memory confidence
(Shrager, Kirwan, & Squire, 2008; Ranganath et al., 2003).
In particular, a recent study demonstrated encoding
activation in left perirhinal cortex and bilateral hippo-
campus that positively correlated with three levels of
subsequent recognition confidence for hits, suggesting
that the magnitude of perirhinal and hippocampal acti-
vation during learning is correlated with the strength of
the memory formed (Shrager et al., 2008). However, in
the Shrager et al. (2008) study, when perirhinal and hip-
pocampal activation was considered across five levels
of confidence that also included the low- and high-
confidence forgotten items, a U-shaped function was
observed such that activation for subsequently recog-
nized items did not differ from that for forgotten items.
This U-shaped pattern may call into question the rela-
tionship between encoding activation in these regions
and later memory strength. By contrast, the present data
demonstrated clear graded subsequent memory effects
in perirhinal cortex and in the subiculum that differ
based on later recognition confidence, as activation was
greatest for items later recognized with high confidence,
intermediate for items later recognized with low confi-
dence, and lowest for items later forgotten. This graded
subsequent memory effect in perirhinal cortex is consis-
tent with Ranganath et al. (2003), who demonstrated en-
coding activation in perirhinal cortex that varied in a
continuous manner across recognition confidence, and
extends this pattern to the subiculum. However, because
the present subsequent memory test did not differen-
tiate conjunctive memory strength from item memory
strength,3 future studies are needed to determine wheth-
er this qualitatively similar pattern in perirhinal cortex
and the subiculum reflect qualitatively similar or distinct
mnemonic functions.

Conclusions

The present study documents a gradient of content sen-
sitivity from posterior (parahippocampal) to anterior

(perirhinal) MTL cortex, with MTL cortical regions differ-
entially contributing to successful mnemonic encoding
based on event content. In contrast to recent suggestions,
the present data further indicate that the subiculum may
contribute to successful encoding irrespective of event
content. The current findings highlight the need for
consideration of event content when evaluating encoding
processes in MTL regions and support theories that sug-
gest that, in contrast to the hippocampus, the nature of an
event’s content is an important organizing principle with-
in MTL cortical regions (Diana et al., 2007; Eichenbaum
et al., 2007; Davachi, 2006; Manns & Eichenbaum, 2006).
Finally, our results demonstrate that encoding responses
in the subiculum and perirhinal cortex vary with later
recognition confidence, providing evidence that the mag-
nitude of encoding activation in these regions correlates
with the strength of the memory formed.
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Notes

1. Following the neuroimaging literature on encoding corre-
lates of subsequent recognitionmemory, the term episodic mem-
ory is used here to encompass memory for individual event
elements (items) aswell asmemory for item–context conjunctions.
2. Although the failure to observe subsequent memory ef-
fects for face stimuli in parahippocampal cortex may be due to
low power because of the relatively small number of voxels in
this region that demonstrated face-sensitive novelty responses,
we note that similar numbers of content-sensitive voxels were
isolated in the subiculum that demonstrated clear subsequent
memory effects. This latter finding may argue against a power
interpretation of the null face encoding effects in parahippo-
campal cortex.
3. We note that some recognition models have posited that
item familiarity and recollection can both vary in a continuous
manner (Rotello, Macmillan, & Reeder, 2004; Wixted & Stretch,
2004; cf. Yonelinas, 1994). As with the present study, the data
from Shrager et al. (2008) do not provide leverage on whether
the gradation in memory strength was for item information,
recollective information, or some combination of the two, as
the nature of the recognition memory test did not distinguish
subsequent memory responses related to item versus recol-
lective (conjunctive) processes.
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