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SUMMARY

Although it is now well established that the hippo-
campus supports memory encoding [1, 2], little
is known about hippocampal activity during spon-
taneous memory retrieval. Recent intracranial elec-
troencephalographic (IEEG) work has shown that
hippocampal activity during encoding predicts
subsequent temporal organization of memories
[3], supporting a role in contextual binding. It is
an open question, however, whether the hippo-
campus similarly supports contextually mediated
processes during retrieval. Here, we analyzed
iEEG recordings obtained from 215 epilepsy pa-
tients as they performed a free recall task. To
identify neural activity specifically associated with
contextual retrieval, we compared correct recalls,
intrusions (incorrect recall of either items from prior
lists or items not previously studied), and delibera-
tions (matched periods during recall when no items
came to mind). Neural signals that differentiate
correct recalls from both other retrieval classes
reflect contextual retrieval, as correct recalls alone
arise from the correct context. We found that in
the hippocampus, high-frequency activity (HFA,
44-100 Hz), a proxy for neural activation [4], was
greater prior to correct recalls relative to the other
retrieval classes, with no differentiation between
intrusions and deliberations. This pattern was not
observed in other memory-related cortical regions,
including DLPFC, thus supporting a specific hip-
pocampal contribution to contextually mediated
memory retrieval.
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RESULTS

The goal of our study was to assess whether the hippocampus
specifically supports spontaneous retrieval of contextually medi-
ated memories, whereby temporal contextual information is
used to guide retrieval processes [5, 6]. We collected intracranial
electroencephalographic (iIEEG) data from 215 epilepsy patients
who participated in a free recall experiment. We measured high-
frequency activity (HFA, 44-100 Hz) in the field potential, a signal
that correlates with both multi-unit activity and the fMRI BOLD
signal [7, 8], during the 500 ms preceding correct recalls (C)
and recall errors (intrusions, I). Additionally, we assessed HFA
during “deliberation” periods (D), 500-ms intervals of silence
during which participants attempted to recall items without
making overt vocalizations. We measured retrieval effects in
four regions of interest (ROIs) that broadly encompass the
“core memory network” [9, 10], the hippocampus, frontal, tem-
poral, and parietal lobes (Figures 1A-1D, left panel). Whereas
general retrieval should be characterized by greater HFA for cor-
rect recalls and intrusions relative to deliberations (e.g., [11]),
contextually mediated retrieval processes should be reflected
by both (1) reliable differences between correct recalls and intru-
sions and (2) non-reliable differences between intrusions and
deliberation periods, as only correct recalls reflect retrieval of
correct contextual information.

We predicted that the pattern of activity in hippocampus
would be consistent with contextually mediated retrieval, with
increased activity for correct recalls only, given the role of hippo-
campus in contextual encoding [3], source memory [12, 13] and
recollection [14, 15]. In comparison, we predicted that our other
ROIs would differentiate intrusions and deliberations. Specif-
ically, retrieval search and monitoring processes in the frontal
lobe [16, 17] and sensory reactivation processes in temporal
lobe [18-20] should differentiate any retrieval event, whether cor-
rect or incorrect, from a failed memory search that does not
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Figure 1. High-Frequency Activity during Free Recall in the Core
Memory Network

(A-E) The left panel shows electrode locations in hippocampus (A), frontal lobe
(B), temporal lobe (C), parietal lobe (D), and DLPFC (E). The right panel shows
Z scored high-frequency activity (zHFA, 44-100 Hz) for each of three retrieval
classes: correct recalls (black), intrusions (dark gray), and deliberation periods
(light gray). Error bars are standard error of the mean. *p < 0.05, **p < 0.01,
**p < 0.001.

result in a retrieval event (e.g., deliberation periods). Likewise,
activity in parietal lobe should be greater for intrusions than de-
liberations, given that intrusions are reported because they are

Table 1. Comparison of Retrieval Classes within Each ROI

Region C>l1 I>D C>D

Hippocampus (76) 3.5 .06 4.9+
Frontal lobe (123) 4.4 8.6 12.7
Temporal lobe (131) 2.1* 2.9* 6.2"**
Parietal lobe (110) 2.3* 42" 6.1**
DLPFC (98) 3.4* 6.8*** 8.8"**

T statistics for the paired comparison of Z scored high-frequency activ-
ity (zHFA, 44-100 Hz) across retrieval classes (correct recalls, C; intru-
sions, |; deliberations, D) within each ROl. Numbers in parentheses
denote number of participants with electrodes in each region. *p <
0.05, **p < 0.01, **p < 0.001.

subjectively believed to be correct and the parietal lobe supports
subjective memory [21]. We found a pattern consistent with
contextually mediated retrieval in the hippocampus (Figure 1A,
right panel), with increased HFA for correct recalls relative to
intrusions and deliberations, and no reliable difference between
intrusions and deliberations (Table 1). We found reliable differ-
ences between all three retrieval classes in each of three large
cortical regions: frontal, temporal, and parietal lobe (see Table 1).

A potentially interesting question concerns the nature of intru-
sions, which can be divided into prior-list intrusions, recall of
items from previous study lists, and extra-list intrusions, recall
of items not previously studied. Among the 25 participants who
contributed a minimum of five prior- and extra-list intrusions,
we found no reliable difference in hippocampal HFA preceding
each intrusion type (t(24) = 0.18, p = 0.86). We therefore
collapsed across both intrusion types for all remaining analyses.

We next sought to directly assess whether the pattern of HFA
increases exclusively preceding correct recalls in hippocampus
was reliably different from the patterns observed in frontal, tem-
poral, and parietal lobes. We ran repeated-measures ANOVAs
with retrieval class (C, I, D) and region (either hippocampus
and frontal lobe, hippocampus and temporal lobe, or hippocam-
pus and parietal lobe) as factors, followed by post hoc compar-
isons of contrasts between retrieval classes (Figure 2). That is,
we were not interested in differences in retrieval class across re-
gions, e.g., whether correct items had more or less HFA in the
hippocampus versus frontal lobe. Instead, we wanted to test
whether the components of contextually mediated retrieval, a
large positive effect for the Cl contrast and a non-significant
effect for the ID contrast, were unique to the hippocampus.

A 2 x 3 repeated-measures ANOVA between hippocampus
and frontal lobe revealed a marginal effect of region, a main ef-
fect of retrieval class, and a reliable interaction between retrieval
class and region (Table 2). Post hoc comparisons showed reli-
able regional differences in the ID and CD contrasts, but not
the Cl contrast (Table 2). A2 x 3 repeated-measures ANOVA be-
tween hippocampus and temporal lobe revealed a main effect of
region and of retrieval class and a reliable interaction between
retrieval class and region (Table 2). Post hoc comparisons
showed reliable region differences in the Cl contrast, but not
the ID or CD contrast (Table 2). A 2 x 3 repeated-measures
ANOVA between hippocampus and parietal lobe likewise re-
vealed a main effect of region and of retrieval class and a reliable
interaction between retrieval class and region (Table 2). Post hoc
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Figure 2. Retrieval Contrasts

The figure shows zHFA differences between each retrieval class (correct re-
calls, intrusions, deliberations) for each of four ROIs (hippocampus, H; frontal
lobe, F; temporal lobe, T; parietal lobe, P). Error bars are standard error of the
mean. *p < 0.01, **p < 0.001.

comparisons showed reliable regional differences in the ID
contrast, but not the Cl or CD contrast (Table 2). Thus, all region
by retrieval class comparisons showed that the pattern of con-
textually mediated retrieval was specific to the hippocampus.

As the ROIs we investigated outside of the hippocampus were
quite broad, we performed an additional, more focused analysis
on the dorsolateral prefrontal cortex (DLPFC), which has been
shown to support both organizational processes during encod-
ing [17] and monitoring processes during retrieval [16]. The
pattern of HFA in DLPFC mirrored that in the broader frontal
lobe (Figure 1E, right panel), with reliable differences between
all three retrieval classes (Table 1). Likewise, a 2 x 3 repeated-
measures ANOVA between hippocampus and DLPFC revealed
no main effect of region, a main effect of retrieval class, and a
reliable interaction between retrieval class and region (Table 2).
Post hoc comparisons showed reliable regional differences in
the CD contrast and a marginal difference in the ID contrast,
with no differences in the CI contrast (Table 2), again showing
that the pattern of contextually mediated retrieval is specific to
the hippocampus.

DISCUSSION

The goal of the current study was to elucidate the neural mech-
anisms that give rise to contextually mediated retrieval. Based on
prior work showing that hippocampal activity correlates with
contextual encoding [3], we hypothesized that the hippocampus
may also play a unique role in the retrieval of temporal contextual
information. It was an open question whether other brain regions
within the core memory network would similarly support contex-
tually mediated retrieval. We measured HFA (44-100 Hz) during
the 500-ms interval preceding retrieval of correct items, intru-
sions, and during periods of searching without a response (delib-
erations) in regions that broadly cover the core memory network
[9, 10]: the hippocampus, the DLPFC, and the frontal, temporal,
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Table 2. Comparison of Retrieval Classes and Retrieval Class
Contrasts across Regions

F Statistics T Statistics
Retrieval

Region Class Interaction Cl ID CD
Frontal 3.7~ 29.9*** 11.6™* 1.1 420 3.9%*
lobe (63)
Temporal 4.3* 14.0"** 4.1* 2.7 1.8 .09
lobe (76)
Parietal 4.4* 17.7%* 3.6* 1.7 2.7 .91
lobe (57)
DLPFC (48) 2.4 18.7*** 6.4** 1.4 1.9~ 4.2

F statistics for each 2 x 3 repeated-measures ANOVA comparing re-
gion (hippocampus and the region shown) and retrieval class (correct
recalls, C; intrusions, |; deliberations, D). T statistics for each post hoc
paired comparison between class contrasts (Cl, ID, CD) across regions
(hippocampus and the region shown). Numbers in parentheses denote
number of participants with electrodes in both hippocampus and the
region shown. ~p = 0.06, *p < 0.05, **p < 0.01, ***p < 0.001.

and parietal lobes. We found a pattern of activity specific to the
hippocampus whereby HFA increased for correct recalls relative
to both intrusions and deliberation periods. Together, these
results suggest that the hippocampus specifically reflects con-
textually mediated retrieval.

Increased hippocampal activity is a correlate of successful
memory encoding [1, 9, 12] and retrieval [22-24]. Although
evidence from recognition memory studies suggests that the
hippocampus supports source memory retrieval [20, 25, 26],
the contribution of hippocampus to spontaneous memory
retrieval is less well understood. By assessing HFA, a signal
thought to reflect general cortical activation [4], during free
recall, we were able to measure neural signals associated
with the retrieval of items from correct and incorrect contexts
(correct recalls and intrusions, respectively). General retrieval
processes would be characterized by similar activation for
correct recalls and intrusions relative to deliberations, as the
first two cases both result in a retrieval event. Contextually
mediated retrieval, however, would be characterized by both
activation differences between correct recalls and intrusions
and no activation differences between intrusions and deliber-
ations, as the latter two cases both reflect failure to retrieve
correct contextual information. We find the latter pattern in
the hippocampus, suggesting that it supports contextually
mediated retrieval.

Previous research has shown that item reinstatement occurs
in the hippocampus [27] and that context is reinstated during
retrieval [28]. The current work presents an intersection between
these findings, suggesting that hippocampus specifically re-
flects the retrieval of context information. A speculative interpre-
tation of these findings is that hippocampal pattern completion
[29-31] may only occur for items retrieved from the correct
temporal context, which would be consistent with findings that
univariate hippocampal activity scales with parahippocampal
representations of context [32]. Such pattern completion may
be dependent on differential contributions of hippocampal sub-
fields supporting temporal and spatial contextual information
[33], a possible avenue for future research.



The pattern of contextually mediated retrieval was specific to
the hippocampus as the frontal, temporal, and parietal lobes
did not show both increased activation for correct recalls relative
to intrusions and equivalent activation for intrusions and deliber-
ations. Across all regions outside of the hippocampus, including
DLPFC, we found greatest activation for correct recalls, followed
by intrusions, with the least activation for deliberations. The fron-
tal lobe has been shown to support a variety of retrieval pro-
cesses including controlled retrieval [17, 34], selection [34, 35],
and monitoring [36, 37]. The present results appear most consis-
tent with a monitoring account whereby the frontal lobe acts as
an evidence accumulator [38]. Likewise, the pattern of results
in temporal cortex may reflect the degree of sensory reactivation
[18], with relatively greater sensory reactivation for intrusions re-
flecting retrieval of item information without hippocampally
mediated contextual reinstatement. Finally, our findings in the
parietal lobe are consistent with evidence suggesting that this
region supports vivid remembering [39] and that parietal lobe
retrieval activity may reflect a retrieval buffer [40] and/or subjec-
tive memory experiences ([21] cf. [41]).

A major question not addressed by the present work includes
the potential impact of epileptiform activity on memory retrieval.
Given that our data are from neurological patients, epileptic ac-
tivity may potentially contaminate the effects of interest. Indeed,
epileptiform activity during retrieval can negatively impact mem-
ory performance [42], and thus, further research may help to
clarify the degree to which electrophysiological differences be-
tween successful and unsuccessful retrieval periods reflect
pathological neural activity.

During spontaneous retrieval, we must perform a search in or-
der to successfully retrieve a memory. Several computational
models of human memory (e.g., [5, 6]) propose that temporal
context acts as a cue to guide this search process. Our study
provides evidence that the hippocampus supports such contex-
tually mediated retrieval and, in doing so, is distinct from other
regions within the core memory network.

EXPERIMENTAL PROCEDURES

Participants

83 patients (37 female; age range: 15-57, mean = 36) participated in experi-
ment 1, and 132 patients (68 female; age range: 16-64, mean = 36) partici-
pated in experiment 2. As the two experiments differed only in inter-stimulus
and retrieval interval duration (see below), we merged data from both experi-
ments and performed identical analyses on both datasets. All patients had
medication-resistant epilepsy and underwent a surgical procedure in which
electrodes were implanted subdurally on the cortical surface and deep within
the brain parenchyma. In each case, the clinical team determined electrode
placement so as to best localize epileptogenic regions. Data were collected
as part of a long-term multicenter study; experiment 1 data were collected
at the following centers: Boston Children’s Hospital (Boston), Hospital of the
University of Pennsylvania (Philadelphia), Freiburg University Hospital (Frei-
burg), and Thomas Jefferson University Hospital (Philadelphia). Experiment 2
data were collected at the following centers: Thomas Jefferson University Hos-
pital (Philadelphia), Mayo Clinic (Rochester), Hospital of the University of Penn-
sylvania (Philadelphia), Emory University Hospital (Atlanta), University of Texas
Southwestern Medical Center (Dallas), Dartmouth-Hitchcock Medical Center
(Lebanon), Columbia University Medical Center (New York), and the National
Institutes of Health (Bethesda). The institutional review board at each hospital
approved the research protocol. We obtained informed consent from the
participants or their guardians. Participants were left-hemispheric language
dominant as assessed by either the participants’ handedness or a clinically

administered intracarotid injection of sodium amobarbital (Wada test). Clinical
need determined the electrode placements. The raw, de-identified data as
well as the associated codes used in this study can be accessed at the
Cognitive Electrophysiology Data Portal (http://memory.psych.upenn.edu/
Electrophysiological_Data).

Intracranial Recordings

iEEG data were recorded using a Bio-Logic, DeltaMed, Nicolet, GrassTelefac-
tor, Nihon Kohden EEG system, Natus XLTek EMU 128, or Grass Aura-LTM64.
Depending on the amplifier and the discretion of the clinical team, the signals
were sampled at 500 to 2,000 Hz. Signals were referenced to a common con-
tact placed either intracranially or on the scalp or mastoid process. Contact
localization was accomplished by co-registering the post-operative CTs with
the MRIs using FSL Brain Extraction Tool (BET) and FLIRT software packages.
Contact locations were then mapped to both MNI and Talairach space using
an indirect stereotactic technique. Depth electrodes were manually localized
by a neuroradiologist experienced in neuroanatomical localization utilizing
post-operative MRIs and CT images. For each participant and electrode, the
raw EEG signal was downsampled to 500 Hz, and a fourth order 2-Hz stop-
band butterworth notch filter was applied at 50 or 60 Hz to eliminate electrical
line noise.

Free Recall Task

Participants studied lists of 12, 15, or 20 high-frequency, non-semantically-
related nouns (http://memory.psych.upenn.edu/WordPools) for a delayed
free recall task. The computer displayed each word for 1,600 ms, followed
by an 800 to 1,200 ms (experiment 1) or 750 to 1,000 ms (experiment 2) blank
interstimulus interval. No encoding task was used. Immediately following the
final word in each list, participants performed a distractor task (20 s) consisting
of a series of arithmetic problems of the form A+ B + C = ?, where A, B, and C
were randomly chosen integers ranging from 1 to 9. After the distractor, par-
ticipants had 45 s (experiment 1) or 30 s (experiment 2) to freely recall as
many words as possible from the list in any order. Vocalizations were digitally
recorded and later manually scored for analysis. On average, participants
participated in two sessions and studied 19 lists.

Data Analyses and Spectral Power

Two concerns when analyzing bivariate interactions between closely spaced
intracranial contacts are volume conduction and confounding interactions
with the reference line. We used bipolar referencing to eliminate such con-
founds when analyzing the neural signal [43]. We found the difference in
voltage between pairs of immediately adjacent electrodes [2]. The resulting bi-
polar signals were treated as new virtual electrodes and are referred to as such
throughout the text. Analog pulses synchronized the electrophysiological re-
cordings with behavioral events.

We applied the Morlet wavelet transform (wave number 6) to all bipolar elec-
trode EEG signals from 4,500 ms preceding to 1,000 ms following vocalization,
across 46 logarithmically spaced frequencies (2-100 Hz). We included a
1,000-ms buffer on both sides of the data to minimize edge effects. After log
transforming the power, we downsampled the data by taking a moving
average across 100-ms time windows and sliding the window every 50 ms, re-
sulting in 109 time intervals (54 non-overlapping) from 4,500 ms preceding to
1,000 ms following vocalization. Power values were then Z transformed within
session by subtracting the mean and dividing by the standard deviation power.
Mean and standard deviation power were calculated across all retrieval events
and time points in a session for each frequency. We then reduced the Z-trans-
formed power to a single band of HFA (44-100 Hz).

We analyzed three classes of retrieval events: correctly recalled items, intru-
sions (items recalled that were not from the preceding list, excluding repeti-
tions of previously recalled items), and deliberation periods. Any vocalization
that was preceded by 5,000 ms of “silence,” i.e., no other vocalizations, was
included in our analysis. We then divided this 5,000-ms interval into a deliber-
ation period and a correct recall or intrusion event. For correct recalls and in-
trusions, we collapsed HFA across the 500-ms interval preceding vocalization,
so as not to include signals associated with speech production [44]. Delibera-
tion periods were 500-ms intervals of silence from 3,000 to 2,500 ms pre-
ceding vocalization during which participants were attempting to recall items
but made no overt vocalizations [11]. By yoking deliberation periods to both
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correct recalls and intrusions in this way, we ensured that output position did
not reliably differ across retrieval classes (mean output position by retrieval
class: C, 3.0; 1, 3.0, D, 2.9; repeated-measures one-way ANOVA of output po-
sition across class, F(2,284) = 0.13, p = 0.88). Across participants there were
on average 38 correctly recalled items, 12 intrusions, and 51 deliberation pe-
riods. A participant had to have a minimum of five items per retrieval class to be
included in the analysis [3]; 143 participants met this criterion.

ROI Selection and Analysis

Both to maximize the number of participants per ROl and to broadly encom-
pass regions in the core memory network [9, 10], we analyzed data in the hip-
pocampus and frontal, temporal, and parietal lobes. For increased spatial
specificity, we also assessed retrieval effects in DLPFC, defined based on
Brodmann areas (9, 46). When accounting for the minimum event requirement
(see above), the number of patients with electrodes in a given region was as
follows: 76 hippocampal, 123 frontal, 131 temporal, 110 parietal, and 98
DLPFC. For each participant, we averaged HFA values across electrodes
within an ROI as we were interested in effects consistent across an ROI and
not regional differences within an ROI. Therefore, each participant contributed
a single HFA value for each retrieval class for each ROI.
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