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Abstract Human social interactions are complex behaviors
requiring the concerted effort of multiple neural systems to
track and monitor the individuals around us. Cognitively,
adjusting our behavior on the basis of changing social cues
such as facial expressions relies on working memory and the
ability to disambiguate, or separate, the representations of
overlapping stimuli resulting from viewing the same indi-
vidual with different facial expressions. We conducted an
fMRI experiment examining the brain regions contributing
to the encoding, maintenance, and retrieval of overlapping
identity information during working memory using a de-
layed match-to-sample task. In the overlapping condition,

two faces from the same individual with different facial ex-
pressions were presented at sample. In the nonoverlapping
condition, the two sample faces were from two different in-
dividuals with different expressions. fMRI activity was
assessed by contrasting the overlapping and nonoverlapping
conditions at sample, delay, and test. The lateral orbitofrontal
cortex showed increased fMRI signal in the overlapping con-
dition in all three phases of the delayed match-to-sample task
and increased functional connectivity with the hippocampus
when encoding overlapping stimuli. The hippocampus
showed increased fMRI signal at test. These data suggest that
lateral orbitofrontal cortex helps encode and maintain repre-
sentations of overlapping stimuli in working memory, where-
as the orbitofrontal cortex and hippocampus contribute to the
successful retrieval of overlapping stimuli.We suggest that the
lateral orbitofrontal cortex and hippocampus play a role in
encoding, maintaining, and retrieving social cues, especially
when multiple interactions with an individual need to be
disambiguated in a rapidly changing social context in order
to make appropriate social responses.

Keywords Prefrontal . Social interaction . fMRI . Delayed
match-to-sample

The ability to perceive, maintain, and distinguish between
different instances of encountering an individual is critical
from both memory and social cognition perspectives. For
example, in addition to being able to recognize a friend and
distinguish one friend from another, it is also important that
we identify changing moods in individuals by separately
encoding changing facial expressions over both short- and
long-term social interactions. The hippocampus and
orbitofrontal cortex may be critical to guiding appropriate
real-world social behavior during social gatherings when we
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need to monitor the changing facial expressions of an indi-
vidual. Animal studies have suggested that the hippocampus
disambiguates, or separates, overlapping sequences (Agster,
Fortin, & Eichenbaum, 2002; Bower, Euston, & McNaugh-
ton, 2005; Ginther, Walsh, & Ramus, 2011; Wood,
Dudchenko, Robitsek, & Eichenbaum, 2000), and neuroim-
aging studies have shown hippocampal activation when
learning (Kumaran & Maguire, 2006; Shohamy & Wagner,
2008) and retrieving (Brown, Ross, Keller, Hasselmo, &
Stern, 2010; Ross, Brown, & Stern, 2009) overlapping
sequences. Additionally, neuroimaging studies (LoPresti et
al., 2008; McIntosh, Grady, Haxby, Ungerleider, & Horwitz,
1996; Olsen et al., 2009; Ranganath, Cohen, & Brozinsky,
2005; Ranganath & D’Esposito, 2001; Schon et al., 2005;
Schon, Hasselmo, Lopresti, Tricarico, & Stern, 2004;
Schon, Ross, Hasselmo, & Stern, 2013; Stern, Sherman,
Kirchhoff, & Hasselmo, 2001), studies in patients with
medial temporal lobe damage (Hannula, Tranel, & Cohen,
2006; Hartley et al., 2007; Nichols, Kao, Verfaellie, &
Gabrieli, 2006; Olson, Moore, Stark, & Chatterjee, 2006;
Olson, Page, Moore, Chatterjee, & Verfaellie, 2006), and
electrophysiological recordings (Axmacher, Elger, & Fell,
2009) have suggested that the hippocampus is involved
during the maintenance of information in working memory.
Together, the findings that the hippocampus is involved in
working memory and during the disambiguation of
overlapping stimuli in long-term memory suggest that the
hippocampus may be involved when using social cues to
disambiguate multiple presentations of the same person over
short delay periods.

In addition to the hippocampus, the orbitofrontal cortex
may also be a critical region when disambiguating two
encounters with the same individual in working memory.
The orbitofrontal cortex is central to theories of social rein-
forcement learning (Kringelbach & Rolls, 2003; Rolls,
2004, 2007; Tabbert, Stark, Kirsch, & Vaitl, 2005). Impor-
tantly, the maintenance of socially relevant information such
as faces (Courtney, Ungerleider, Keil, & Haxby, 1996;
Haxby, Petit, Ungerleider, & Courtney, 2000; LoPresti et
al., 2008; Sala, Rama, & Courtney, 2003) and emotional
expressions (LoPresti et al., 2008) over short delays acti-
vates the orbitofrontal cortex. Along with its role in process-
ing social information, the orbitofrontal cortex has been
linked to the disambiguation of overlapping representations
in long-term memory. In general, lateral orbitofrontal cortex
is more strongly functionally connected to the hippocampus
when retrieving disambiguated overlapping sequences
(Brown, Ross, Tobyne, & Stern, 2012; Ross, Sherrill, &
Stern, 2011) from long-term memory. Additionally, the
orbitofrontal cortex is critical for tasks in which interference
caused by repeated stimulus exposures must be overcome,
such as in reversal learning (Berlin, Rolls, & Kischka, 2004;
Chudasama & Robbins, 2003; Fellows & Farah, 2003;

Hornak et al., 2004; McAlonan & Brown, 2003; Meunier,
Bachevalier, & Mishkin, 1997; Rudebeck & Murray, 2008;
Schoenbaum, Setlow, Nugent, Saddoris, & Gallagher, 2003;
Tsuchida, Doll, & Fellows, 2010), proactive interference
(Caplan, McIntosh, & De Rosa, 2007), and delayed non-
match-to-sample working memory tasks involving small
stimulus sets (LoPresti et al., 2008; Otto & Eichenbaum,
1992; Schon, Tinaz, Somers, & Stern, 2008). Together, the
findings that the orbitofrontal cortex is involved in mne-
monic tasks in which interference is present and that the
orbitofrontal cortex is important for processing social cues
suggest that the orbitofrontal cortex may interact with the
hippocampus to create, maintain, and retrieve overlapping
representations of the same individual seen with multiple
facial expressions in working memory.

To investigate the contributions of hippocampus and
orbitofrontal cortex to the encoding, maintenance, and re-
trieval of overlapping identity information during working
memory, participants performed a modified delayed match-
to-sample working memory task with pairs of face stimuli.
In the overlapping condition, participants viewed a pair of
pictures of the same individual shown with two different
facial expressions. Importantly, the nonoverlapping condi-
tion consisted of two different faces with two different facial
expressions. After the sample phase, the participants re-
membered the pair of stimuli across a short delay period.
At test, they indicated whether a test face matched one of the
sample faces shown before the delay. By comparing the
overlapping and nonoverlapping conditions, the brain re-
sponses active during the disambiguation of two
overlapping representations of the same person encountered
with two different facial expressions during working mem-
ory encoding, maintenance, and retrieval could be exam-
ined. We also conducted a functional connectivity analysis
to determine whether the orbitofrontal cortex and hippocam-
pus work together when disambiguating overlapping stimuli
in working memory. The results of the study provide insight
into the brain mechanisms responsible during social situa-
tions in which it is important to keep different encounters
with the same individual separate.

Materials and method

Participants

A group of 18 healthy individuals (seven male, 11 female;
mean age = 19.2 years, SD = 1.17 years) with no history of
neurological or psychiatric illness were recruited from the
Boston University population for this study. Their vision
was either normal or corrected to normal. All participants
were screened for MRI environment compatibility. Eligible
individuals who agreed to participate gave signed informed
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consent in accordance with the Human Research Committee
of the Massachusetts General Hospital and the Institutional
Review Board of Boston University. One participant was
unable to complete the study due to fMRI scanner malfunc-
tion, and another participant was eliminated from the study
due to excess motion during scanning, leaving 16 partici-
pants for analysis.

Procedure

Stimuli The stimuli for the task were selected from the
University of Pennsylvania database of facial expressions
(Gur et al., 2002) and from other databases (Ekman &
Friesen, 1976; Lyons, Akamatsu, Kamachi, & Gyoba,
1998; Pantic, Valstar, Rademaker, & Maat, 2005). We se-
lected a range of expressions from 120 individuals, for a
total of 200 unique stimuli that appeared in only one trial of
the task. All of the stimuli were cropped to 350 × 467 pixels
at a resolution of 28.35 pixels/cm (12.35 cm × 16.47 cm),
put on a gray background, and converted to grayscale. An
oval mask was used to remove peripheral features (e.g., hair,
clothes, and eye color) and to isolate the central facial
features (see Fig. 1).

Stimuli preexposure Prior to scanning, participants were
preexposed to neutral expressions from all 120 individuals
used in the study in order to familiarize them with each face

identity. These neutral expressions were not used in the
scanning task. Preexposure consisted of presenting all 120
individual faces with neutral expressions three times while
participants made a male/female judgment, a young/old
judgment, and an attractive/not attractive judgment. The
judgments were made in order to encourage participants to
attend to the faces.

Delayed match-to-sample task Participants performed a
modified delayed match-to-sample task during fMRI scan-
ning (Fig. 1). Each trial consisted of a pair of sample faces
presented sequentially for 2 s each, followed by an 8-s delay
period, followed by a single test face presented for 2 s. A
variable-length (8, 10, or 12 s) intertrial interval (ITI) sep-
arated each trial. The task consisted of two conditions that
differed only in the type of faces presented during the
sample phase. In the overlapping condition (OL), two im-
ages of the same individual were shown with two different
facial expressions. The nonoverlapping (NOL) condition
differed by presenting two individuals with two different
expressions. During the test period, participants were
instructed to press “1” if the test face matched the first
sample face presented, press “2” if the test face matched
the second sample face presented, or press “3” if the test
face did not match either of the sample faces. The nonmatch
trials contained test stimuli that were the same identity as
one of the two sample faces, but with a different expression.

2 secs

8 secs
ITI

Sample 1

Delay
Test

++

+

+

+

Sample 2

2 secs

8-12 secs
2 secs

Overlapping

Non-Overlapping

Fig. 1 Delayed match-to-sample task showing trials on which identity
information was overlapping (OL) or nonoverlapping (NOL). A trial
consisted of three time-locked components: a sample period in which
two faces were presented sequentially for 2 s each, an 8-s delay period,
and a 2-s test period in which a single face was presented. Trials were
separated by 8-, 10-, or 12-s intertrial intervals (ITIs). During OL trials,
participants were presented with a pair of sample faces from the same
individual with different expressions. During NOL trials, participants

were presented with a pair of sample faces from two different individ-
uals with different expressions. In order for a trial to be a match, both
the identity and the facial expression of the test face had to match one
of the two sample faces. Nonmatch trials contained test stimuli that
were the same identity as one of the two sample faces, but with a
different expression. The OL trial shown in the top panels is an
example of a match trial, and the NOL trial in the bottom panels is
an example of a nonmatch trial
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Overlapping/nonoverlapping conditions, match/nonmatch
trials, and facial expressions were counterbalanced across
five fMRI runs. Participants performed 16 trials per run, for
a total of 80 trials (40 OL and 40 NOL). Participants viewed
the task instructions and performed a practice version of the
task during structural scanning. Responses and reaction
times (RTs) were recorded from an MRI-compatible button
box. The tasks were designed and presented and behavioral
data were recorded with E-Prime 2 (Psychology Software
Tools, Inc., Pittsburgh, PA).

fMRI data acquisition

Imaging was conducted on a 3.0-T Siemens MAGNETOM
TrioTim scanner (Siemens AG, Medical Solutions, Erlanger,
Germany) with a 12-channel Tim Matrix head coil at the
Athinoula A. Martinos Center for Biomedical Imaging
(Massachusetts General Hospital, Charlestown, MA). Two
high-resolution T1-weighted multiplanar rapidly acquired
gradient-echo (MP-RAGE) structural scans were acquired
using generalized autocalibrating partially parallel acquisi-
tions (GRAPPA) (TR = 2.530 s, TE = 3.44 ms, flip angle =
7°, slices = 176, field of view = 256 mm, resolution = 1 × 1 ×
1 mm). Cognitive tasks were performed during functional
T2*-weighted gradient-echo, echoplanar blood-oxygen-
level-dependent (BOLD) scans (TR = 2 s, TE = 30 ms, flip
angle = 90°, acquisition matrix = 64 × 64, field of view =
256 mm, slices = 32 interleaved axial–oblique, resolution =
4 × 4 × 4 mm, no interslice gap). Slices were aligned parallel
to the line connecting the anterior and posterior commissures,
and 192 images per run were acquired.

fMRI data analysis

Preprocessing Functional imaging data were preprocessed
and statistically analyzed using the SPM8 software package
(Statistical Parametric Mapping, Wellcome Department of
Cognitive Neurology, London, UK). All BOLD images were
first reoriented so that the origin (i.e., coordinate xyz = [0 0 0])
was at the anterior commissure. The images were then
corrected for differences in slice timing and realigned to the
first image collected within a series. Motion correction was
conducted next and included realigning and unwarping the
BOLD images to the first image in the series in order to correct
for image distortions caused by susceptibility-by-movement
interactions. Realignment was estimated using second-degree
B-spline interpolation with no wrapping, whereas unwarp
reslicing was done using fourth-degree B-spline interpolation
with no wrapping. The high-resolution structural images were
then coregistered to the mean BOLD image created during
motion correction and were segmented into white- and gray-
matter images. The bias-corrected structural images and the
coregistered BOLD images were then spatially normalized

into standard MNI (Montreal Neurological Institute) stereo-
tactic space using the parameters derived during segmenta-
tion, with resampling of the BOLD images to 2 × 2 × 2 mm
isotropic voxels. Finally, BOLD images were spatially
smoothed using a 6-mm full-width-at-half-maximum Gauss-
ian filter to reduce noise.

fMRI statistical analysis Analysis of fMRI activity during
the delayed match-to-sample task was assessed with multi-
ple regression using the SPM8 software package (the col-
linearity between the delay regressor and the sample and test
regressors was ≤0.20). We used positive stick functions
convolved with a Gamma hemodynamic response function
(HRF; Boynton, Engel, Glover, & Heeger, 1996) in
MATLAB 7.5 (The MathWorks, Inc., Natick, MA) to create
12 regressors that modeled the six components of the task
(Sample 1, Sample 2, delay, test match, test nonmatch, and
ITI) for each of the two conditions (overlapping and
nonoverlapping). In addition, delay regressors were separat-
ed into four 1/4th-size stick functions spread across the four
TRs (8 s) of the delay period to account for the sustained
time course and expected weaker signal during this phase of
the task (LoPresti et al., 2008; Schluppeck, Curtis,
Glimcher, & Heeger, 2006). The five fMRI runs were
concatenated in time and treated as a single times series.
Additional regressors were included in the model to account
for run number.

Linear contrasts were constructed to compare the
overlapping condition to the nonoverlapping condition at
the sample and delay periods of the task (i.e., OL sample >
NOL sample, OL delay > NOL delay). Due to collinearity
between the regressors for Samples 1 and 2, contrasts of the
sample component consisted of a combination of both re-
gressors. During the test period, participants were asked to
identify the stimulus shown as a match or a nonmatch to the
stimuli presented in the sample phase. At test, only the OL
and NOL match trials were compared (OL match > NOL
match). Group analysis was performed on each component
of the task by entering the contrast images from each par-
ticipant into a second-level random-effects one-sample
t test, treating Participant as a random factor. Regions within
the anterior medial temporal lobes (the amygdala, entorhinal
cortex, and parts of perirhinal cortex) and anterior medial
parts of the orbitofrontal cortex were not included because
of signal dropout.

Functional connectivity analysis Functional connectivity
was assessed using the beta series correlation analysis meth-
od (Rissman, Gazzaley, & D’Esposito, 2004). The beta
series correlation method uses the magnitude of the task-
related BOLD response for each individual trial to create a
beta series. The method assumes that the extent to which
two brain voxels interact during a given condition can be
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quantified by the extent to which their respective condition-
specific beta series are correlated. In order to conduct the
beta series correlation analysis, we created a model in which
each individual trial among the sample, delay, and test
match trials was modeled separately for the overlapping
and nonoverlapping conditions. Only correct trials were
used in the model, so the number of regressors for each
individual participant varied anywhere between 172 and 209
regressors. Additional regressors included as part of the
design matrix were two regressors accounting for test
nonmatch trials in the overlapping and nonoverlapping con-
ditions, two regressors for the ITIs in the overlapping and
nonoverlapping conditions, a nuisance regressor comprised
of the sample, delay, and test onsets of incorrect trials, and
five run regressors. All these regressors were then con-
volved with the canonical hemodynamic response function
in SPM8 and filtered with a 0.008-Hz high-pass filter. In
order to limit the amount of collinearity between the sample,
delay, and test regressors, the first image in the sample was
set as the onset for each sample regressor, whereas the onset
point of the delay regressor was set to the second TR of the
delay. Each regressor was modeled as a “stick” function
(i.e., zero duration). Parameter estimates, or beta values,
were computed for each regressor using the least-squares
solution of the GLM in SPM8. We then sorted these beta
values into the individual trials of the sample, delay, and test
match periods of the overlapping and nonoverlapping con-
ditions for the beta series correlation analysis. Beta series
were formed within regions of interest (ROIs; see below) by
concatenating the beta values for the individual trials of each
condition (OL, NOL) and event (sample, delay, test) in
chronological order.

We wished to determine regions showing differential
functional connectivity with the orbitofrontal cortex in the
overlapping as compared with the nonoverlapping condition
at sample, delay, and test. We functionally defined the ROIs
as 5-mm spheres centered at peak voxel coordinates in the
orbitofrontal cortical regions identified in the univariate
analysis. At sample, we examined functional connectivity
with the right lateral orbitofrontal cortex (BA 47/12; MNI
coordinate 44, 40, –10). At delay, functional connectivity
was assessed with right lateral orbitofrontal cortex (BA 11L)
at MNI coordinate 32, 42, –4. Two orbitofrontal cortical
regions were examined for functional connectivity during
test match trials, the right and left lateral orbitofrontal cortex
(BA 47/12; MNI coordinates ±46, 34, 0). Eight correlation
maps, one for each of the four ROIs for the overlapping and
nonoverlapping conditions, were constructed by determin-
ing the correlation of each of the ROIs’ beta series with the
beta series of all other voxels in the brain using a custom
MATLAB (The MathWorks, Natick, MA) script provided
by Jesse Rissman. These correlation maps then underwent
an arc-hyperbolic tangent transformation to normalize the

values in the correlation maps. The arc-hyperbolic-
transformed correlation coefficients were then divided by
the standard deviation to produce a map of z scores. These
z-score maps reflect how well each voxel in the brain is
functionally connected to the orbitofrontal cortex ROI in the
overlapping and nonoverlapping conditions separately.

The primary goal of the functional connectivity analysis
was to determine whether the lateral orbitofrontal cortex
was more strongly functionally connected to the hippocam-
pus, caudate, and putamen when disambiguating
overlapping social cues (overlapping vs. nonoverlapping
condition). Therefore, we used the Volumes toolbox for
SPM (http://sourceforge.net/projects/spmtools/) to extract
the correlation z scores from each of the eight orbitofrontal
cortex correlation maps (sample, delay, and two test coordi-
nates, for the overlapping and nonoverlapping conditions)
from the hippocampus (±30, –24, –15), caudate (±12, 22, –
6), and putamen (±20, 18, –6) bilaterally in 5-mm-radius
spheres. We used individual analyses of variance
(ANOVAs) on the extracted correlation z scores for the
sample, delay, and test periods to assess statistical signifi-
cance. The hippocampal, caudate, and putamen coordinates
used for the analysis were derived from two articles illus-
trating orbitofrontal–hippocampal and orbitofrontal–striatal
functional connectivity during the disambiguation of long-
term memories (Brown et al., 2012; Ross et al., 2011). A 2 ×
2 × 3 repeated measures ANOVA of Condition (overlapping
and nonoverlapping), Hemisphere (right and left), and Re-
gion (hippocampus, caudate, and putamen) was conducted
on the correlation z values extracted from the orbitofrontal
cortex connectivity maps at sample and delay separately. At
test, two separate 2 × 2 × 3 ANOVAs were run, one for each
orbitofrontal cortical correlation map (right and left lateral
orbitofrontal cortex), with Condition, Hemisphere, and Re-
gion as factors. We also ran a group-level analysis to assess
whole-brain differences in orbitofrontal cortical functional
connectivity between the overlapping and nonoverlapping
conditions. The whole-brain analysis was accomplished by
conducting paired-sample t tests contrasting overlapping
with nonoverlapping functional connectivity within SPM8
using the z-transformed correlation maps of orbitofrontal
cortex connectivity at sample, delay, and test match trials.

A cluster extent threshold was enforced in order to cor-
rect for multiple comparisons for both the univariate and
whole-brain functional connectivity analyses. Specifically,
an individual-voxel statistical threshold of p ≤ .01 was
enforced with a minimum cluster extent threshold of 88
voxels (704 mm3) in order to correct for multiple compari-
sons at p ≤ .05. Therefore, at a voxel threshold of p ≤ .01, the
probability of observing a cluster extent larger than 88
voxels was p ≤ .05. The cluster extent was calculated using
a Monte Carlo simulation with 10,000 iterations run in
MATLAB (Slotnick, Moo, Segal, & Hart, 2003). The Monte
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Carlo simulation modeled activity in each voxel using a
normally distributed random number (mean = 0 and vari-
ance = 1). Type I error was assumed to be equal to the
individual-voxel threshold p value (p ≤ .01) in a volume
defined by the functional acquisition dimensions (64 × 64 ×
32, with 4-mm isotropic original voxels resampled to 2-mm
isotropic voxels with no masking). Spatial autocorrelation in
the data was calculated for each participant and averaged
about 7.5 mm after smoothing. Therefore, we used an 8-mm
full-width-at-half-maximum three-dimensional Gaussian
kernel in the Monte Carlo simulation.

Peaks within each cluster of activation after multiple-
comparison correction were identified in SPM8. Peaks of
activation were reported if they were more than 4 mm apart
and represented a different region of activity. If a specific
region of activity had multiple peaks within a cluster, the
peak with the highest t value was reported. Brodmann areas
were identified visually using a variety of reference mate-
rials (Damasio, 2005; Ongur, Ferry, & Price, 2003; Petrides,
2005, Scheperjans et al., 2008).

Behavioral analysis

Accuracy and RTs were recorded for each trial in E-Prime
2.0. A 2 × 2 repeated measures ANOVA of condition
(overlapping and nonoverlapping) and trial type (match
and nonmatch) was used to assess differences in accuracy
and RTs individually. Pairwise comparisons and paired-
sample t tests were used as post-hoc tests, where appropri-
ate. The alpha level was set to p ≤ .05. All ANOVAs and
post-hoc tests were conducted using PASW 18, version
18.0.0 (IBM Corporation, NY). When more than four
post-hoc tests were conducted for an individual ANOVA,
the p values were Bonferroni-adjusted within PASW 18.

Results

Behavioral performance

The 2 × 2 repeated measures ANOVA examining accuracy
revealed a significant main effect of condition [F(1, 15) =
9.060, p = .009], in which participants did significantly
better on nonoverlapping (mean ± SEM: 93.0 ± 1.0 %) than
on overlapping (88.8 ± 1.7 %) trials. However, we found no
main effect of Trial Type (match vs. nonmatch), nor was
there a Condition × Trial Type interaction. Some of the
errors made in the overlapping condition were errors in
which participants correctly identified the test stimulus as
a match but incorrectly indicated the temporal order (i.e., the
participant indicated that the test stimulus matched the first
instead of the second sample, or vice versa). The number of

these types of errors was small (3.7 %, or two trials per
participant), precluding the possibility of using them as a
condition for comparison. A 2 × 2 repeated measures
ANOVA of Condition (overlapping or nonoverlapping)
and Stimulus Order (first or second stimulus shown at
sample) illustrated no effect of stimulus order in perfor-
mance on match trials [F(1, 15) = 4.099, p > .05]. However,
a significant Condition × Stimulus Order interaction did
emerge [F(1, 15) = 5.196, p ≤ .05]. The interaction was
caused by a significant decrease in performance when the
test stimulus in the overlapping trials was a match for the
first stimulus shown at sample (81.9 ± 3.6 %), as compared
with when the test stimulus matched the second stimulus
(90.9 ± 2.3 %). The nonoverlapping condition showed no
difference in performance on the basis of which sample
picture was the match stimulus (first sample, 93.1 ± 2.2;
second sample, 93.8 ± 1.4). The pattern of this interaction
effect suggests that seeing a second stimulus with the same
identity but a different facial expression causes interference
that then needs to be resolved. We also observed a main
effect of Condition for RTs [F(1, 15) = 52.230, p ≤ .001], as
well as a Condition × Trial Type interaction [F(1, 15) =
79.451, p ≤ .001]. The main effect of Condition and the
Condition × Trial Type interaction were driven by significant-
ly faster RTs for match trials in the nonoverlapping condition
than in the three other conditions, as assessed by paired-
sample t tests [OL match, t(15) = 10.811, p ≤ .001; OL
nonmatch, t(15) = 3.862, p ≤ .01; and NOL nonmatch, t(15)
= 3.543, p ≤ .01; see Fig. 2].

fMRI univariate analysis results

Encoding of overlapping stimuli in working memory Brain
regions responsible for encoding overlapping representa-
tions of the same individual shown with two different facial
expressions during working memory were identified by
contrasting the OL and NOL sample regressors (Sample 1
and Sample 2) and revealed significant activation in the
right lateral orbitofrontal cortex (OFC; xyz = 44, 40, –10;
Fig. 3a). No other brain region showed a significant differ-
ence in activation after correcting for multiple comparisons
(Table 1).

Maintenance of overlapping stimuli in working memory The
brain regions responsible for maintaining overlapping rep-
resentations of the same individual shown with two different
facial expressions across a delay during working memory
were identified by contrasting the OL and NOL delay re-
gressors. This analysis revealed significant activation in right
lateral orbitofrontal cortex (xyz = 32, 42, –4), in what Ongur et
al. (2003) defined as Brodmann area (BA) 11L (Fig. 3b).
Additionally, the left dorsal striatum, including both the puta-
men (xyz = −22, 10, –8) and the caudate (xyz = −16, 20, 0), as
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well as the inferior temporal gyrus (IT; xyz = −52, –50, –8),
showed increased fMRI activity in the delay period of the
overlapping relative to the nonoverlapping condition (Table 1).

Retrieval of overlapping stimuli in working memory Brain
regions active during the successful retrieval of an
overlapping representation of an individual seen with two
different facial expressions were determined by contrasting
overlapping match trials with nonoverlapping match trials
(Table 2). Significant fMRI activity was found in multiple
parts of the lateral orbitofrontal cortex, including bilateral
activity in Brodmann area 11L (left hemisphere xyz = −30, –
32, –18; right hemisphere xyz = 30, 34, –14) and in
Brodmann area 47/12 (left hemisphere xyz = −54, 34, –2;
right hemisphere xyz = 46, 34, 0). Additionally, the posterior
hippocampus showed bilateral activation (left hemisphere
xyz = −32, –36, –8; right hemisphere xyz = 22, –40, –2)
when participants successfully retrieved an overlapping
stimulus (OL match vs. NOL match; Fig. 3c).

Comparison of nonoverlapping and overlapping conditions We
directly contrasted the nonoverlapping condition to the
overlapping condition at sample, delay, and test to examine

brain regions showing more activation when encoding,
maintaining, and retrieving two different faces with two
different emotional expressions, as compared with when
the same face was shown twice with different emotional
expressions. Significant activations were apparent when
comparing the nonoverlapping to the overlapping condition
in the sample period of the task, including primary visual
cortex (left hemisphere xyz = 14, –90, 2; right hemisphere
xyz = −14, –92, 4), as well as left superior frontal gyrus
(xyz = −16, 56, 20) and left anterior cingulate cortex
(xyz = −8, 52, 14; Table 1). At delay and for test match
trials, no brain regions showed more fMRI activity in the
nonoverlapping than in the overlapping condition.

Functional connectivity results

ROI results

Orbitofrontal–hippocampal functional connectivity during
encoding of overlapping stimuli The results of a 2 × 2 × 3
repeated measures ANOVA of Condition (overlapping and
nonoverlapping), Hemisphere (right and left), and Region
(hippocampus, caudate, and putamen) on the extracted
correlational-map z scores at sample showed a significant
main effect of Region [F(2, 30) = 8.154, p ≤ .001] and a
significant Condition × Region interaction [F(2, 30) =
4.330, p ≤ .05]. Pairwise comparisons relating to the main
effect of Region showed that collapsing condition and hemi-
sphere, the orbitofrontal cortex was more strongly function-
ally connected to the hippocampus than to the caudate
(OFC–hippocampus z = 2.109 ± 0.39 [mean ± SEM] vs.
OFC–caudate z = 1.327 ± 0.28, p ≤ .05) and was more
strongly functionally connected to the putamen than the
caudate (OFC–putamen z = 2.292 ± 0.35 vs. OFC–caudate
z = 1.327 ± 0.28, p ≤ .05). To further explore the significant
Condition × Region interaction, three paired-sample t tests
were run, directly comparing functional connectivity in the
overlapping and nonoverlapping conditions in the hippo-
campus, caudate, and putamen, collapsing across hemi-
spheres. Only three paired-sample t tests were run because
we were interested in directly comparing the overlapping and
nonoverlapping conditions within the same brain region. The
results of these paired-sample t tests showed a signifi-
cantly higher z score only for orbitofrontal connectivity
to the hippocampus during the overlapping condition as
compared to the nonoverlapping condition [t(15) = 2.2,
p ≤ .05; OFC–hippocampus: overlapping z = 2.35 ±
0.32, nonoverlapping z = 1.86 ± 0.39]. The higher z
score for the overlapping than for the nonoverlapping
condition suggests that when encoding overlapping
stimuli, activity in the orbitofrontal cortex and hippo-
campus is more tightly correlated.
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Fig. 2 Behavioral performance during the delayed match-to-sample
task. (a) Mean percentages correct for overlapping (OL; dark gray
bars) and nonoverlapping (NOL; light gray bars) conditions during
match and nonmatch trials. (b) Reaction times (in milliseconds) for
overlapping and nonoverlapping conditions during match and
nonmatch trials. Error bars show standard errors of the means. *Sig-
nificant differences between comparisons; the significance level was
set at p ≤ .05
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Orbitofrontal cortical functional connectivity differences
during test match trials Two individual 2 × 2 × 3 repeated
measures ANOVAs, one apiece for the right and left lateral
orbitofrontal cortical correlation z scores, with Condition,
Hemisphere, and Region (hippocampus, caudate, and puta-
men) as factors were conducted in order to assess functional
connectivity differences during match trials at test. The 2 ×
2 × 3 ANOVA examining z-score differences in the
right lateral orbitofrontal cortex showed a significant
main effect of region [F(2, 30) = 15.208, p ≤ .001]
and a significant Condition × Region interaction [F(2,
30) = 4.624, p ≤ .05]. The main effect of region was
caused by significantly higher z scores for connectivity
between the right lateral orbitofrontal cortex and the
putamen, relative to both the hippocampus (right lateral
OFC–putamen z = 1.71 ± 0.22 vs. right lateral OFC–
hippocampus z = 1.15 ± 0.15, p ≤ .01) and the caudate
(right lateral OFC–putamen z = 1.71 ± 0.22 vs. right
lateral OFC–caudate z = 0.74 ± 0.22, p ≤ .001),

collapsing across conditions and hemispheres. Three
paired-sample t tests were run in order to directly compare
correlation z scores between the overlapping and
nonoverlapping conditions within the hippocampus, caudate,
and putamen, collapsing across hemispheres. Only the cau-
date–right lateral OFC connectivity showed a significant dif-
ference between the overlapping (z = 0.4829 ± 0.27) and the
nonoverlapping (z = 0.9989 ± 0.22) conditions [t(15) = 2.143,
p ≤ .05]. The greater correlation z score for the nonoverlapping
condition suggests that the right lateral OFC was more tightly
correlated with caudate functioning during nonoverlapping
test match trials.

We also found a significant main effect of Region in the
left lateral orbitofrontal cortex [F(2, 30) = 9.977, p ≤ .001]
during the test period, although no significant Condition ×
Region interaction was found. As with the right lateral
orbitofrontal cortex, the left lateral orbitofrontal cortex
showed more functional connectivity with the putamen
(z = 1.42 ± 0.18) than with either the hippocampus
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aFig. 3 Statistical parametric
maps showing significantly
greater fMRI activity during the
disambiguation of overlapping
stimuli in working memory. (a)
fMRI activation in the
orbitofrontal cortex (y = 40)
related to the encoding of
overlapping stimuli (OL sample
> NOL sample). (b) fMRI
activity in the orbitofrontal
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maintenance of overlapping
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participant’s anatomical image
(p = .01 with 88 contiguous
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(z = 1.04 ± 0.23) or the caudate (z = 0.60 ± 0.18), collapsing
across conditions and hemispheres.

Whole-brain functional connectivity results

We examined whole-brain functional connectivity differences
by directly contrasting the z maps from the beta-series
correlation analysis corresponding to the overlapping and
non-overlapping conditions. We used the same p < .01 voxel
threshold, corrected for multiple comparisons, with a cluster
extent of 88 voxels that had been used in the univariate
analysis. The results of these contrasts can be viewed in
Tables 3 and 4.

At sample, the right lateral orbitofrontal cortex (44, 40, –10)
showed stronger functional connectivity with the posterior
cingulate cortex during the overlapping than during the
nonoverlapping condition (Table 3). Other significant differ-
ences in orbitofrontal cortical functional connectivity were in
the comparisons of the nonoverlapping to the overlapping
condition at delay and test. During the delay, the right
lateral orbitofrontal cortex (32, 42, –4) showed stronger
functional connectivity with the posterior cingulate cor-
tex, parahippocampal cortex, and postcentral gyrus in
the nonoverlapping condition as compared with the
overlapping condition (Table 3).

Differential functional connectivity with the right and left
lateral OFC (±46, 34, 0) during nonoverlapping relative to
overlapping match trials at test can be seen in Table 4.
Among other regions, the left lateral OFC showed stronger
functional connectivity with the hippocampus bilaterally,

the dorsal striatum bilaterally, and the left retrosplenial
cortex during nonoverlapping match trials at test. The right
lateral orbitofrontal cortex was also more strongly
connected to the hippocampus bilaterally, as well as to the
ventral lateral prefrontal cortex (BA 44) and to angular
gyrus (BA 39) bilaterally during nonoverlapping match tri-
als at test (Table 4).

Discussion

We contrasted fMRI activity and orbitofrontal cortical
functional connectivity while participants encoded,
maintained, and retrieved representations of the same
individual shown with two different facial expressions
(overlapping condition) with fMRI activity and
orbitofrontal cortical functional connectivity while par-
ticipants encoded, maintained, and retrieved pictures of
two different individuals with two different facial ex-
pressions (nonoverlapping condition) in a delayed
match-to-sample task. We observed significant right lat-
eral orbitofrontal cortex (BA 47/12) activity during the
sample phase and right lateral orbitofrontal cortex (BA
11L) activity during the delay phase when participants
had to encode overlapping face stimuli and maintain
disambiguated face representations across a short delay
(Fig. 3a and b). Stronger functional connectivity was
also apparent between the right lateral orbitofrontal cor-
tex and the hippocampus at sample when encoding
overlapping as compared to nonoverlapping face stimuli
(Fig. 4). Additionally, during the test phase both the

Table 1 Activity during encoding and maintenance of overlapping stimuli

Brain Region kE Side t Coordinate z

Overlapping sample > nonoverlapping sample

orbitofrontal cortex (BA 47/12) 90 R 3.80 44, 40, –10 3.16

Nonoverlapping sample > overlapping sample

superior frontal gyrus (BA 8) 808 L 5.19 −14, 44, 48 3.92

superior frontal gyrus (BA 9) L 3.98 −16, 56, 20 3.27

anterior cingulate cortex (BA 32) L 3.97 −8, 52, 14 3.27

calcarine sulcus (BA 17) 260 L 4.01 −16, –98, –4 3.29

calcarine sulcus (BA 17) 249 R 3.95 14, –90, 2 3.25

precuneus (7p) 148 L 3.22 −6, –60, 26 2.78

Overlapping delay > nonoverlapping delay

putamen 115 L 4.08 −22, 10, –8 3.33

caudate L 3.48 −16, 20, 0 2.96

inferior temporal gyrus (BA 21) 142 R 3.75 −52, –50, –8 3.13

orbitofrontal cortex (BA 11L) 110 R 3.13 32, 42, –4 2.72

kE = cluster size in voxels. Regions active within the same cluster are grouped together. L, left; R, right; BA = Brodmann area. The t and z values are
for the peak voxel. Coordinates are in MNI space
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orbitofrontal cortex and hippocampus showed greater
fMRI activity in the overlapping than in the nonoverlapping
condition (Fig. 3c).

Interestingly, though the hippocampus and orbitofrontal
cortex showed increased fMRI activity for match trials at
test in the overlapping condition, the lateral orbitofrontal
cortex was more strongly functionally connected to the
hippocampus, parahippocampal cortex, fusiform gyrus,

and striatum during the nonoverlapping as compared to the
over lapping tes t match tr ia ls (Table 4) . In the
nonoverlapping condition, two different individuals were
shown at sample, each with a different facial expression.
At test, the participants needed to determine which of the
two sample identities the test face matched, suggesting that
the increased orbitofrontal functional connectivity for
nonoverlapping test match trials was due to retrieving two

Table 2 Activity when retrieving overlapping stimuli in working memory

Brain Region kE Side t Coordinate z

Overlapping match > nonoverlapping match trials

fusiform gyrus (BA 37) 27,972 L 6.68 −34, –42, –14 4.55

fusiform gyrus (BA 37) R 5.38 42, –42, –18 4.01

orbitofrontal cortex (BA 11L) L 3.48 −30, 32, –18 2.96

orbitofrontal cortex (BA 47/12) L 3.49 −54, 34, –2 2.96

hippocampus R 5.19 22, –40, –2 3.92

hippocampus L 5.27 −32, –36, –8 3.95

dorsal striatum R 3.75 10, 8, 0 3.13

dorsal striatum L 3.32 −8, 6, 0 2.85

calcarine fissure (BA 17) R 6.43 30, –74, 6 4.46

intraparietal sulcus L 5.37 −26, –60, 34 4.00

intraparietal sulcus R 3.93 26, –60, 34 3.25

anterior cingulate cortex (BA 24) L 5.00 −2, 28, 46 3.82

anterior cingulate cortex (BA 24) R 4.74 10, 18, 40 3.69

ventral lateral prefrontal cortex (BA 45) L 4.60 −46, 18, 20 3.62

dorsal lateral prefrontal cortex (BA 9/46) L 4.81 −50, 22, 28 3.73

superior frontal gyrus (BA 8) R 4.89 2, 32, 54 3.77

superior frontal gyrus (BA 8) L 4.24 −4, 22, 60 3.42

middle frontal gyrus (BA 6) L 4.18 −36, 0, 42 3.39

lingual gyrus (BA 18) R 3.20 16, –72, 6 2.77

thalamus R 5.90 10, –24, 12 4.24

thalamus L 4.59 −6, –30, 0 3.61

anterior insula L 5.62 −36, 20, –10 4.12

inferior temporal gyrus (BA 19) R 5.54 46, –60, –6 4.08

lateral occipital gyrus (BA 18) R 5.25 24, –90, –4 3.95

cerebellum R 5.75 28, –72, –46 4.17

cerebellum R 5.68 10, –72, –24 4.14

cerebellum R 5.56 14, –50, –18 4.09

cerebellum L 3.99 −6, –58, –20 3.28

cerebellum L 6.39 −2, –70, –22 4.46

midbrain L 5.24 −4, –24, –10 3.94

orbitofrontal cortex (BA 11L) 532 R 4.45 30, 34, –14 3.54

orbitofrontal cortex (BA 47/12) R 3.65 46, 34, 0 3.08

anterior insula R 4.11 46, 22, –12 3.35

dorsal lateral prefrontal cortex (BA 9/46) 807 R 5.59 50, 26, 26 4.11

middle frontal gyrus (BA 6) 132 L 5.10 −40, 2, 58 3.87

middle frontal gyrus (BA 6) 111 R 4.15 44, 0, 58 3.37

kE = cluster size in voxels. Regions active within the same cluster are grouped together. L, left; R, right; BA = Brodmann area. The t and z values are
for the peak voxel. Coordinates are in MNI space
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different identities, relative to only one identity in the
overlapping condition.

These results have multiple implications for how social
cues like face identity and emotional expression are
encoded, maintained, and retrieved in working memory.
When encountering the same familiar individual multiple
times with different social cues, such as facial expression,
the right lateral orbitofrontal cortex and hippocampus are
more strongly recruited and show stronger functional con-
nectivity when disambiguating each encounter with that
individual. Disambiguating each encounter with the same
individual ensures that the correct social cue will be used to
select the appropriate response and to guide behavior during
subsequent encounters. The right lateral orbitofrontal cortex
and striatum show increased recruitment during the delay
period after encountering the same individual with two
different facial expressions (Fig. 3b, Table 1), suggesting
that these regions play a role in maintaining overlapping
stimuli. When reencountering the same individual previ-
ously seen with two different social cues, the lateral
orbitofrontal cortex, along with the hippocampus and
fusiform gyrus bilaterally, shows increased fMRI activity
(Fig. 3c, Table 2), suggesting that these regions contribute to
the retrieval of the correct previous encounter with that
individual.

Orbitofrontal cortex and the encoding, maintenance,
and retrieval of overlapping stimuli

The orbitofrontal cortex may contribute to memory by
working with the hippocampus to separate when the same
or overlapping stimuli have been experienced. The hippo-
campus sends anatomical projections to the orbitofrontal
cortex (Barbas & Blatt, 1995; Cavada, Company, Tejedor,
Cruz-Rizzolo, & Reinoso-Suarez, 2000; Insausti & Munoz,
2001; Roberts et al., 2007), providing the anatomical frame-
work for a concerted engagement of these two regions in
memory processes. Two recent studies suggested that the
hippocampus and orbitofrontal cortex work together during

the disambiguation of overlapping sequences in long-term
memory (Brown et al., 2012; Ross et al., 2011). In the
present study, we showed increased orbitofrontal cortical
activity during the sample, delay, and test phases of a
working memory task in which participants were asked to
disambiguate two overlapping social stimuli. Importantly,
the present study also showed that the right lateral
orbitofrontal cortex works with the hippocampus when
encoding overlapping stimuli in a working memory task.
These results suggest that the orbitofrontal cortex interacts
with the hippocampus to create separate representations of
overlapping stimuli during the encoding phase of a working
memory task and that the orbitofrontal cortex contributes to
the maintenance and retrieval of overlapping stimuli.

One way that the orbitofrontal cortex may contribute to
separating, or disambiguating, overlapping stimuli is to as-
sist the hippocampus in linking each stimulus exposure to
the specific context in which it was experienced. The
orbitofrontal cortex is more strongly activated (Brown et
al., 2010) and shows stronger functional connectivity
(Brown et al., 2012; Ross et al., 2011) at choice points when
contextual information is needed to guide decision making.
Damage to the orbitofrontal cortex impairs the ability of
monkeys to correctly learn the specific reward value of a
repeatedly presented stimulus in any singular trial, as well as
causing response strategies to shift to a more probabilistic
strategy (Walton, Behrens, Buckley, Rudebeck, &
Rushworth, 2010). The inability to learn the specific reward
value of a repeated stimulus in any one trial suggests an
inability to disambiguate each encounter. Additionally, the
orbitofrontal cortex is critical for making correct decisions
in reversal-learning tasks (Berlin et al., 2004; Chudasama &
Robbins, 2003; Fellows & Farah, 2003; Hornak et al., 2004;
McAlonan & Brown, 2003; Meunier et al., 1997; Rudebeck
& Murray, 2008; Schoenbaum et al., 2003; Tsuchida et al.,
2010). After reversal, the reward contingencies change when
the previously rewarded stimulus becomes unrewarded and
the previously unrewarded stimulus becomes rewarded. Im-
portantly, the earlier stimulus–outcome associations still exist

Table 3 Whole brain functional connectivity with orbitofrontal cortex

Brain Region kE Side t Coordinate z

Overlapping sample > nonoverlapping sample (44, 40, –10)

posterior cingulate cortex (BA 23) 481 L 5.00 −14, –60, 22 3.78

posterior cingulate cortex (BA 23) R 4.67 12, –54, 24 3.61

Nonoverlapping delay > overlapping delay (32, 42, –4)

posterior cingulate cortex (BA 31) 597 R 5.88 14, –18, 48 4.17

parahippocampal cortex 114 R 4.65 34, –40, –10 3.6

postcentral gyrus 323 R 3.56 36, –40, 62 2.99

kE = cluster size in voxels. Regions active within the same cluster are grouped together. L, left; R, right; BA = Brodmann area. The t and z values are
for the peak voxel. Coordinates are in MNI space
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after the reversal, creating overlapping representations that
need to be disambiguated. Both monkeys (Rudebeck &
Murray, 2008) and humans (Tsuchida et al., 2010) with
orbitofrontal cortex damagemakemoremistakes postreversal,
because they are more likely to switch their response after a
rewarded trial to the previous reward contingency. Switching
back to the old response contingency after orbitofrontal cortex
damage suggests an inability to disambiguate the current
reward contingency from prior contingencies. Therefore, we
suggest that a critical function of the orbitofrontal cortex
during both long-term and working memory tasks is to assist
in resolving interference caused by overlapping representa-
tions, by linking each encounter with a stimulus to the context
in which it appeared.

In the present study, we showed increased fMRI activity
in the right lateral orbitofrontal cortex and increased func-
tional connectivity with the hippocampus when encoding
two overlapping social stimuli. Specifically, when the par-
ticipant was shown two pictures of the same individual with
different social cues (facial expressions), the right lateral
orbitofrontal cortex and hippocampus were more strongly
functionally connected than when viewing two pictures of
two different individuals with different social cues. Viewing
the same individual with different facial expressions creates
interference between the two encounters with the individual.
In order to correctly indicate whether the test face matched
the first or second stimulus viewed at sample in the
overlapping condition, the participants would have needed

Table 4 Lateral orbitofrontal functional connectivity at test

Brain Region kE Side t Coordinate z

Nonoverlapping match > overlapping match test trials (−46, 34, 0)

retrosplenial cortex 1,013 L 6.36 −28, –72, 6 4.37

superior temporal gyrus (BA 22) L 4.79 −46, –40, 14 3.67

hippocampus L 4.46 −36, –20, –18 3.50

hippocampus L 4.32 −34, –34, –4 3.43

cuneus (BA 19) 382 L 5.28 −6, –90, 32 3.91

cuneus (BA 19) R 4.24 6, –8, 34 3.38

parietal–occipital sulcus R 4.16 4, –66, 24 3.34

cuneus (BA 18) L 3.26 −6, –100, 10 2.79

paracentral gyrus 356 R 4.86 8, –30, 60 3.71

paracentral gyrus L 3.88 −12, –36, 62 3.18

postcentral gyrus L 3.70 −16, –34, 64 3.07

dorsal striatum 431 R 4.02 22, 18, 20 3.26

dorsal striatum 172 L 3.77 −14, 20, 16 3.11

hippocampus 133 R 3.96 38, –30, –10 3.23

insula 136 R 3.69 32, –12, 18 3.06

retrosplenial cortex 106 L 3.10 −10, –50, 4 2.68

Nonoverlapping match > overlapping match test trials (46, 34, 0)

ventral lateral prefrontal cortex (BA 44) 1,623 L 6.93 −60, –2, 16 4.57

insula L 6.27 −44, –14, 4 4.33

precentral gyrus L 4.94 −58, –8, 24 3.75

superior temporal gyrus (BA 22) L 4.93 −52, –24, 6 3.74

ventral lateral prefrontal cortex (BA 44) 1,544 R 5.08 64, –2, 18 3.81

insula R 4.84 40, –18, 18 3.70

superior temporal gyrus (BA 22) R 4.49 50, –20, 6 3.52

precentral gyrus R 4.33 58, –2, 14 3.43

hippocampus 92 L 5.06 −32, –32, –6 3.80

hippocampus 100 R 3.50 36, –38, –2 2.95

angular gyrus (BA 39) 96 L 4.24 −58, –58, 22 3.39

angular gyrus (BA 39) 142 R 3.98 42, –52, 18 3.24

medial rostral prefrontal cortex (BA 10) 249 L 6.71 −20, 46, 2 4,49

kE = cluster size in voxels. Regions active within the same cluster are grouped together. L, left; R, right; BA = Brodmann area. The t and z values are
for the peak voxel. Coordinates are in MNI space
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to separate the two social cues (e.g., happy vs. sad face). Our
results show that the orbitofrontal cortex and hippocam-
pus work together when encoding the specific instance
of encountering the same individual. We suggest that
the ability to separate different encounters with the same
individual seen with different social cues allows for
appropriate social interactions. For example, if a person
is seen first as happy and then as sad, the appropriate
social response would change. We propose that the
orbitofrontal cortex and hippocampus are part of a
working memory system, as well as a long-term mem-
ory system, that allows us to flexibly encode separate
representations of an individual in the varying social
contexts in which we encounter him or her.

The hippocampus and the retrieval of overlapping stimuli
in working memory

In order to correctly indicate whether the test stimulus
matched the first or second stimulus shown in the sample
period of the overlapping condition, participants needed to
disambiguate overlapping representations (two different fa-
cial expressions) of a single individual. The hippocampus
has been shown to be important for disambiguating, or
separating, overlapping sequences (Agster et al., 2002;
Kumaran & Maguire, 2006; Ross et al., 2009) and
overlapping navigational routes (Brown et al., 2010; Wood
et al., 2000) during long-term memory. Our results show
that in the test phase of a delayed match-to-sample task, the
hippocampus has stronger fMRI activity when retrieving a
single face identity shown with two different facial expres-
sions than when retrieving two different face identities
shown with two different facial expressions. These data
extend previous work by suggesting that the hippocampus
contributes to working memory when retrieving representa-
tions of overlapping stimuli.

Contrary to our predictions, we did not see differential
hippocampal fMRI activity during the encoding or mainte-
nance of overlapping representations of the same individual.
It may be that the present whole-brain scanning protocol
lacked the necessary resolution to detect disambiguation-
related hippocampal activity during encoding and mainte-
nance. In support of this idea, recent work in our laboratory,
using the same paradigm with high-resolution fMRI focused
on the medial temporal lobes, has shown hippocampal ac-
tivity differences at encoding and maintenance at the sub-
field level. Specifically, in that study we observed greater
hippocampal activity in CA3/dentate gyrus and CA1 during
encoding and in CA1 and the subiculum during the delay
period of the overlapping condition, as compared with the
nonoverlapping condition (Newmark, Schon, Ross, & Stern,
2013), suggesting a role for the hippocampus when
encoding overlapping stimuli and when maintaining disam-
biguated stimuli in working memory.

It has recently been suggested that the hippocampus
plays a role in working memory, although the nature of
hippocampal involvement in working memory is under de-
bate. Some researchers have suggested that the hippocam-
pus is only involved when the capacity of working memory
has been exceeded, resulting in the engagement of long-term
memory processes in short-term memory tasks (Jeneson,
Mauldin, & Squire, 2010; Shrager, Levy, Hopkins, &
Squire, 2008). Other research has suggested that the hippo-
campus contributes to working memory in a process-
specific manner. The hippocampus has been associated with
long-term relational memory (Eichenbaum, 2000). In addi-
tion, neuropsychological experiments in human amnesic
patients have shown that the hippocampus is also critical

a  Functional connectivity main and interaction effects
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Fig. 4 Summary of functional connectivity between lateral orbitofrontal
cortex (OFC) and the hippocampus, caudate, and putamen regions of
interest. The r values of the correlation between the OFC and each region
of interest for the overlapping (OL) and nonoverlapping (NOL) condi-
tions are reported. (a) At sample (top), right lateral orbitofrontal–hippo-
campal functional connectivity at sample was stronger during the
overlapping than during the nonoverlapping condition (indicated by **).
Both the putamen and hippocampus were more strongly connected to the
orbitofrontal cortex, collapsing across conditions (thickened arrows). At test
(bottom), right lateral orbitofrontal–caudate functional connectivity was
stronger during the nonoverlapping than during the overlapping
condition (indicated by **), although the putamen showed the strongest
functional connectivity with the orbitofrontal cortex when collapsing
across conditions (thickened arrow). (b) The left lateral OFC was more
strongly functionally connected to the putamen when collapsing across
conditions (thickened arrow)
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to remembering relational information over short delay pe-
riods (Finke et al., 2008; Hannula et al., 2006; Nichols et al.,
2006; Olson, Moore, et al., 2006; Olson, Page, et al., 2006).
The present results showed increased hippocampal activity
in the test phase of a working memory task in which dis-
ambiguating overlapping stimuli and maintaining disambig-
uated representations over a brief delay was critical to task
performance. Together with prior studies showing hippocam-
pal involvement in the disambiguation of long-term memories
(Agster et al., 2002; Brown et al., 2010; Kumaran &Maguire,
2006; Ross et al., 2009; Wood et al., 2000) and a recent high-
resolution fMRI study showing hippocampal activation dur-
ing encoding and maintenance using the same task reported
here (Newmark et al., 2013), our results provide evidence
suggesting that disambiguation-related activity associated
with hippocampal function is not dependent on the amount
of time that the information is to be remembered, and is
present in both long-term and working—that is, short-
term—memory paradigms. This is critical for processing so-
cial cues, as they are dynamic and can change rapidly, requir-
ing a mechanism by which individual encounters with an
individual can be segregated so that appropriate behavioral
responses can be selected in subsequent interactions.

Orbitofrontal cortical functional connectivity during test
match trials

During match trials of the nonoverlapping condition, the
lateral orbitofrontal cortex showed stronger functional con-
nectivity with many brain regions, including the hippocam-
pus, retrosplenial cortex, and fusiform gyrus, as compared
with overlapping match trials. Unlike the overlapping con-
dition, in which the same person was shown with two
different facial expressions during the sample period, the
nonoverlapping condition had two different individuals with
two different facial expressions presented at sample. There-
fore, the differences in orbitofrontal cortical functional con-
nectivity at test between the nonoverlapping and
overlapping conditions could be related to viewing two
different identities at sample, suggesting that the increased
functional connectivity may have been related to a load
effect. The hippocampus and retrosplenial cortex have
shown increased fMRI activity in the retrieval phase of a
working memory task with increased load (Schon, Quiroz,
Hasselmo, & Stern, 2009). In the present study, the hippo-
campus may have acted as a match/mismatch detector
(Kumaran & Maquire, 2006, 2007) indicating that the test
stimulus matched a previously viewed stimulus. The in-
creased functional connectivity between the orbitofrontal
cortex and the hippocampus, retrosplenial cortex, and fusi-
form gyrus may then have been caused by the participant
retrieving two face identities from the sample in order to
determine which one the test face matched.

The present study may not have shown increased fMRI
activity in the nonoverlapping condition due to the interfer-
ence inherent in viewing overlapping stimuli, during which
more processing resources might be needed to determine
which specific sample stimulus matched the test stimulus. In
the overlapping condition, the hippocampus would have
also indicated that a match was present, but due to the
interference inherent in viewing overlapping stimuli, more
processing resources would have been needed to determine
which specific sample stimulus matched the test stimulus.
The load effect for the nonoverlapping stimuli and the
interference in the overlapping condition may explain why
we found increased functional connectivity between the
orbitofrontal cortex, hippocampus, retrosplenial cortex, and
fusiform gyrus at test for the nonoverlapping condition, but
increased fMRI activity during overlapping trials in these
brain regions. It is important to note that the orbitofrontal
cortical functional connectivity at test that we have reported
here was the result of a contrast between the nonoverlapping
and overlapping condition connectivity profiles. The results
do not imply that there was no functional connectivity
between the orbitofrontal cortex and these other brain re-
gions in the overlapping condition, simply that the function-
al connectivity was stronger when matching a test stimulus
in the nonoverlapping condition.

Conclusion

Combined with those from prior studies, our results suggest
that the hippocampus and orbitofrontal cortex play roles in
both working memory and long-term memory when sepa-
rate representations of overlapping stimuli need to be dis-
ambiguated. In addition, we suggest that this ability to
disambiguate overlapping representations is important for
social interactions, in which the orbitofrontal cortex and
hippocampus play key roles in enabling us to flexibly en-
code and distinguish between changing contexts and social
situations, so that we may act appropriately.
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