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ABSTRACT: Although it is well established that the hippocampus is
critical for episodic memory, little is known about how the hippocam-
pus interacts with cortical regions during successful memory formation.
Here, we used event-related functional magnetic resonance imaging
(fMRI) to identify areas that exhibited differential functional connectiv-
ity with the hippocampus during processing of novel objects that were
subsequently remembered or forgotten on a postscan test. Functional
connectivity with the hippocampus was enhanced during successful, as
compared with unsuccessful, memory formation, in a distributed net-
work of limbic cortical areas—including perirhinal, orbitofrontal, and
retrosplenial/posterior cingulate cortex—that are anatomically con-
nected with the hippocampal formation. Increased connectivity was also
observed in lateral temporal, medial parietal, and medial occipital cor-
tex. These findings demonstrate that successful memory formation is
associated with transient increases in cortico-hippocampal interaction.
VVC 2005 Wiley-Liss, Inc.
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A large body of evidence from humans and nonhuman primates suggests
that the medial temporal lobe region plays a critical role in forming new
declarative memories (Eichenbaum and Cohen, 2001; Squire et al.,
2004). Most theories of hippocampal function suggest that the hippo-
campus is critical for declarative memory precisely because of the unique
convergence of cortical regions that project to this region. For example,
one influential idea is that, during encoding, various aspects of an event
are processed in diverse neocortical association areas, and that the hippo-
campus ‘‘binds’’ these neocortical memory representations in a manner
that can support expressions of relational/declarative memory (Eichen-
baum and Cohen, 2001; O’Reilly and Rudy, 2001; Howard et al.,
2005). Implicit in this, and other hypotheses of hippocampal function,
is the idea that interactions between the hippocampus and neocortex are
critical for normal declarative memory formation.

At present, little is known about how the human hippocampus inter-
acts with neocortical regions during successful and unsuccessful memory
formation. Some previous neuroimaging studies have addressed this

question by examining changes in functional coupling
with the hippocampus that correlated with individual
differences in memory performance (Grady et al.,
2003) or correlated with task manipulations that dif-
ferentially engaged episodic encoding processes (Rajah
et al., 1999; Habib et al., 2003). For example, Grady
and colleagues used positron emission tomography
(PET) to scan older and younger subjects, during
encoding of objects and words. They next used seed-
based partial least squares (PLS) analysis to examine
networks in which coupling with the hippocampus
correlated with individual differences in memory per-
formance. In another study, Habib and colleagues
used seed-based PLS to identify networks that differen-
tially coupled with the hippocampus during processing
of novel relative to familiar words (Habib et al., 2003),
based on the assumption that situationally novel stimuli
are more likely to be successfully encoded (Stern et al.,
1996; Tulving et al., 1996; Ranganath and Rainer,
2003). Finally, Rajah and colleagues used structural
equation modeling of PET data to investigate differen-
ces in functional connectivity between a medial tempo-
ral region and other cortical regions during encoding
and retrieval tasks with face stimuli (Rajah et al.,
1999). Results from these blocked-trial PET studies
generally revealed increased functional connectivity
between the medial temporal lobes and prefrontal and
extrastriate visual areas during memory encoding. How-
ever, it is not clear whether transient changes in cou-
pling between the hippocampus and these cortical
regions are specifically related to successful encoding of
a given item.

Here, we used functional magnetic resonance imag-
ing (fMRI) to examine the extent to which successful
item encoding is associated with transient changes in
cortico-hippocampal interaction. In this experiment,
subjects were scanned while performing a working
memory (WM) task with trial-unique line drawings of
complex objects (Fig. 1). Immediately after the scan
session, subjects were given a surprise long-term mem-
ory (LTM) test on objects presented during the scan.
We previously showed that activity in the left hippo-
campus during the early delay period of each WM
trial was significantly correlated with subsequent LTM
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performance (Ranganath et al., 2005). In the present study, we
sought to identify cortical regions that showed enhanced cou-
pling with this left hippocampal region during processing of
objects that were subsequently remembered relative to process-
ing of objects that were subsequently forgotten.

We used the ‘‘beta series correlation’’ method (Rissman et al.,
2004) to examine event-related changes in functional connec-
tivity with the hippocampus. The beta series method uses a
standard general linear model (GLM) approach for estimating
activity during specific components of each WM trial (Court-
ney et al., 1997; Zarahn et al., 1997; Postle et al., 2000;
Ranganath and D’Esposito, 2001; Ranganath et al., 2003,
2004a,b), but adapts the model such that separate beta values
are computed to estimate activation changes for each compo-
nent of each individual trial. With this approach, a series of
beta values can be extracted from a seed region, indexing trial-
to-trial activity fluctuations within that region. The beta series
can then be used as dependent data in a voxel-based correlation
analysis, in which, for a given task component or trial type,
activity changes are correlated between the seed region and vox-
els across the brain.

The beta series correlation analysis method allowed us to
separately identify patterns of functional coupling with the left
hippocampal seed region during the cue, early delay, and late
delay phases of each WM trial. (Connectivity effects were not
analyzed during the probe period because there were insuffi-
cient numbers of trials to separately examine connectivity
effects for matching vs. nonmatching probes.) We were specifi-
cally interested in identifying areas where functional coupling
with the hippocampal seed was greater on trials with subse-
quently remembered objects than on trials with subsequently
forgotten objects. Results of our previous behavioral analyses
suggested that processing early in the memory delay was critical
for successful LTM formation (Ranganath et al., 2005), and
that the left hippocampal region showed activity during this
time period that differentiated between subsequently remem-
bered and forgotten objects. We therefore predicted that neo-
cortical areas should show differential connectivity with the
hippocampus during the early delay.

Results from the contrast between subsequently remembered
and forgotten trial types are summarized in Table 1, and scat-

terplots are shown for a subset of these regions in Figure 2.
Consistent with our initial hypothesis, the majority of the iden-
tified areas exhibited differential connectivity with the hippo-
campus during the early delay phase. During the cue period,
differential connectivity effects were observed in precuneus
(Brodmann’s area [BA] 18), superior parietal cortex (BA 7),
and left middle temporal gyrus (BA 37). During the early delay
period, differential connectivity effects were observed in limbic
cortical regions, including bilateral regions in the anterior col-
lateral sulcus (lying in perirhinal, anterior inferior temporal,
and/or temporopolar cortex (Insausti et al., 1998)), medial
orbitofrontal cortex (at or near BA 11; (Ongur et al., 2003)),
ventral frontopolar cortex (BA 10, Ongur et al., 2003), insula,
and caudal ventromedial cortical areas spanning the posterior
cingulate and retrosplenial cortices (BA 23/29/30/31; (Vogt
et al., 2001). Other areas showing differential connectivity dur-
ing the early delay included the superior and middle temporal,
supramarginal, and angular gyri, precuneus, and several early
visual cortical areas. Finally, regions in the right superior frontal
(BA 10), angular (BA 19/39), and middle temporal (BA 19)
gyri showed greater connectivity with the hippocampus during
the late delay period of the remembered trials as compared
with the forgotten trials.

To our knowledge, no prior fMRI study has directly compared
functional connectivity with the hippocampus during successful
and unsuccessful episodic memory formation. Our results showed
that the hippocampus exhibits functional connectivity with a wide
network of neocortical areas that is predictive of successful visual
LTM formation. Additionally, the locations of areas identified in
these analyses converge remarkably with the known neuroanatomy
of the primate hippocampal formation. For example, it is well
known that the entorhinal cortex (EC) (the primary point of corti-
cal connectivity in the hippocampal formation) receives direct pro-
jections from the perirhinal, parahippocampal, posterior cingulate,
retrosplenial, insular, orbitofrontal, and superior temporal cortices
(Insausti et al., 1987). In addition to these bidirectional connec-
tions, the subiculum and the CA1 are known to have direct projec-
tions to the orbitofrontal cortex (Barbas and Blatt, 1995; Carmi-
chael and Price, 1995), and CA1 receives direct projections from
parietal areas 7a and 7b, and area TE (Rockland and Van Hoesen,
1999; Zhong and Rockland, 2004). The present results suggest that
each of these neocortical regions is not only anatomically linked
with the hippocampal formation, but that their activity is function-
ally linked with the hippocampus during successful memory forma-
tion. Accordingly, our results implicate these areas as a true network
for visual memory encoding.

Results from previous studies have shown that analyses of func-
tional connectivity are not simply redundant with analyses of
activation changes (Gazzaley et al., 2004; Rissman et al., 2004).
The present results were consistent with this idea. Many of the
regions identified as showing subsequent memory effects in our
previous report (Ranganath et al., 2005), such as the lateral pre-
frontal cortex, did not exhibit memory-correlated changes in con-
nectivity with the hippocampus. Conversely, some areas that
showed changes in connectivity, such as the retrosplenial/poste-
rior cingulate cortex, did not show subsequent memory effects in

FIGURE 1. Experimental task. Schematic depiction of example
stimuli and timing for trials of the visual working memory task.
Following the scan session, subjects completed a surprise long-term
memory task for each cue object, and activity was separately exam-
ined for trials on which the object was subsequently remembered
or forgotten.
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TABLE 1.

Local Maxima of Regions Exhibiting Differential Connectivity With the Hippocampus, During Processing of Subsequently Remembered Items

As Compared With Subsequently Forgotten Items

Region BA Z-value x y z rremembered rforgotten

Cue

Precuneus (L) 18 4.32 !21 !66 28 0.35 (0.05) 0.12 (0.08)

Superior parietal gyrus (L) 7 3.59 !24 !70 70 0.32 (0.09) 0.14 (0.11)

Middle temporal gyrus (L) 37 3.46 !70 !60 10 0.27 (0.04) 0.06 (0.10)

Early delay

Retrosplenial/posterior cingulate cortex 23/31 4.49 4 !63 14 0.51 (0.06) 0.13 (0.09)

Cuneus 18 4.46 0 !74 18 0.48 (0.06) 0.24 (0.09)

Retrosplenial/posterior cingulate cortex 23/29/30 4.41 10 !63 7 0.46 (0.07) 0.05 (0.10)

Middle temporal gyrus (R) 21/37 4.24 60 !56 0 0.44 (0.07) 0.20 (0.09)

Middle temporal gyrus (L) 39 4.00 !60 !70 21 0.45 (0.06) 0.25 (0.09)

Middle temporal gyrus (L) 21/37 4.00 !60 !66 7 0.42 (0.07) 0.25 (0.12)

Supramarginal gyrus (R) 39/40 3.97 56 !49 32 0.41 (0.06) 0.25 (0.08)

Postcentral gyrus (L) 42 3.85 !70 !28 14 0.46 (0.07) 0.22 (0.07)

Lateral orbital gyrus (R) 47 3.84 32 63 !18 0.26 (0.06) 0.03 (0.08)

Anterior collateral sulcus (L) 3 3.73 !46 !7 !46 0.40 (0.06) 0.11 (0.12)

Postcentral sulcus (R) 2 3.68 42 !38 63 0.50 (0.04) 0.17 (0.06)

Superior temporal gyrus (L) 42/22 3.66 !56 !46 18 0.45 (0.07) 0.19 (0.11)

Middle temporal gyrus (R) 21/37 3.65 66 !52 4 0.41 (0.06) 0.18 (0.11)

Middle temporal gyrus (L) 21 3.64 !63 !24 !4 0.46 (0.06) 0.15 (0.12)

Insula (L) 3.62 !38 4 4 0.44 (0.05) 0.14 (0.08)

Middle occipital gyrus (L) 3.59 !32 !102 21 0.36 (0.08) 0.01 (0.11)

Superior frontal gyrus (L) 6 3.5 !32 14 60 0.45 (0.06) 0.13 (0.11)

Postcentral gyrus (R) 48 3.5 66 0 7 0.46 (0.07) 0.24 (0.10)

Cuneus (L) 17 3.48 !7 !102 4 0.29 (0.08) 0.01 (0.11)

Fusiform gyrus (L) 20 3.45 !46 7 !46 0.37 (0.07) 0.19 (0.10)

Gyrus rectus (R) 11 3.42 4 42 !28 0.14 (0.09) !0.03 (0.08)

Cuneus (R) 17 3.42 4 !94 7 0.44 (0.06) 0.23 (0.12)

Cerebellum (R) 3.38 7 !56 !21 0.33 (0.06) 0.26 (0.10)

Superior temporal gyrus (R) 21 3.36 63 !4 !4 0.47 (0.06) 0.31 (0.10)

Middle temporal gyrus (L) 39 3.34 !66 !66 14 0.28 (0.07) 0.12 (0.10)

Cuneus (L) 18 3.31 !18 !105 10 0.40 (0.07) 0.16 (0.10)

Superior temporal gyrus (L) 48 3.3 !52 !14 7 0.40 (0.06) 0.13 (0.08)

Middle occipital gyrus (L) 21/37 3.29 !70 !63 4 0.32 (0.07) 0.03 (0.10)

Angular gyrus (R) 19/39 3.29 42 !84 32 0.23 (0.07) !0.06 (0.11)

Superior temporal gyrus (R) 21/22 3.28 !63 7 !4 0.40 (0.08) 0.20 (0.12)

Gyrus rectus (R) 11 3.26 7 49 !24 0.18 (0.11) !0.12 (0.1)

Cuneus (L) 18 3.25 !10 !88 !4 0.48 (0.08) 0.30 (0.11)

Cuneus (R) 17 3.23 14 !84 7 0.41 (0.06) 0.15 (0.12)

Superior temporal sulcus (R) 22/42 3.22 52 !32 7 0.42 (0.07) 0.07 (0.13)

Anterior collateral sulcus (R) 20/36 3.21 38 !4 !46 0.34 (0.07) 0.16 (0.09)

Cuneus (L) 19 3.19 !7 !10 28 0.25 (0.04) !0.06 (0.07)

Anterior collateral sulcus (L) 20 3.18 !32 7 !42 0.34 (0.07) 0.03 (0.10)

Middle occipital gyrus (L) 19 3.18 !38 !80 14 0.43 (0.05) 0.30 (0.09)

Fusiform gyrus (L) 6 3.18 !46 !28 !32 0.37 (0.09) 0.12 (0.11)

Superior temporal gyrus (L) 12/38 3.14 !63 14 !10 0.43 (0.08) 0.12 (0.11)

Middle occipital gyrus (L) 19 3.12 !42 !91 21 0.28 (0.06) 0.02 (0.13)

Middle occipital gyrus (R) 21/37 3.11 60 !63 !7 0.41 (0.07) 0.19 (0.12)

Cerebellum (R) 3.07 10 !63 !24 0.46 (0.05) 0.26 (0.09)

Supramarginal gyrus (L) 40 3.02 !63 !42 38 0.42 (0.07) 0.15 (0.09)

Central sulcus (R) 4 3.01 49 !14 63 0.36 (0.09) 0.26 (0.09)

Precentral gyrus (R) 6 2.95 46 !7 60 0.46 (0.07) 0.31 (0.07)

Superior temporal gyrus (L) 21/38 2.93 !66 4 !14 0.36 (0.08) 0.15 (0.11)

Superior temporal gyrus (R) 42 2.88 66 !21 7 0.43 (0.06) 0.16 (0.12)

Continued
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our previous report. These findings suggest that analyses of func-
tional connectivity can provide a valuable complement to stand-
ard analyses of subsequent memory effects.

Our connectivity analyses identified bilateral regions in the
anterior collateral sulcus that likely extended into the perirhinal
cortex. These results are consistent with findings from a study
that used intracranial EEG recordings to examine functional
interactions between the hippocampus and perirhinal cortex dur-
ing successful and unsuccessful memory formation (Fernandez
et al., 1999; Fell et al., 2001). In this study, EEG was recorded
from depth electrode contacts in the hippocampus proper and in
the anterior collateral sulcus (likely corresponding to the ento-
and perirhinal cortex) during encoding of words that were suc-
cessfully recalled and words that were not recalled on a subse-
quent memory test. Interestingly, frequency oscillations in the
gamma band (36–40 Hz) in these two regions showed height-
ened phase synchronization—a measure of functional coupling—
during trials with subsequently remembered items, relative to tri-
als with forgotten items (Fell et al., 2001). It is unclear whether
the g-band synchronization measured by Fell and colleagues
might represent a neural mechanism for the correlations in
BOLD signal changes observed here. Nonetheless, our results
converge with theirs in demonstrating that successful memory
formation is associated with enhanced coupling between the hip-
pocampus and perirhinal cortex. These results also converge with
results from rats (Muir and Bilkey, 2001) and monkeys (Gaffan
and Parker, 1996) demonstrating functional interactions between
the hippocampus and the perirhinal cortex.

In addition to the anterior collateral sulcus, the retrosplenial
and posterior cingulate cortices also showed increased functional
connectivity with the hippocampus during successful memory
formation. These areas have been reported to show increased
activity during retrieval of items that are recollected (Wagner

et al., 2005), but they have not been implicated in neuroimaging
studies of successful encoding. Indeed, our previous analyses did
not reveal overall activity differences between subsequently
remembered and forgotten items in these regions (Ranganath
et al., 2005). The present results suggest that retrosplenial and
posterior cingulate regions might still contribute to memory
encoding through changes in functional connectivity with the
hippocampus. Results from lesion studies are consistent with this
possibility. For instance, there have been a number of case reports
of human amnesia resulting from retrosplenial cortex lesions
(Valenstein et al., 1987; Bowers et al., 1988; Yasuda et al., 1997;
Masuo et al., 1999; Aggleton and Pearce, 2001; McDonald et al.,
2001). Consistent with these reports, lesions (Vann and Aggleton,
2002; Vann et al., 2003) or temporary inactivation (Cooper and
Mizumori, 1999, 2001; Cooper et al., 2001) of the retrosplenial
cortex in rats have been shown to impair spatial memory. Crit-
ically, hippocampal disruption (through fornix lesions) has been
shown to reduce retrosplenial activity levels (Vann et al., 2000),
and retrosplenial inactivation has been shown to disrupt hippo-
campal place cell coding (Cooper and Mizumori, 2001). These
findings in rodents converge with the present human neuroimag-
ing data to suggest that retrosplenial and posterior cingulate corti-
ces exhibit tight functional coupling with the hippocampus in the
service of memory.

One neocortical area that has been consistently implicated in
neuroimaging studies of successful memory formation is the lat-
eral prefrontal cortex (Buckner et al., 1999; Fernandez and Ten-
dolkar, 2001; Paller and Wagner, 2002; Ranganath and Knight,
2003). As noted earlier, we also observed subsequent memory
effects in dorsolateral (BA 9) and ventrolateral (BA 44, 45, and
47) prefrontal cortex in this dataset (Ranganath et al., 2005).
On the basis of such findings, a number of researchers have sug-
gested that functional interactions between lateral prefrontal cor-

TABLE 1. (Continued).

Region BA Z-value x y z rremembered rforgotten

Late delay

Angular gyrus (R) 19/39 3.57 35 !74 35 0.39 (0.07) 0.13 (0.10)

Middle temporal gyrus (R) 19 3.27 38 !84 28 0.35 (0.08) !0.08 (0.13)

Superior frontal gyrus (R) 10 3.48 24 56 !18 0.34 (0.07) 0.03 (0.12)

R ¼ right; L ¼ left; BA ¼ Brodmann’s area; x, y, z ¼ MNI coordinates (mm); Z-values reflect transformed statistics resulting from the paired t-tests contrasting
Fisher-transformed correlations between remembered and forgotten trials. rremembered and rforgotten are mean raw Pearson’s correlation coefficient values during the
designated task period between activity in the hippocampal seed and the voxel at the local maxima for subsequently remembered and forgotten items, respectively
(SEM values in parentheses). The raw r-values are included for illustrative purposes, but the Fisher-transformed values were used in all significance tests.

FIGURE 2. Functional connectivity with the hippocampus
related to successful memory formation. At left, statistical maps
overlaid on averaged T1-weighted images show regions that exhib-
ited greater connectivity with the hippocampus for objects that
were subsequently remembered relative to objects that are subse-
quently forgotten during the cue (A), the early delay (B), and the
late delay (C) periods. Arrows point to regions of interest that
were used to generate the scatterplots at right. Each scatterplot
shows parameter estimates indexing activation on each trial in the

hippocampal seed region (x-axis) and corresponding parameter
estimates in each region of interest. Separate plots are shown for
trials with subsequently remembered (left) and subsequently for-
gotten (right) items. Data from different subjects are shown in dif-
ferent shapes/colors. For visualization purposes, each subject’s beta
values were z-transformed, and only datapoints <<<< 2.75 standard
deviations from the mean are plotted. [Color figure can be viewed
in the online issue, which is available at www.interscience.wiley.
com.]

1000 RANGANATH ET AL.



FIGURE 2



tex and the hippocampus should be critical for normal memory
(Becker and Lim, 2003; Simons and Spiers, 2003). Thus, it was
somewhat surprising that we did not see enhanced connectivity
between lateral prefrontal cortex and hippocampus, during suc-
cessful memory formation. Instead, successful memory formation
was associated with enhanced coupling between the hippocam-
pus and the orbitofrontal cortex. We note that null effects in
any neuroimaging analyses should be interpreted with extreme
caution. At the same time, our results suggest that functional
interactions between the hippocampus and the orbitofrontal cor-
tex—rather than the lateral prefrontal cortex—may play a signif-
icant role in memory formation. As noted earlier, the orbitofron-
tal cortex is heavily interconnected with the EC and the perirhi-
nal cortex and receives a direct input from CA1 (Barbas and
Blatt, 1995; Carmichael and Price, 1995; Cavada et al., 2000).
In contrast, lateral prefrontal areas are indirectly connected to
the hippocampal formation via the retrosplenial and parahippo-
campal cortices (Goldman-Rakic et al., 1984). Reasoning from
the anatomy, it is possible that lateral prefrontal areas indirectly
influence memory formation by modulating activity in retrosple-
nial, parahippocampal, and posterior cortical areas, whereas orbi-
tofrontal cortex may directly influence memory formation
through functional coupling with the hippocampal formation.

Finally, we found that several early visual cortical areas
showed memory-related changes in connectivity with the hip-
pocampus, in addition to the areas mentioned earlier. These
findings, though unexpected, are consistent with those of the
previous PET studies of hippocampal connectivity. For exam-
ple, Grady and colleagues (Grady et al., 2003) found that activ-
ity in the inferior temporal, fusiform, and middle temporal gyri
was positively correlated with medial temporal activity and rec-
ognition accuracy. Likewise, Rajah and colleagues observed
increased connectivity between the medial temporal lobe and
occipitotemporal visual areas during face encoding as compared
with retrieval or perception tasks. These results strongly support
the idea that visual memory processes rely in a strong interplay
between medial temporal areas and posterior cortical areas that
are traditionally linked to visual perception (Ranganath, in
press; Ranganath and D’Esposito, 2005).

The present results clearly demonstrate that correlations
between hippocampal and cortical activity are heightened dur-
ing successful memory formation, although the underlying neu-
ral mechanisms for these effects are not clear. The simplest
interpretation is that such correlations reflect direct functional
interactions between the hippocampus and cortex. This interac-
tion could reflect feedforward information transfer, as suggested
by some researchers (Fell et al., 2001; Fernandez et al., 2002),
feedback from the hippocampus to the cortex (Ranganath and
D’Esposito, 2005), or both. The ‘‘direct interaction’’ hypothesis
is consistent with the idea that many of the connectivity effects
were observed in regions that are closely or directly connected
with the hippocampal formation. Another possibility is that
changes in activity correlations between the hippocampus and
any given cortical region might be driven by a third region.
For example, memory-related changes in neuromodulatory
influences could alter correlations between activity in the hip-

pocampus and a wide range of limbic cortical regions (Ranga-
nath and Rainer, 2003; Schott et al., 2004; Wittmann et al.,
2005). The neuromodulatory hypothesis is consistent with a
variety of findings implicating the dopaminergic (Lisman and
Otmakhova, 2001; Schott et al., 2004; Lisman and Grace,
2005; Wittmann et al., 2005) and cholinergic (Hasselmo,
1999; Ranganath and Rainer, 2003; Sherman et al., 2003) sys-
tems in successful memory formation. The current analyses
cannot differentiate between these and other possible
mechanisms.

In conclusion, the present results show that analyses of task-
related changes in functional connectivity can provide a useful
complement to standard analyses of overall BOLD signal
changes. Our findings underscore the point that the contribu-
tion of any given region to declarative memory formation may
be governed, in part, by its interactions with anatomically con-
nected regions (McIntosh, 1999, 2000). As such, these results
lay the groundwork for future research investigating specific
roles of different cortico-hippocampal pathways in different
aspects of memory encoding.

DETAILED METHODS

Eight males and seven females from the UC Davis student
community participated in this experiment. Each gave
informed consent prior to the experiment and was paid for the
participation. The materials were line drawings of novel ‘‘possi-
ble’’ objects (Fig. 1) drawn from previous studies (Schacter
et al., 1990, 1992; Schacter and Cooper, 1993; Williams and
Tarr, 1997, 1999). During the scanning phase, participants first
performed a visuomotor response task, the results of which
were used to empirically estimate a subject-specific hemody-
namic response function (HRF). Next, participants performed
128 trials of a delayed-recognition task. On each trial, a cue
object was shown for 1 s, and the subjects were instructed to
maintain a vivid mental image of the stimulus across a variable
7–13 s delay period. Following the delay, a probe object (either
a matching or nonmatching object) was shown for 1 s, and
participants pressed one of the two buttons on a response box
to indicate whether the probe was identical to or different from
the cue stimulus. Match/nonmatch decisions were made by
pressing one of the two buttons on a magnet-compatible
response device. A variable 9–15 s intertrial interval (ITI) pre-
ceded the start of the next trial. Half of the trials contained
items seen in a prescan training session (eight presentations of
each item; these trials are not discussed here) and half con-
tained novel, trial-unique items (i.e., items that were not pre-
sented during the prescan training session). There were an
equal number of match and nonmatch trials, and all trial types
were presented in a pseudorandom order.

Following the scanning session, participants were given a sur-
prise recognition memory test to assess LTM for all of the
items that were shown as cue stimuli in the scanner (64 novel
and 8 learned plus 37 novel foils). In this test, participants
were shown each item individually on a computer screen and

1002 RANGANATH ET AL.



were instructed to rate each item on a confidence scale that
ranged from 1 (‘‘definitely seen during scanning phase’’) to 6
(‘‘definitely NOT seen during scanning phase’’). Subjects were
instructed to distribute their responses across the entire range
of the scale when making their decisions. Responses on this
subsequent LTM test were used to selectively average trials dur-
ing the fMRI scanning session. Comparisons described later
focused on contrasts between trials with stimuli that were sub-
sequently remembered with high confidence (items that were
endorsed with a ‘‘1’’ or ‘‘2’’ confidence rating on the postscan
LTM test) and trials with stimuli that were subsequently for-
gotten (novel items that were endorsed with a ‘‘5’’ or ‘‘6’’ on
the postscan LTM test).

MRI Acquisition and Processing

MRI data were collected on a 1.5T GE Signa scanner at
the UC Davis Research Imaging Center. Functional imaging
was done with a gradient echo echoplanar imaging (EPI)
sequence (TR ¼ 2,000, TE ¼ 40, FOV ¼ 220, 64 3 64
matrix, voxel size ¼ 3.4375 3 3.4375 3 5 mm3), with each
volume consisting of 24 axial slices. Coplanar and high-reso-
lution T1-weighted images were also acquired. FMRI data
preprocessing was performed with Statistical Parametric Map-
ping (SPM99) software, for all subjects. EPI images were sinc
interpolated in time to correct for between-slice timing differ-
ences in image acquisition, realigned using a six-parameter
rigid-body transformation algorithm, spatially normalized to
the template from the International Consortium for Brain
Mapping Project (Cocosco et al., 1997), resliced into 3.5-mm
isotropic voxels, and spatially smoothed with an 8-mm
FWHM Gaussian filter.

MRI Data Analysis

To analyze functional connectivity with the hippocampus,
we chose a seed region in the left hippocampus that was identi-
fied in a group analysis reported previously (Ranganath et al.,
2005). The seed region was specifically defined by identifying
all contiguous voxels in the left hippocampus that exceeded a
P < 0.001 statistical threshold in the contrast of early delay
activity between remembered and forgotten trials. This same
seed region was used in each single-subject analysis.

To assess functional connectivity, activity changes during
each phase of each trial were estimated by multiple regression
analysis (Courtney et al., 1997; Zarahn et al., 1997; Postle
et al., 2000; Rowe et al., 2000; Ranganath and D’Esposito,
2001; Munk et al., 2002; Sakai et al., 2002; Curtis et al.,
2004; Ranganath et al., 2004a; Rissman et al., 2004). We per-
formed the analyses using the implementation of the modified
GLM (Worsley and Friston, 1995) in the VoxBo software pack-
age (freely available at www.voxbo.org). In these analyses,
BOLD signal changes associated with the cue, early delay, late
delay, and probe periods of each trial were modeled with sepa-
rate covariates (see Ranganath et al., 2005, for reasoning and
methods for separating activity during early and late delay peri-

ods). Each covariate was constructed by convolving vectors of
expected neural activity associated with each component of
each trial with a subject-specific HRF estimated from responses
in the central sulcus during the visuomotor response task
(Aguirre et al., 1998; Handwerker et al., 2004; Ranganath
et al., 2004a). Data from the visuomotor response task were
not available for one subject. For this subject, covariates were
constructed by convolving the vector of expected neural activity
with the ‘‘canonical’’ HRF included in SPM99. We have found
that the SPM99 HRF corresponds closely to an average of over
50 empirically derived HRFs that we have estimated in our lab
(Brozinsky and Ranganath, unpublished observations).

Each covariate of interest only modeled responses for trials
that were associated with correct match/nonmatch decisions on
the WM probe. Additional nuisance covariates modeled
responses on trials associated with incorrect WM decisions,
global signal changes that could not be accounted for by varia-
bles in the design matrix (Desjardins et al., 2001), trial-specific
baseline shifts, and an intercept. The convolution matrix
included a time-domain representation of the 1/f power struc-
ture (Zarahn et al., 1997) and filters to remove frequencies
above 0.25 Hz and below 0.02 Hz.

The least-squares solution of the GLM described earlier
yielded a unique parameter estimate (beta value) for each com-
ponent of each WM trial. We next averaged the beta values
across the nine voxels in the left hippocampal seed region and
sorted them by task period (cue, early delay, late delay, probe)
and trial type (confidently remembered vs. low confidence vs.
confidently forgotten). We refer to these condition-specific beta
values as a ‘‘beta series’’ (Rissman et al., 2004). Under the
assumptions of beta series correlation method, the extent to
which two brain regions interact during a given task condition
is quantified by the extent to which their respective beta series
from that condition are correlated. By computing the correla-
tion of the seed’s beta series (averaged across the voxels of the
seed region) with the beta series of all other voxels in the brain,
condition-specific seed correlation maps were generated. All
correlation analyses were conducted using Matlab 6.5 (http://
www.mathworks.com).

To allow statistical conclusions to be made on the basis of
the correlation magnitudes, we applied an arc-hyperbolic tan-
gent transform (Fisher, 1921) to the correlation coefficients of
all brain voxels (Rissman et al., 2004). Because the correlation
coefficient is inherently restricted to the range from !1 to þ1,
this transformation serves to make its null hypothesis sampling
distribution approach that of the normal distribution. The
transformed correlation coefficients were then divided by their
known standard deviation (1/

ffip
(N ! 3), where N is the num-

ber of data points used to compute the correlation coefficient)
to yield z scores.

To assess the map-wise significance of the correlation find-
ings at the group level, the z-transformed correlation maps of
the individual subjects were spatially normalized into standard
MNI atlas space, using routines from SPM99 (http://www.fil.
ion.ucl.ac.uk/spm). Group-level random-effects paired t-tests
were then conducted to identify voxels for which the mean of
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the individual subjects’ transformed correlation coefficients was
reliably different between remembered and forgotten trials dur-
ing the cue, early delay, and late delay task periods. These stat-
istical maps were thresholded using a two-tailed a value of
P < 0.005 and an extent threshold of six voxels. Although
most of these results would survive more stringent statistical
thresholds (Table 1), we chose to use this relatively liberal
threshold in order to maximize our sensitivity to identify candi-
date regions showing differential connectivity with the hippo-
campus. Our reasoning was that little is presently known about
functional connectivity with the hippocampus, and that it
would therefore be preferable to identify as many candidate
regions as possible. For visualization purposes, thresholded stat-
istical parametric maps were overlaid on an averaged T1-
weighted image, using MRIcro software (Rorden and Brett,
2000). Because signal dropout due to susceptibility artifact is
common in the orbitofrontal and anterior medial temporal cor-
tices, we carefully inspected the local maxima in these regions
with respect to the EPI images from our subjects. These local
maxima did not lie in areas with high signal dropout.
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