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Abstract
The ability to form associations between previously unrelated items of information, such as names
and faces, is an essential aspect of episodic memory function. The neural substrate that determines
success vs. failure in learning these associations remains to be elucidated. Using event-related
functional MRI during the encoding of novel face-name associations, we found that successfully
remembered face-name pairs showed significantly greater activation in the anterior hippocampal
formation bilaterally and left inferior prefrontal cortex, compared to pairs that were forgotten.
Functional connectivity analyses revealed significant correlated activity between the right and left
hippocampus and neocortical regions during successful, but not attempted, encoding. These
findings suggest that anterior regions of the hippocampal formation, in particular, are crucial for
successful associative encoding and that the degree of coordination between hippocampal and
neocortical activity may predict the likelihood of subsequent memory.

Introduction
The hippocampus and related structures in the medial temporal lobe are thought to be
critical for episodic memory, but the precise function of the hippocampus in creating
successful memories is not yet fully understood. Converging evidence from animal models
of amnesia (Squire and Zola-Morgan, 1991; Bunsey and Eichenbaum, 1995; Nakazawa et
al., 2002), animal electrophysiological studies (Wood et al., 1999; Suzuki and Eichenbaum,
2000), and amnestic patients (Squire, 1992; Schacter and Church, 1995; Chalfonte et al.,
1996; Ryan et al., 2000) suggests that one primary role of the hippocampal formation in
episodic memory encoding is to form new associations between previously unrelated items
of information (Squire and Zola-Morgan, 1991; Eichenbaum et al., 1996). Recent functional
imaging studies have provided additional support for this role of the hippocampal formation
in associative memory processes (Henke et al., 1997; Yonelinas et al., 2001; Zeineh et al.,
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2003). Many of these studies, as well as a meta-analysis by Schacter and Wagner (1999),
have suggested that tasks that require relational or associative processing between stimuli
are more likely to activate anterior regions of the hippocampal formation, as opposed to
tasks that require processing of single stimuli, which tend to activate posterior hippocampal
and parahippocampal regions (Stern et al., 1996; Brewer et al., 1998; Wagner et al., 1998;
Kirchhoff et al., 2000). The majority of associative memory studies published to date,
however, have used block design paradigms, which did not allow for the separation of signal
associated with individual stimuli, and thus could not adequately control for other
contributing factors, such as whether the associations were successfully remembered.

Advances in functional neuroimaging paradigm design, specifically event-related fMRI
designs (Dale and Buckner, 1997), have allowed the separation of specific stimuli based on
whether the stimuli are subsequently remembered or forgotten. The “subsequent memory”
fMRI studies published to date have primarily examined nonassociative encoding. These
studies have reported that the degree of activation in parahippocampal and some posterior
hippocampal regions, as well as prefrontal cortex, predicts the likelihood of subsequent
memory for single stimuli, such as words or scenes (Brewer et al., 1998; Wagner et al.,
1998; Kirchhoff et al., 2000). It is unknown, however, whether activation in the same
regions would also predict successful encoding of associations between unrelated items.

One particularly difficult associative encoding task encountered in daily life is learning the
name associated with a new person one meets. Face-name association may be especially
challenging because it requires the formation of a novel association between inherently
unrelated items of information across the verbal and visual domains. We have previously
reported that encoding novel face-name associations activates a set of brain regions, which
include the hippocampus, fusiform, and prefrontal cortices (Sperling et al., 2001). We
subsequently found that pharmacologically induced associative memory impairment
selectively decreases activation in these same regions (Sperling et al., 2002). We undertook
the current study, with an event-related face-name associative encoding paradigm with
subsequent memory testing, to examine which brain regions are the most critical for
successful encoding of novel face-name associations and whether the degree of coordination
between regions predicts the likelihood of successful associative memory. We hypothesized
that the hippocampal formation, specifically the anterior hippocampus, is critical for
successful associative encoding, and that the degree of activation in the anterior
hippocampus during encoding would predict success in subsequent associative memory
performance.

It is unlikely that the hippocampus, or any other region, functions in isolation to form
successful associations. If, in fact, the hippocampal formation is acting to “bind” together
distributed representations of the information into a cohesive memory trace (Squire and
Zola-Morgan, 1991; Eichenbaum et al., 1996), it is likely that this process requires
coordinated activity between the hippocampal formation and neocortical regions. Given the
extensive afferent and efferent neocortical connections of the anterior hippocampal
formation, this region seems ideally situated to integrate neural activity from widespread
neocortical inputs. Thus, we hypothesized that successful encoding would demonstrate a
high degree of correlation between activity in the hippocampal formation and neocortical
regions involved in the process of forming face-name associations.

Methods
Subjects

Sixteen right-handed, healthy young subjects (ages 20-33 years) participated in this study.
Nine were female and seven were male. Participants were screened for neurologic and
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psychiatric illness, as well as any contraindications to MRI. None of the subjects were
taking medications with known central nervous system effects. All subjects provided written
informed consent in accordance with the Human Research Committee at Massachusetts
General Hospital, Boston, MA.

fMRI activation task
During functional image acquisition, participants viewed face-name stimuli that consisted of
a digital color photograph of an unfamiliar face presented against a black background with a
fictional first name printed in white underneath the face. For each face-name pair, subjects
were asked to indicate with a button press whether each name “fit” the face (pressing a
button with their right index finger to indicate that the name did fit the face or with their
right middle finger to indicate that the name did not fit the face). Subjects were informed
that this was a purely subjective decision designed to augment the associative encoding
process. Subjects were also instructed to try to remember the name associated with each face
for later testing. These instructions were given verbally prior to beginning the experiment,
and in between each functional run. Each face-name pair was presented only once during the
experiment for 1.75 s. The face-name stimuli were randomly intermixed with trials of visual
fixation of varying lengths (0.25 to 10 s, mean fixation length = 2.84 s). The fixation
stimulus was a white fixation cross (+) centered on a black background.

A total of 455 face-name pairs were shown over the course of five runs in a jittered event-
related design. The order of the stimuli presentation was determined using Opt-Seq
(http://surfer.nmr.mgh.harvard.edu/). Stimuli were presented using MacStim 2.5 on a
Macintosh computer and projected via a Sharp XG-2000V color LCD projector (Osaka,
Japan) through a collimating lens (Buhl Optical) onto a rear projection screen. Subjects
viewed the screen through a mirror attached to the head coil.

Postscan memory test
Immediately after the imaging session, subjects completed a memory test for all 455 face-
name pairs that were shown during image acquisition. The postscan stimuli consisted of the
same face images on a black background now shown with two names printed in white
underneath the face: the correct name that was actually paired with the face during encoding,
and an incorrect name that was paired with a different face during encoding. The location of
the correct name was balanced for equal numbers on the right and on the left. Subjects were
asked to indicate which name was correct and whether they had high or low confidence that
they made the correct choice.

Image acquisition
Subjects were scanned using a Siemens Allegra 3.0-T scanner (Siemens Medical Systems,
Iselin, NJ) with a 3-axis gradient head coil. Twenty-six slices (5 mm, skip 1 mm) were
acquired in an oblique coronal orientation, perpendicular to the anterior commissure-
posterior commissure (AC-PC) line, to maximize in-plane resolution (3.125 × 3.125 × 6
mm) and reduce susceptibility artifact within the hippocampus. Functional data were
acquired using a gradient echo sequence (TR = 2000, TE = 30, flip angle = 90°). Five
functional runs were acquired for each subject with 140 time points per run.

Data analysis
Functional MRI data were preprocessed and analyzed using Statistical Parametric Mapping
(SPM99; Wellcome Department of Cognitive Neurology) for Matlab (Math-works, Inc.).
The data were realigned and normalized to the standard SPM99 EPI template. The
registration of the EPI data to the template was checked for each individual subject. The
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fMRI data were smoothed with a gaussian kernel of 8 mm. No slice time correction was
applied, and the data were modeled with the canonical hemodynamic response function
only. No scaling was implemented for global effects. A high pass filter of 70 s was used to
filter out low frequency variations (i.e., drift across each run). Comparisons of interest (All
Face-Name pairs vs. Fixation; High Confidence Correct vs. Incorrect) were implemented as
linear contrasts, first at the individual subject level, averaging together the five runs for each
subject. The contrast images for each subject were then used in a random effects analysis to
determine which regions were the most consistently activated across subjects using a one-
sample t test. Statistical maps were thresholded at a significance level of P < 0.001 with a
minimum extent threshold of 20 contiguous voxels (resampled SPM voxel size +3 × 3 × 3
mm). Activations were considered significant at a level of P < 0.05 after correction for
multiple comparisons at the cluster level. All P values are reported at the corrected cluster
level. Percent signal change for regions of interest (ROIs) functionally defined from the
statistical activation maps were determined using the SPMROI Toolbox
(http://spm-toolbox.sourceforge.net).

Conjunction analyses were performed using the method described by Cabeza et al. (2002).
Masks containing the significantly active voxels for the contrasts of interest (HC-Correct vs.
LC-Correct and HC-Incorrect vs. LC-Incorrect) were multiplied together using the ImCalc
feature in SPM99. This resulted in a mask that contains only the voxels that are significantly
active in both contrasts to examine the relationship between confidence and accuracy.

Functional connectivity analyses were performed on the random effects level group data
using the signal extracted from seed regions (4 mm radius) from the contrast maps (All
Face-Name pairs vs. Fixation; High Confidence Correct vs. Incorrect), and were compared
with all other voxels across subjects using simple correlation analyses (Friston et al., 1996;
Poldrack et al., 2001). Connectivity maps were thresholded at a significance level of P <
0.001 with an extent threshold of 20 contiguous voxels. Regions were considered to show
significant connectivity if the regions exhibited positive or negative correlations at a level of
P < 0.05 after correction for multiple comparisons at the cluster level. Correlation
coefficients between the functionally defined ROI (seed regions with 4-mm radius) were
then generated using Pearson correlation.

Behavioral results for the encoding task and postscan memory test were analyzed using
Student's t test and ANOVA.

Results
Behavioral results

Subjects correctly identified the name associated with the face in 66.2 ± 4.2% of the trials
overall, and 77.5 ± 7.8% of the trials in which they indicated a high confidence level (HC-
Correct) (see Table 1). Subjects were more likely to indicate that they thought the name fit
the face than not during encoding (P < 0.0001); however, there was no difference in the
percentage of HC-Correct responses among those face-name pairs that were classified as
“fits” vs. “not-fits.” There was no difference in the reaction time during encoding for
subsequently correctly compared to incorrectly remembered face-name associations. There
was no effect of stimulus order within or across the runs on the percentage of correctly or
incorrectly remembered face-name pairs.

Activation patterns in “Attempted” and “Successful” associative encoding
We first examined the pattern of activation in Attempted associative encoding vs. baseline
(i.e., All Face-Name pairs vs. Fixation), regardless of subsequent memory performance. This
contrast yielded activation in regions consistent with previous studies of novel associative

Sperling et al. Page 4

Neuroimage. Author manuscript; available in PMC 2011 December 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://spm-toolbox.sourceforge.net


encoding (Sperling et al., 2001, 2002; Zeineh et al., 2003) including: bilateral hippocampus,
bilateral fusiform regions, thalamus, and lateral inferior and orbitofrontal regions (Table 2).
The activation within the hippocampal formation for All Attempted Encoding was primarily
located in mid- to posterior hippocampus (peakMNI coordinates x, y, z: left: −24, −27, −6;
right: 21, −30, −3).

We then examined the pattern of activation in Successful vs. Failed Encoding. To minimize
the contribution of correct responses that occurred by chance, activation maps were
generated for those face-name pairs that were subsequently remembered with high
confidence compared to face-name pairs that were subsequently forgotten (i.e., HC-Correct
vs. Incorrect). Random effects group analyses showed significant activation bilaterally in the
hippocampal formation (left: −30, −21, −18, P < 0.0001 corrected for multiple comparisons
at the cluster level; right: 33, −15, − 33, P < 0.0001) and left inferior prefrontal cortex (−51,
21, 6, P < 0.001). The activation within the hippocampal formation for successful
associative encoding extended from the mid-hippocampus anteriorly to the hippocampal-
amygdaloid border bilaterally, and included the entorhinal cortex on the right (see Fig. 1).

To examine activity in both the posterior and anterior hippocampal formation in greater
detail, we used a region of interest (ROI) approach (Poldrack et al., 2001). This involved
extracting the MR signal time course within functionally defined ROIs for three stimulus
types: HC-Correct, LC-Correct, and Incorrect responses (see Fig. 2). In the posterior
hippocampus, we found a significant increase in MR signal for all stimulus types compared
to fixation; that is, there were no significant differences between HC-Correct, LC-Correct,
and Incorrect conditions. In the anterior hippocampus, however, the MR signal response was
significantly greater (P < 0.0001) for HC-Correct than LC-Correct and Incorrect face-name
pairs.

We then explored the possibility that the hippocampal activation was related to the
subjective confidence level by using a conjunction analysis (e.g., Cabeza et al., 2002) to
examine the relationship between accuracy and confidence. We partitioned the data into HC-
Correct, LC-Correct, HC-Incorrect, and LC-Incorrect, and generated two contrasts: HC-
Correct vs. LC-Correct and HC-Incorrect vs. LC-Incorrect. These two contrasts showed
brain regions that demonstrated significantly greater activation for high confidence
responses compared to low confidence responses for correct and incorrect responses,
respectively. There were no regions that showed a significant overlap between confidence
and accuracy at the significance level of P < 0.001, which was used for all of the other
analyses. At a less stringent threshold of P < 0.01, however, there was a small region in the
left inferior prefrontal cortex (−42, 24, 18), which showed activation for both HC-Correct
vs. LC-Correct and HC-Incorrect vs. LC-Incorrect contrasts (see Fig. 3). There was no
activation within the hippocampal formation for the HC-Incorrect vs. LC-Incorrect contrast,
even at the lower significance threshold.

Functional connectivity analyses
To determine which regions exhibited correlated activity with the anterior hippocampus
during successful associative encoding, random effects functional connectivity analyses
were performed (Friston et al., 1996; see Table 3). The MR signal estimates from the peak
activation (maximal task-dependent activation for HC-Correct vs. Incorrect responses) for
left and right hippocampal formation were extracted and entered into a voxel-by-voxel
correlation analysis across all subjects (Poldrack et al., 2001). These analyses for the left
anterior hippocampal formation showed significant positive correlations with the right
anterior hippocampus, bilateral fusiform cortices, and bilateral inferior prefrontal regions.
We then extracted the MR signal time course within functionally defined ROIs to further
examine the strength of the relationship (correlation coefficient and significance value)
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between activity in specific regions (Poldrack et al., 2001). The strongest correlation was
found between the left and right anterior hippocampus (r = 0.89, P < 0.00001). The
correlation between left anterior hippocampus MR signal change and left inferior prefrontal
cortex MR signal change was also highly significant (r = 0.84, P < 0.0001). Functional
connectivity analysis for the right anterior hippocampal formation showed significant
correlations with the right anterior fusiform gyrus and the left inferior prefrontal cortex.
Using the ROI approach yielded a similarly strong correlation between the right
hippocampal formation and left inferior prefrontal cortex (r = 0.83, P < 0.0001).

Random effects functional connectivity analyses were also performed for attempted
encoding (All Face-Name pairs vs. Fixation contrast). Despite the increased statistical power
afforded by the greater number of stimulus events included in this contrast, there were no
regions that showed significant correlation at the corrected cluster level with either the right
or left hippocampus, or with any other peaks from the All Face-Name vs. Fixation contrast.

Discussion
This study provides evidence that the successful encoding of novel cross-modal associations
is subserved by a specific set of brain regions, in particular, anterior portions of the
hippocampal formation bilaterally and the left inferior prefrontal cortex. Furthermore, our
data suggest that the degree of coordination between activity in the hippocampal formation
and prefrontal cortex may contribute to the likelihood of successful subsequent associative
memory.

Our findings are consistent with previous event-related fMRI studies reporting that
activation in the medial temporal lobe and prefrontal cortex during encoding is predictive of
subsequent memory performance (Brewer et al., 1998; Wagner et al., 1998; Kirchhoff et al.,
2000; Otten et al., 2001). More specifically, our results suggest that the location of
activation within the medial temporal lobe may be dependent on the specific demands of the
memory task (i.e., whether the formation of a novel association is required). Several
previous “block design” neuroimaging studies (Henke et al., 1999; Schacter and Wagner,
1999; Mitchell et al., 2000; Yonelinas et al., 2001, Zeineh et al. 2003), including our own
(Sperling et al., 2001), have suggested that associative memory tasks preferentially activate
anterior regions of the hippocampal formation. Zeineh et al. (2003) recently published a
block design fMRI experiment during the encoding and retrieval of face-name pairs. Their
study used high resolution MR acquisition and “flat mapping techniques” to examine
activation within specific subregions of the hippocampal formation. They demonstrated
activation in the anterior CA fields 2 and 3, and the dentate gyrus during blocks of encoding
novel face-name pairs compared to fixation. Consistent with our findings, Zeineh et al.
(2003) reported that the activation was maximal in these regions during the first of the four
blocks of encoding, when the group of subjects learned the greatest number of face-name
pairs. Our results using an event-related design, which allows the separation of the MR
signal during encoding of face-name pairs that were subsequently remembered from those
that were subsequently forgotten for each individual subject, furthermore suggests that
activation of these anterior hippocampal regions is directly related to the likelihood of
successfully forming these cross-modal associations.

In this study, we did not directly compare associative encoding (i.e., binding together
previously unrelated items of information) to nonassociative encoding (single items).
However, the location of the activation within the hippocampus for successful encoding of
associative stimuli in our study is more anterior than what has now been reported in multiple
studies for successful encoding of single item stimuli (Brewer et al., 1998; Wagner et al.,
1998; Kirchhoff et al., 2000). For example, Wagner et al. (1998) reported that increased left
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posterior parahippocampal activation predicted successful memory for single words, and
Brewer et al. (1998) reported that increased right posterior parahippocampal activation
predicted subsequent memory for single pictures. Kirchoff et al. (2000) found that activation
in the posterior hippocampus (28, −30, −6) and parahippocampus (−28, −37, −9) predicted
subsequent memory for single pictures and single words, respectively. In our study, the
analysis comparing each of the conditions (HC-Correct, LC-Correct, and Incorrect) vs.
Fixation as shown in Fig. 2 suggests that, while attempted encoding activates more posterior
regions of the hippocampal formation, it is only the successful encoding of novel
associations that activated the anterior portions of the hippocampal formation.

A recent event-related fMRI study by Davachi and Wagner (2002) compared relational and
item based learning of word triplets. They found greater hippocampal activation for
relational processing of items, and greater parahippocampal activation for item based
processing. Consistent with our results, Davachi and Wagner (2002) also found that
hippocampal activation predicted subsequent memory for items encoded with relational
processing, but not with item-based processing. The relational aspect in the Davachi and
Wagner (2002) study differs somewhat from the associative encoding task in our study.
They used an “elaborative” encoding condition, which required the rating of relative
ordering of words according to desirability, compared to a “rote” learning condition. An
additional difference is that the subsequent memory testing in the Davachi and Wagner
study was performed for each individual word rather than for the triplet associations,
whereas in our study, the subsequent memory test required subjects to indicate which of two
names, both seen during the experiment, was associated with the face during encoding.
Another study from Davachi et al. (2003) demonstrated greater activation in the
hippocampus bilaterally for words that were encoded through associative mental imagery
compared to words that were read. Furthermore, greater hippocampal activation was seen
during encoding when the subject subsequently remembered whether they had encoded the
word during imagery or reading, suggesting that the hippocampus is involved in encoding
“source” associations. Also consistent with our results is the finding of Otten et al. (2001),
who reported greater activation in the anterior hippocampus for “semantically” encoded
words that were subsequently remembered, which the authors speculated might represent the
binding together of item and contextual information.

A block design fMRI study by Small et al. (2001) examined associative vs. single item
encoding for faces and names. This study reported that the encoding of faces alone activated
posterior hippocampal regions, while hearing names alone activated more anterior
hippocampal regions, consistent with previous studies using auditory encoding paradigms.
The encoding of face-name pairs activated a unique spatial distribution, which included mid-
hippocampal regions. Because the Small et al. (2001) study was performed with a block
design paradigm, it did not address the issue of whether activation was dependent on
successful encoding of associations between the stimuli. Our data examining attempted
encoding, using a visual presentation of face-name pairs, is consistent with the results of
Small et al. (2001), but our data comparing successful vs. failed encoding suggests that it is
the anterior hippocampal formation, which is important for creating enduring associative
memories. Further study directly comparing the activation pattern during the successful and
failed encoding of novel cross-modal associations to successful and failed encoding of
single items should clarify whether the anterior hippocampal formation is selectively
activated only during successful associative memory processes.

It is also possible, however, that the anterior-posterior differential in activation is an artifact
of functional mapping with limited spatial resolution. The difference in results seen with
single-item encoding versus associative encoding could represent a distinction between
activation in the hippocampus proper versus activation in the posterior parahippocampus.

Sperling et al. Page 7

Neuroimage. Author manuscript; available in PMC 2011 December 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Several of the fMRI studies using single-item encoding parahippocampal and posterior
hippocampal activation have used complex scenes (Stern et al., 1996; Brewer et al., 1998;
Kirchhoff et al., 2000). The concept of a specific “parahippocampal place area” has thus
been suggested (Epstein et al., 1999). This explanation is unlikely to fully explain the
anterior-posterior distinction in all of these studies, because posterior parahippocampal
activation has also been reported with single-item word encoding (Wagner et al., 1998;
Fernandez et al., 1998). It is also possible that, in our study, amygdala activation is
contributing to the activation at the border of the anterior hippocampus. It is difficult to
accurately distinguish the anterior hippocampus, entorhinal cortex, and amygdala using
relative thick slice acquisition parameters (5 mm, skip 1 mm) and additional “smoothing” (8
mm) in the fMRI analyses. However, in a previous study using a similar face-name
association task with block design, we anatomically defined the hippocampus,
parahippocampus, and amygdala using each individual subject's anatomy, and the activation
was clearly centered in the anterior hippocampus (Sperling et al., 2002). In the current study,
the activation peaks were also centered in the anterior hippocampus, although we cannot
rule out some contribution from amygdalar activation, which is also heavily connected with
the entorhinal cortex (Van Hoesen, 1982).

An alternative theory for the role of the hippocampus that has been suggested by several
neuroimaging studies (Tulving et al., 1994; Strange et al., 1999) involves the detection of
novel stimuli. For example, a recent subsequent memory paper by Strange et al. (2002)
reported anterior hippocampal activation, in addition to perirhinal and para-hippocampal
activation, for subsequent memory of word lists. In their study, the anterior hippocampal
activation was found to predict subsequent memory only for the initial words on each list,
which the authors postulated might represent a “primacy” or novelty effect. Our findings in
mid- and posterior hippocampal regions are somewhat supportive of the novelty detection
theory, since all of the face-name pairs were novel to the subjects and showed a similar
increase in the MR signal in these more posterior hippocampal regions compared to
baseline. However, novelty detection is unlikely to fully explain our results in the anterior
hippocampal formation, as it was only the face-name pairs that were subsequently
remembered correctly with high confidence that showed significantly higher MR signal
response in these anterior regions. Furthermore, each run included a very large number of
face-name pairs, and the distribution of HC-Correct, LC-Correct, and Incorrect responses
was independent of the presentation order of the stimuli within each run. Additionally, each
subject remembered a unique subset of the face-name pairs; thus, it is unlikely that any other
features of specific stimuli explain our results.

There is some neuroanatomical and clinical support for a differential role of the anterior and
posterior regions of the hippocampal formation in associative memory function. The most
distinguishing features of the anterior hippocampal formation lie in its connections to
neocortex (for review, see Moser and Moser, 1998). The primary input from multimodal
association neocortical areas into the hippocampus occurs anteriorly, via the entorhinal
cortex, and is known as the perforant pathway (Van Hoesen, 1982). The perforant pathway
is thought to be of critical importance in memory function, and disruption of this pathway,
as is known to occur early in the pathophysiologic progression of Alzheimer's disease (AD),
produces profound memory impairment (Hyman et al., 1984). Of particular relevance to this
study is the finding that AD patients exhibit significant deficits in associative memory
function very early in the clinical course of their disease (Morris et al., 1991; Fowler et al.,
2002), and difficulty remembering proper names continues to be the most common
complaint of older individuals visiting memory clinics (Zelinski and Gilewski, 1988; Leirer
et al., 1990).
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Our findings are also consistent with evidence from both functional imaging and animal
studies suggesting that the longitudinal axis of the hippocampus may function as a series of
interconnected “memory circuits,” a feature that may be particularly important for
associative encoding (Small, 2002; Nakazawa et al., 2002). In this context, activation of the
anterior hippocampus may be particularly important when it occurs simultaneously with
activation of other hippocampal regions, thus effectively activating the entire longitudinal
axis of the hippocampus. Our data comparing each of the conditions (HC-Correct, LC-
Correct, and Incorrect vs. Fixation as shown in Fig. 2) suggest that while activation in mid-
and posterior hippocampus occurs during “attempted” encoding, it may be the addition of
the anterior hippocampal activation, which completes the “circuit” along the longitudinal
axis of the hippocampus, that might be important for creating successful associations.

In addition to activating anterior regions of the hippocampal formation, successful
associative encoding also produced significant activation in the left inferior prefrontal
cortex. This finding is consistent with multiple previous subsequent memory event-related
designs examining non-associative encoding that have reported that activation in left inferior
prefrontal cortex predicts the likelihood of subsequent memory (Brewer et al., 1998; Wagner
et al., 1998; Kirchhoff et al., 2000; Otten et al., 2001; Buckner et al., 2001). It remains
unclear what the precise role the prefrontal cortex plays during encoding, but this region is
likely important for modulating complex attentional networks (Rees and Lavie, 2001;
Cabeza et al., 2003). We did not observe any differences in the reaction time during the
encoding task between face-name pairs that were subsequently remembered vs. forgotten,
but it is possible that the increased left inferior prefrontal cortex activation reflects increased
vigilance during the encoding of stimuli that will be later remembered. We also found that a
small region in the left inferior prefrontal cortex was activated in highly confident responses
for both correct and incorrect answers. Previous studies have suggested that specific regions
in the left pre-frontal cortex may be involved in the subjective experience accompanying
memory formation and retrieval (Henson et al., 1999; Dobbins et al., 2002). Interestingly,
although there was significant activation within the hippocampal formation for HC-Correct
vs. LC-Correct contrast, there was no activation within the hippocampal formation for the
HC-Incorrect vs. LC-Incorrect contrast. This finding suggests that the primary role of the
anterior hippocampus in successful associative memory formation may be in accurately
“binding” together items of information rather than in imparting the subjective feeling of
confidence for subsequent memory.

As one of the unique attributes of the anterior hippocampal formation is its strong
neuroanatomical connectivity with neocortex, we hypothesized that successful associative
encoding may depend not only on activation of the anterior hippocampal formation, but also
on the synchronization of neural activity with neocortical regions. We used random effects
functional connectivity analyses to examine which other brain regions showed evidence of
correlated MR activity with the hippocampal formation. These analyses demonstrated that
activity in the hippocampal formation was highly correlated with activity in several
neocortical regions during successful encoding but not in attempted encoding. Interestingly,
only a subset of the regions from the main successful vs. failed encoding contrast showed
evidence of significant functional connectivity, namely the left and right hippocampal peaks.
In addition, the functional connectivity analyses revealed evidence of correlated activity
between the hippocampal formation and additional neocortical regions that were not
significantly activated in the main contrast. In successful encoding, the regions showing
significant positive correlations with the hippocampus included the fusiform cortices
bilaterally, a region which is known to be important for the processing of human faces in the
right hemisphere (Kanwisher et al., 1997) and in the successful encoding of faces
(Kuskowski and Pardo, 1999). A similar fusiform region in the left hemisphere has also
been shown to activate with processing of famous names (Tempini et al., 1998), as well as in
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other naming paradigms (Martin et al., 1996). A recent PET study of learning face-name
associations also demonstrated that fusiform and neighboring inferior temporal cortices were
activated during successful encoding (Herholz et al., 2001). Our previous block design
studies have also indicated that the anterior regions of the fusiform in particular are involved
in the encoding of novel face-name associations (Sperling et al., 2002, 2003). The functional
connectivity analyses in this study furthermore suggest that correlated activity between the
hippocampus and fusiform cortices may be particularly important for successful encoding of
face-name associations.

The hippocampal formation bilaterally also showed evidence of significantly correlated
activity with the prefrontal cortex during successful encoding. The prefrontal cortex is
known to have both afferent and efferent projections from the hippocampal formation
(Goldman-Rakic et al., 1984; Insausti et al., 1987), including specific prefrontal connections
projections to the anterior hippocampal formation (Barbas and Blatt, 1995). Interestingly,
although only the left inferior prefrontal cortex was significantly activated in the main
successful vs. failed encoding contrast, both left and right prefrontal cortices demonstrated
significant correlated activity with the hippocampal formation. Our connectivity analyses
suggest that, in addition to activation of these regions, the degree of coordination in the
activity between the hippocampal formation and neocortical regions may predict successful
memory formation. New multivariate methods for image analyses that are being adapted for
functional MRI, such as singular value decomposition, may prove particularly useful in
investigating the pattern of co-variance between these regions.

Although the prefrontal activation was lateralized to the left during the main successful vs.
failed encoding contrast, we observed activation that was quite symmetric in the left and
right anterior hippocampal formation in the main contrast. This finding may be related to the
fact that our face-name association task requires integration across both verbal and visual
domains, since previous studies have suggested that there may be lateralization of
hippocampal activation in verbal vs. nonverbal memory tasks (Kelley et al., 1998). In
addition, the functional connectivity analyses suggested that activity in the left and right
anterior hippocampal formations was strongly intercorrelated during successful encoding,
and both left and right anterior hippocampal formations showed correlated activity with
inferior prefrontal cortices bilaterally during successful encoding. It is unknown whether the
coordination of right and left hippocampal activity is mediated through some other
neocortical region, but one might speculate that it is the prefrontal cortex that serves in this
capacity.
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Fig. 1.
Successful vs. Failed Encoding. Statistical activation maps demonstrating greater response
during encoding of Face-Name pairs that were subsequently successfully remembered (High
Confidence Correct) compared to Face-Name Pairs that were forgotten (Incorrect).
Activation within the hippocampal formation is shown in three image planes: coronal (top),
sagittal (middle), and transaxial (bottom), and was located in the anterior hippocampus
bilaterally, and the right entorhinal cortex. Analyses performed with SPM99, and statistical
activation maps (color bar represents T scores) of the event-related data averaged across
subjects are displayed on an anatomic T1 image template.
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Fig. 2.
Attempted Encoding vs. Fixation. Activation maps for each of the attempted encoding
conditions compared to visual fixation (color bar represents T scores): Face-Name pairs that
were subsequently forgotten (Incorrect), Remembered with Low Confidence (LC-Correct),
and Remembered with High Confidence (HC-Correct). Within the hippocampal formation,
Incorrect (top left) and LC-Correct (top middle) demonstrated significant activation in mid-
posterior hippocampus only, while HC-Correct (top right) demonstrated activation along the
entire longitudinal axis of the hippocampus, including the anterior hippocampus. MR signal
time courses were extracted for a three-dimensional region of interest (4-mm radius) for the
posterior hippocampus (bottom left, A: centered at 21, −30, −3) and the anterior
hippocampus (bottom right, B: centered at 24, −12, −15). The percent MR signal
modulation for each condition is indicated on the y-axis and time in seconds is indicated on
the x-axis. All encoding conditions (HC-Correct, LC-Correct, and Incorrect) showed similar
response in mid- to posterior hippocampus, while HC-Correct responses were significantly
higher (P < 0.00001) than LC-Correct and Incorrect in the anterior hippocampus.
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Fig. 3.
Analysis of confidence and accuracy. Activation maps for HC-Correct vs. LC-Correct
(yellow) and HC-Incorrect vs. LC-Incorrect (red) are displayed on coronal slices: prefrontal
regions shown on left at y = 27, and hippocampal regions shown on the right at y = −12). No
significant overlap was found using a conjunction analysis at the threshold of P < 0.001, but
at the lower threshold atP < 0.01 (shown in figure), the only region showing overlap
between confidence and accuracy was found in the left inferior prefrontal cortex. There was
bilateral activation in the anterior hippocampal formation for the HC-correct vs. LC-correct
contrast, but no activation within the hippocampal formation for the HC-Incorrect vs. LC-
Incorrect even at the lower threshold of P < 0.01.
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Table 1
Performance on postscan memory testing (n = 16)

Correct Incorrect

Overall 66.2 ± 4.2%b 33.8 ± 4.2%

High confidence 77.5 ± 7.8%b 22.5 ± 7.8%

Low confidence 57.6 ± 3.9%a 42.4 ± 3.9%

a
P < 0.00001;

b
P < 0.000000001.
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