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a b s t r a c t

Environmental cues often trigger memories of past events (associative retrieval), and these memories are
a form of prediction about imminent experience. Learning is driven by the detection of prediction
violations, when the past and present diverge. Using intracranial electroencephalography (iEEG), we
show that associative prediction violations elicit increased low-frequency power (in the slow-theta
range) in human hippocampus, that this low-frequency power increase is modulated by whether
conditions allow predictions to be generated, that the increase rapidly onsets after the moment of
violation, and that changes in low-frequency power are not present in adjacent perirhinal cortex. These
data suggest that associative mismatch is computed within hippocampus when cues trigger predictions
that are violated by imminent experience.

& 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Hippocampus has long been known to play a central role in
episodic memory (e.g., Eichenbaum & Cohen, 2001; Squire, 1992),
being particularly important for learning and remembering novel
events (e.g., Kirchhoff, Wagner, Maril, & Stern, 2000; Knight, 1996).
An emerging perspective posits that hippocampus retrieves epi-
sodic memories and compares past events to current experiences;
hippocampal detection of a mismatch between past and present is
thought to initiate responses in salience and reward processing
regions that in turn project back to hippocampus, enhancing
memory encoding of the present ‘unexpected’ event (Hasselmo
& Wyble, 1997; Kumaran & Maguire, 2009; Lisman & Grace, 2005;
Vinogradova, 2001).

The computation of mismatch between past and present requires
(a) that cues trigger memory for related past event details (i.e.,
associative retrieval), where the retrieved memory is a form of
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prediction about imminent experience (e.g., Buckner, 2010; Chen,
Olsen, Preston, Glover, & Wagner, 2011); and (b) a mechanism that
detects and signals when associative predictions are violated by
subsequent experience (e.g., Hasselmo & Wyble, 1997; Lisman &
Grace, 2005). For example, if while watching television one finds that
the evening local news program is followed by a particular sitcom, the
next encounter with that news program might bring thoughts of the
sitcom to mind, as the two were temporally related in the past.
Learning about such co-occurrences is advantageous, because when
events repeat (as they often do), an accurate memory of what
happened in the past enables preparation for upcoming events. At
other times, however, such predictions are violated, e.g., the news
program is followed by a weather warning. Violated expectations
indicate the presence of novelty––be it an unexpected event/item or
an unexpected association between two events/items (i.e., both were
previously encountered, but not together). In humans, functional MRI
(fMRI) data indicate that hippocampal blood-oxygenation-level-
dependent (BOLD) activity increases in the presence of associative
novelty (Chen et al., 2011; Duncan, Ketz, Inati, & Davachi, 2012;
Kumaran & Maguire, 2006; Köhler, Danckert, Gati, & Menon, 2005),
and some data suggest that this effect depends on the generation of
predictions (Kumaran & Maguire, 2006, 2007).

A potentially confusing issue is the terminology surrounding
the concept of prediction. The word ‘prediction’ is used here to
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Table 1
Patient information.

Subject Gender Age Left
Hipp

Right
Hipp

Anterior
Hipp

Poster.
Hipp

Left
PrC

Right
PrC

Clinical
description
of pathology

S1 F 40 2 1 2 1 2 2
Primarily
right
hemisphere

S2 F 25 3 0 1 2 2 2
Primarily
right
hemisphere

S3 F 21 3 1 4 0 1 0 Bilateral

S4 F 22 2 0 2 0 2 0
Primarily
left
hemisphere

S5 F 52 5 3 5 3 1 1 Bilateral
S6 M 19 3 3 3 3 0 1 Bilateral
S7 M 50 1 1 2 0 0 0 Bilateral

Gender, age, clinical information, and number of electrodes in left/right hippo-
campus/PrC for each patient. Note that Left and Right Hipp are mutually exclusive,
but not exclusive from Anterior and Posterior Hipp (i.e., the total number of
hippocampal electrodes is found by adding Left and Right Hipp).
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describe a ‘ready’ state of a neural system (e.g., the hippocampus)
that anticipates incoming stimuli (the ‘predicted’ input) based on
the history of past inputs; the word ‘prediction’ is not intended to
describe an overt, effortful, or explicit expectation or visualization.
From our perspective, a subject's experience of active/explicit
expecting may accompany or result from the hippocampal pre-
dictive processes explored here, but those experiences are not
central to the current investigation.

While BOLD data provide tentative support for a ‘hippocampal
mismatch computation’ in humans, a critical test of the hypothesis
requires increased precision about the timing of hippocampal
responses to associative prediction violations. Prior fMRI findings
are open to two interpretations––that mismatch computations
originate in the hippocampus, or alternatively that they originate
in extra-hippocampal regions (e.g., prefrontal or parietal cortex)
that modulate hippocampal responses. Moreover, because putative
hippocampal mismatch computations may trigger a cascade of
neural responses that in turn upregulate hippocampal encoding,
BOLD measures could reflect a mixture of early violation-related
and later encoding-related effects.

Human intracranial electroencephalographic (iEEG) studies have
revealed that certain kinds of unexpected events – target stimuli in
‘oddball’ paradigms – evoke a negative potential in hippocampus
that onsets around 300 ms (e.g., Axmacher et al., 2010; Halgren
et al., 1980, 1995). In oddball tasks, subjects are presented with a
continuous stream of stimuli (images or sounds); infrequently, target
stimuli occur that differ from the majority in a salient dimension (such
as color or category). Such targets are contextually novel in that the
stream of stimuli, all matching along a given dimension (e.g., color),
establish an ongoing state of expectancy that is violated when the
target stimuli appear. By contrast, associative novelty describes an
unexpected association between two specific events/items; a prior
association between two events/items enables one to serve as a
predictor for the other, and a new association (e.g., the appearance
of a different event/item) violates this prediction. Thus, associative
novelty also may be described as associative prediction violation.
It is not yet clear how hippocampal responses to contextual novelty
and associative novelty are related, though it has been suggested that a
comparator framework of hippocampal function may be able to
encompass both (Kumaran D & Maguire E, 2007). While hippocampal
responses to contextual novelty have been explored via iEEG, relatively
little is known about human hippocampal electrophysiological
responses to associative novelty (associative prediction violation).

To directly examine human hippocampal neural activity during
associative prediction violation, we used iEEG to record local field
potentials (LFPs) during an associative memory sequence task that
probed whether differential hippocampal activity (a) appears
rapidly post-violation, (b) is selective to the stimulus that violates
the prediction, and (c) depends on the generation of associative
predictions.
2. Materials and methods

2.1. Participants

Seven patients with temporal lobe epilepsy participated in the experiment
(Table 1). All patients gave informed consent under a protocol approved by the
Stanford University Institutional Research Board. Patients were implanted with
depth electrodes as part of a presurgical evaluation to localize their seizure onset
zone; locations of implantations were determined based solely on clinical con-
siderations. Participation in this experiment did not cause any additional risk to the
patients.

2.2. Task protocol

Participants viewed sequences of images on a laptop computer while perform-
ing an incidental 1-back task (modified from Kumaran & Maguire, 2006). The
computer was placed on a table in front of the participant and the distance adjusted to
their comfort. Button responses were made using an external ten-key pad.

2.3. Task parameters

The image stimuli were color photos of objects centered on white backgrounds
(Fig. 1). Objects were drawn from a set of 752 unique images; participants viewed
between 358 and 752 objects, depending on available time and tolerance. The task
was run in 8-min blocks, with breaks between blocks at the participant's discretion.
The order of images, as well as which images appeared in which experimental
conditions, was randomized for each participant. This random assignment of
stimuli to conditions and positions ensures that the reported results do not reflect
item effects.

Objects appeared one at a time for 1000 ms each, with a 200-ms centered black
fixation cross between stimuli. Stimuli were structured into trial-unique sequences
of four-object quartets, and a 2000-ms centered red fixation cross followed each
quartet. Experimental trials consisted of two quartets, with the first and second
quartets containing the same four objects; an initial sequence (quartet) of four
objects (ABCD; mean ♯ of trials¼82.6, s.d. 24.7) was followed by a second quartet,
either (1) in the same order (‘Repeat’: ABCD; mean ♯¼22.6, s.d. 10.2), (2) with the
last two objects in reverse order (‘Mismatch’: ABDC; mean ♯¼25.1, s.d. 7.7), or (3) in
a completely rearranged order (‘Shuffle’: CADB or BDAC; mean ♯¼21.4, s.d. 10.0). An
additional condition consisted of a single quartet shown repeatedly (the same four
images in the same order) throughout the experiment, with the number of repeats
dependent on the number of task blocks tolerated by the participant (mean ♯¼23.7,
s.d. 9.3). All trial counts reflect the number of trials retained after artifact rejection
(see Section 2.5).

During the task, participants made 1-back judgments. Specifically, they were
instructed to press a key when two objects in a row were identical. These ‘Target’
events occurred on 12% of quartets (mean ♯¼24.1, s.d. 7.2) and were evenly
distributed across experimental conditions, across first and second quartets, and
across object positions within quartets (i.e., positions 2–4). If a Target occurred in a
first quartet, no second quartet was shown. Trials in which Targets occurred were
coded as a separate condition during analyses.

2.4. iEEG data acquisition

LFP data were recorded using laterally penetrating depth electrodes (AdTech
Medical Instrument Corporation; http://www.adtechmedical.com). These electro-
des were cylindrical, 1.3 mm in diameter with 2πr(h+r)¼0.12 cm2 of exposed
recording area and inter-electrode distance of 5 mm. Data were collected at a
sampling rate of 3051.8 Hz (high-pass 0.5 Hz, low-pass 300 Hz) through a 128-
channel recording system (Tucker Davis Technologies; http://www.tdt.com) and
analyzed offline using custom software in MATLAB (MathWorks). Trial onsets were
recorded using photodiode event markers from the presentation laptop for each
experimental trial time-locked with the iEEG recording.

2.5. iEEG data analysis

Raw data were notch-filtered at 60 Hz and harmonics to remove power line
noise and re-referenced to a common average. The electrodes used for the common
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Fig. 1. Task diagram. Each quartet of four images (First) was followed by a second quartet of the same images in the same order (Repeat), a partially recapitulated order
(Mismatch), or with all images in the second quarter re-ordered (Shuffle). Letters (ABCD) are for illustration purposes and did not appear during stimulus presentation. (For
interpretation of the references to color in this figure caption, the reader is referred to the web version of this article.)
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average in each patient were all electrodes inside or on the brain that were not
deemed contaminated by machine noise, as judged by the recording team (depth
and cortical electrodes, no scalp electrodes). The total number of electrodes for
subjects 1–7 was 42, 55, 54, 8, 47, and 63, respectively. Artifact detection was
implemented by an automatic procedure wherein timepoints were flagged if the
notch-filtered data (1) exceeded 6 standard deviations from the signal mean, and/
or (2) exceeded 5 standard deviations from the gradient mean, the change from one
timepoint to the next (Fell, Ludowig, Rosburg, Axmacher, & Elger, 2008). Any
experimental trials that contained flagged timepoints were removed before data
were submitted to statistical tests (mean 36.8% trials, s.d. 16.1%). Data were
inspected after automatic artifact detection in order to remove remaining noisy
trials (mean 2.3%, s.d. 4.1%).

Event-related potentials were constructed by averaging voltage traces across all
trials in a condition (that remained after artifact rejection), with the mean of the
100-ms period before stimulus onset subtracted from the voltage trace for
each trial.

To assess signal power in specific frequency bands, 42 center frequencies were
selected in a logarithmic distribution between 1 and 230 Hz and re-referenced data
were bandpass filtered (with a flat-top Gaussian) at each frequency. A Hilbert
transform was then applied to each of the bandpass filtered time series and the
analytic amplitudes squared to obtain instantaneous power (Canolty, Edwards, &
Dalal, 2006), allowing event-related analyses of power in desired frequency bands;
the resulting power timecourses were resampled to 1/7 the original rate (436 Hz)
in order to reduce computing demands. Power values were transformed to percent
signal change for each frequency band (% signal change¼((power/m)-1),100, where
m¼mean power over all timepoints in all trials in the recording block that were not
removed during artifact detection).

Spectral power analyses were concentrated on low frequencies (o10 Hz) and
frequencies in the gamma range (from ∼30 to 70 Hz), as prior human medial
temporal lobe iEEG studies have reported that modulations in these ranges are
related to cognition (for review, see Jacobs & Kahana, 2010). In humans, signal
power in the ‘slow-theta’ range (2.5–5 Hz) has been posited to be particularly
relevant to memory-related computations as opposed to the ‘fast-theta’ range (5.5–
10 Hz), analogous to the slow- vs. fast-theta distinction in non-human animals
(Lega, Jacobs, & Kahana, 2012). In the current study, center frequencies for ‘slow-
theta’ were 2.75, 3.63, and 4.79 Hz, selected from the predefined center frequencies
to be within the 2.5–5 Hz range; for ‘fast-theta’, center frequencies were 5.75, 6.92,
8.32, and 9.12 Hz. Percent signal change values in each theta range were averaged
across these center frequencies before being submitted to statistical analyses.

The distribution of mean power over subjects is theoretically Gaussian,
following the central limit theorem. Each power value submitted to analyses was
the average over a 500-ms window post-stimulus onset (for rationale see Section
3.1), as well as an average over several center frequencies (see prior paragraph), as
well as an average over multiple electrodes (e.g., all hippocampal electrodes for a
given patient). Histograms of these values across subjects confirmed that the
distributions were normal, justifying the use of parametric statistics.

A recording block was defined as a continuous recording session that lasted
∼8 min; 3–7 blocks of task were collected from each participant. For all partici-
pants, all recording blocks were on the same day, except for one participant (S1)
who was recorded on two different days (with one intervening day).
2.6. Electrode selection

Electrodes of interest were selected conservatively based solely on their
anatomical location – falling within hippocampus or peririnal cortex (PrC), as
visible on post-surgical computed tomography images of electrodes aligned with
structural magnetic resonance images of the brain for each participant (mean ♯ of
electrodes¼6.7, s.d. 2.1; see Table 1). Alignment was performed using a mutual-
information algorithm implemented in SPM (http://www.fil.ion.ucl.ac.uk/spm/).
PrC was defined as the gray matter in the fundus and lateral bank of the collateral
sulcus, bounded anteriorly by the tip of hippocampus and posteriorly by the end of
gyrus intralimbicus (Insausati & Amaral, 2004; Pruessner et al., 2002). The end of
gyrus intralimbicus was also used as the boundary segregating anterior and
posterior hippocampus. Any electrode for which the anatomical location was
ambiguous, e.g., between hippocampus and PrC or at the border of a region such
that it may have been in white matter, was excluded. Electrodes in subiculum and
entorhinal cortex were excluded because data were not available from all
participants in these locations. Data from each electrode were preprocessed
separately, and the resulting measures (ERPs and frequency-specific power) from
all electrodes in each region (hippocampus or PrC, regardless of hemisphere) were
averaged within-participant before being submitted to statistical tests.

All channels from hippocampus and PrC were included regardless of the site of
the patient's seizures. Given clinical evidence that patients with presumably
unilateral medial temporal lobe seizures often have significant epileptic activity
in the contralateral side (Engel, Williamson, & Wiese, 2008), we decided against
designating ‘healthy’ versus ‘pathological’ hemispheres. Instead, we allowed
electrodes from both hemispheres into the analyses and made significant effort
to eliminate abnormal eletrophysiological (i.e., epileptic) activity from our data via
the automatic artifact detection method described above (see iEEG Data Analysis).
A brief description of each patient's clinical assessment is listed in Table 1.
3. Results

3.1. Power modulations in hippocampus and PrC

The critical associative memory trials consisted of viewing two
sequences of four photographs of common objects. Specifically, an
initial sequence of four images (ABCD) was followed by a second
quartet of the same images, either: (1) in the same order (‘Repeat’:
ABCD), (2) with the last two images in reverse order (‘Mismatch’:
ABDC), or (3) in a completely rearranged order (‘Shuffle’: CADB or
BDAC; Fig. 1). On Repeat and Mismatch trials, the re-presentation
of the first two images in the sequence (AB) was intended to cue
retrieval of the associated image C, establishing a prediction of C's
imminent appearance. This prediction was then either confirmed
(Repeat: C appeared) or violated (Mismatch: D appeared). On
Shuffle trials, the first two images in the second quartet were re-
ordered (CA or BD), which is argued to decrease the probability
that associative predictions are generated (Kumaran & Maguire,
2006, 2007).

Initial analyses focused on low-frequency power during the
second quartets, computed post-onset of the 2nd stimulus (the
repeated B on Repeat and Mismatch trials) or post-onset of the
critical 3rd stimulus (the expected C, Repeat trials; the prediction-
violating D, Mismatch trials). Visual inspection of hippocampus
and PrC spectral power plots suggested that there were
event-related signal modulations from ∼2 to 10 Hz (Fig. 2a).
We split this range into two bins, ‘slow-theta’ (2.5–5 Hz) and
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‘fast-theta’ (5.5–10 Hz), following the distinction suggested by
Lega et al. (2012), who argued that in humans slow-theta activity
is more relevant to memory-related computations than fast-theta.
For analyses comparing hippocampus and PrC, only the six
participants who had electrodes in PrC were included.

The theory that motivated this study (e.g., Lisman & Grace,
2005) proposes that if hippocampus serves as a novelty detector,
two signals should be observed: an earlier novelty-detection
signal, and a later encoding-related signal. Axmacher et al.
(2010) explored this idea using an oddball task and found two
ERP components that seemed to conform to this pattern: an earlier
positive deflection (mean 187 ms) modulated by ‘expectancy’, and
a later negative deflection (mean 481 ms, with differences lasting
to ∼800 ms) modulated by subsequent memory. In the same
paper, nucleus accumbens (which is thought to receive novelty
signals from hippocampus) was found to differentiate between
expected and unexpected stimuli later than hippocampus, at a
later ERP component (mean 475 ms). Thus, we surmised a reason-
able window in which to seek a mismatch-detection signal in
hippocampus would be 0–500 ms.

3.1.1. Prediction violation evokes a low-frequency power increase in
hippocampus

Hippocampal power in the slow-theta range was greater during
the prediction-violating D image (Mismatch) relative to the
expected C image (Repeat) during the 0–500 ms post-stimulus
onset window (Fig. 2c and e; t(6)¼4.8, po0.005). This hippocam-
pal difference (prediction violation effect) between Mismatch and
Repeat trials was specific to the critical 3rd position items
[sequence Position (2nd or 3rd)�Novelty (Mismatch or Repeat):
F(1,6)¼24.3, po0.005]. (The same 0–500 ms window was used for
positions 2 and 3, post-onset of the 2nd or 3rd stimulus, respec-
tively.) The mean Mismatch peak occurred at 232 ms (s.d. 89 ms),
congruent with single-unit studies in human hippocampus that
report stimulus-selective firing starting at around 300 ms after
stimulus onset (Quiroga, Reddy, Kreiman, Koch, & Fried, 2005). By
contrast, a significant violation effect (difference between Repeat
and Mismatch) was not observed in PrC (to1; Fig. 2d and f), and
the effect of prediction violation differed between hippocampus
and PrC [Region (hippocampus or PrC)�Position�Novelty:
F(1,5)¼14.8, p¼0.01; Fig. 2c–f]. Restricting analyses to the 3rd
position also yielded a significant Region�Novelty interaction
(F(1,5)¼9.7, po0.05), demonstrating a greater associative predic-
tion violation response in hippocampus than in PrC.

3.1.2. No hippocampal response to prediction violation in other
frequency ranges

The hippocampal associative prediction violation effect seemed
to be dominant in the slow-theta range (2.5–5 Hz). All analyses
reported above for slow-theta were also conducted for fast-theta
(5.5–10 Hz) and gamma (32–64 Hz). For the fast-theta range, a
main effect of Region was found, wherein hippocampal power
was, on average, greater than in PrC (F(1,5)¼8.1, po0.05). A main
effect of Position (F(1,5)¼12.1, po0.05) demonstrated that power
was, on average, greater for 3rd position than for 2nd position
trials. No other significant effects were found (ps40.1). For the
gamma range, no significant effects were found (ps40.1).

3.2. Does the prediction violation response depend on having
established a prediction?

The preceding analyses indicate that increased hippocampal
power in the slow-theta range had a short latency (within 500 ms
of stimulus onset) and was selective to the unexpected stimulus
(i.e., Mismatch4Repeat was specific to the 3rd position). We next
explored how this hippocampal response was related to the
strength of prediction. On Mismatch trials, recapitulation of AB
was intended to trigger retrieval of C, establishing a prediction of
C's imminent appearance; on Shuffle trials, the first two items
were re-ordered (either CA or BD), which was intended to
decrease prediction likelihood of the 3rd position item (D or A;
see Fig. 1). Thus, we hypothesized that the hippocampal response
to prediction violation on Shuffle trials would be intermediate,
falling between the response level of Repeat and Mismatch trials.

Numerically, hippocampal power in the slow-theta range on
Shuffle trials did fall between the levels observed for Repeat and
Mismatch trials at the 3rd position item (Fig. 3). However, the
response on Shuffle trials did not significantly differ from either
Repeat or Mismatch (Fig. 3e).

3.3. Anterior vs. posterior hippocampus

All seven patients had electrodes in anterior hippocampus,
with four also having electrodes in posterior hippocampus (see 2.6
Electrode Selection for definition). When analyses were restricted
to anterior hippocampal electrodes in all patients, the primary
results did not change: hippocampal power in the slow-theta
range was greater for Mismatch than Repeat 3rd-position items
during the 0–500 ms post-stimulus onset window (t(1,6)¼5.8,
p¼0.001), with the effect being specific to the critical 3rd position
items [Position (2nd or 3rd)�Novelty (Mismatch or Repeat):
F(1,6)¼63.5, po0.005]. These comparisons were not significant
when analyses were restricted to posterior hippocampal electro-
des, though given that only four participants were retained, it
should not be inferred that the prediction violation effects were
selective to anterior electrodes.

3.4. Event-related potentials

As hippocampal power in the slow-theta range differentiated
between Repeat and Mismatch trials – i.e., confirmed vs. violated
predictions – we examined whether the event-related potential
(ERP) also distinguished these two conditions. The same trial
window was used as in the spectral analyses (3.1.1 Prediction
Violation Evokes a Low-Frequency Power Increase in Hippocampus),
encompassing positions 2 and 3 of each quartet, and thus the
baseline period for this analysis was 100 ms immediately prior to
the 2nd position. Hippocampal ERPs at the 3rd position item did
not significantly differ between Repeat and Mismatch trials,
whether compared over the 0–500 ms window or over any of
the five 100-ms windows within that period (ps40.4; Fig. 4a).

Target events elicited a large negative-going ERP in hippocam-
pus (Fig. 5a; for display purposes, target items are plotted regard-
less of whether they appeared in Positions 2, 3, or 4). Target ERPs
exhibited a peak average negative deflection at 396 ms (s.d.
35 ms), with Target differing significantly from Repeat and Mis-
match Position 3 items over the 200–500 ms window post-onset
(pso0.05; for 0–200 ms window, ps40.2); this difference was
specific to items that were Targets (Position [N or N−1] �
Condition interaction, F(1,6)¼10.3, po0.05). By contrast, PRc ERPs
did not exhibit any sensitivity to item status (Mismatch vs. Repeat,
p40.4; Target vs. Repeat and Mismatch, ps40.5 over the 200–
500 ms window; Figs. 4b and 5b).

Trials from the initial quartets (‘First’ quartet) that preceded
each of the Repeat, Mismatch, and Shuffle quartets (see 2.3 Task
Parameters) were qualitatively similar to the other conditions in
terms of ERPs (Fig. 5a–d). Direct comparisons were not made
because First items were not matched with Repeat, Mismatch, and
Shuffle in terms of the number of times items were viewed (by
design, always once for First trials, always twice for Repeat,



Fig. 2. Prediction violation vs. confirmation in hippocampus and perirhinal cortex (PrC). (a,b) Event-related spectral power of Mismatch and Repeat trials in hippocampus
and PrC at quartet positions 2 and 3. (c,d) Percent signal change of power in the slow-theta range in hippocampus and PrC at quartet positions 2 and 3 when images were
presented in repeat order (Repeat) or with image D at Position 3, violating predictions (Mismatch). Shaded area represents standard error of subjects. (e,f) Individual subject
means of power in the slow-theta range during the 0–500 ms window after position 3 onset in hippocampus and PrC. Error bars represent the standard error of trials.
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Mismatch, and Shuffle trials), but the data are displayed for
completeness.

The astute reader will notice that Repeat and Mismatch trials
diverge at the end of the 2nd position in hippocampus (Fig. 4a). If
ERPs are calculated using a 100-ms baseline period immediately
before the 3rd position (rather than before the 2nd position, as
plotted in Fig. 4a), Repeat and Mismatch differ significantly
(po0.05) in the 0–300 ms window after the onset of the 3rd
position. However, according to the current experiment design,
Repeat and Mismatch trials should not differ before the 3rd
position, and thus we note this effect with extreme caution. Future
studies with more measurements per condition are needed to
evaluate the validity of a putative associative mismatch ERP effect
in the 0–300 ms range.
4. Discussion

The present electrophysiological data indicate that human hippo-
campus is sensitive to associative prediction violations, when stimuli
predicted based on the learned associations do not match encountered
stimuli, extending fMRI studies of associative novelty (Chen et al.,
2011; Duncan et al., 2012; Kumaran & Maguire, 2006; Köhler et al.,
2005). Due to the coarse temporal resolution of fMRI (several seconds),
these prior observations left open the possibility that mismatch
computations occurred elsewhere in the brain (e.g., prefrontal or
parietal cortex) and subsequently modulated hippocampal responses.
Additionally, hippocampus is thought to be engaged both bymismatch
detection and by the consequent encoding enhancement (Lisman &
Grace, 2005), and thus hippocampal BOLD responses to associative
mismatch could reflect either or both of these processes. Our data
provide strong support for the idea that this hippocampal mismatch
effect reflects direct hippocampal computations rather than re-entrant
processes, as differences emerged within a few hundred milliseconds
after stimulus onset––as early as stimulus-selective firing has been
observed in individual human hippocampal neurons (Quiroga et al.,
2005), and comparable to stimulus novelty effects observed using
scalp EEG (Rugg & Curran, 2007). At the group level, a concomitant
sensitivity was absent in PrC, a region known to project visual-object
inputs to hippocampus via entorhinal cortex, further supporting the
idea that mismatch signals originate in hippocampus (though a subset
of participants demonstrated a Mismatch4Repeat PrC response;
Fig. 2f). The observation of an associative memory-dependent effect
in the slow-theta range is broadly consistent with the findings of Lega
et al. (2012), who reported that in human hippocampus increased
power in slow-theta oscillations is linked to memory processes to a
greater degree than fast-theta oscillations.

Based on prior studies, we hypothesized that a hippocampal
mismatch response would be maximal in associative cueing
conditions that favor the generation of predictions – that is, a
prediction violation response should depend on a prediction being
generated in the first place (Fyhn, Molden, Hollup, Moser, & Moser,
2002; Kumaran & Maguire, 2006). The experimental conditions
were designed to differ in their effectiveness for evoking predic-
tions, as sequences were initiated in identical order on Repeat and
Mismatch trials (high probability of a prediction), but in rear-
ranged order on Shuffle trials (lower probability of a prediction).
Indeed, in a version of the task where subjects were asked to make
a category judgment for every item, responses were significantly
faster to the third item in A–B–C (Repeat) quartets as opposed to
the A–B–D (Mismatch) quartets, suggesting that the prediction of
C facilitated processing of C (Kumaran & Maguire, 2006). Addi-
tionally, responses were slowest overall for Shuffle trials (when
considering all four items), suggesting that the rearranged item
order negatively affected subjects' ability to predict upcoming
items across the quartet (not only at the 3rd position).



Fig. 3. Comparison of hippocampal power in the slow-theta range during prediction violation (Mismatch) vs. when prediction generation was unlikely (Shuffle). (a–c)
Percent signal change of power in the slow-theta range at second-quartet positions 1, 2 and 3. Shaded area represents standard error of subjects. (d) Individual participant
means of power in the slow-theta range 0–500 ms post-stimulus onset. Error bars represent the standard error of trials. (e) Mean percent signal change of power in the slow-
theta range 0–500 ms post-stimulus onset at position 3 in Repeat, Shuffle, and Mismatch conditions. Error bars represent the standard error of subjects.

Fig. 4. Event-related potentials (ERPs) in Hippocampus and PrC. (a,b) ERPs for Repeat, Shuffle, and Mismatch Shaded area represents standard error of subjects.
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Numerically, hippocampal power in the slow-theta range on
Shuffle trials fell between the levels observed for Repeat and
Mismatch trials at the 3rd position item (Section 3.2, Fig. 3e);
however, interpretative caution is warranted because the response
on Shuffle trials did not significantly differ from either Repeat or
Mismatch, and examination at the individual subject level sug-
gests high variability in the Shuffle condition (Fig. 3d). Moreover,
this pattern is not entirely in accord with prior fMRI work using
the same paradigm (Kumaran & Maguire, 2006) wherein hippo-
campal responses to Shuffle trials were differentiated from Mis-
match but not from Repeat trials at the 3rd position, and in the
aforementioned category-judgment behavioral version of the task,
reaction times for Shuffle trials were significantly slower than
Mismatch but not differentiable from Repeat trials at the 3rd
position.

One possible interpretation of the current finding – that Shuffle
falls in between Repeat and Mismatch in terms of the
hippocampal prediction violation response – is that Shuffle trials
did give rise to weak or varied predictions. The repetition of items
from the First quartet, even if not in the same order, might weakly
or infrequently activate predictions of other items in the quartet;
such weak/infrequent predictions might give rise to weak/infre-
quent prediction violations. Perhaps this pattern was not detect-
able using fMRI but is now hinted at in our intracranial recordings.
Future studies should explore the relationship between prediction
strength or prediction probability and hippocampal prediction
violation responses.

The image-sequence paradigmwas designed to elicit predictions
whenever image sequences repeat: when A and then B appear, C is
predicted to follow simply because the sequence A–B–C occurred in
the past (Kumaran & Maguire, 2006). This fundamental feature of
memory underlies our claim that when B is followed by D (instead
of by C), a prediction is violated. That is, we believe the ‘default’
behavior of human memory is to predict that events will repeat – it



Fig. 5. Event-related potentials (ERPs) in Hippocampus and PrC. (a,b) ERPs for First quartet and 1-back Target conditions. All items appearing in First quartets were combined
regardless of their position in the quartet (1–4); Target items may have appeared in positions 2, 3, or 4. (c,d) ERPs for First quartet and Second quartet items, regardless of
their position in the quartet (1–4). Shaded area represents standard error of subjects.
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does not require that active or explicit expectations of repetition be
established by prior trials within the experiment. Nonetheless, it
could be argued that a second level of prediction was accessible to
subjects given that C and D were reversed on some trials in a
regular manner. If only Repeat and Mismatch Second quartets are
considered, then C and D were reversed 50% of the time, ostensibly
yielding high uncertainty about whether C will follow B. However,
Mismatch Second (ABDC) quartets comprised only 13% of all
quartets in the experiment. If one considers only quartets where a
previously seen A–B was repeated (Repeat Second, Mismatch
Second, and Single), A–B–C occurred 66% and A–B–D occurred
33% of the time. Even if one considers only quartets where B was
not novel (Repeat Second, Mismatch Second, Mismatch Shuffle, and
Single), C followed B 50% of the time. It is not obvious which is the
best method of calculating the probability that C would follow B,
but at worst it was 50/50. Thus, we believe that the presence of any
second-level prediction may have diluted (the default) A–B–C
prediction strength, but did not negate it. That is, the observed
effects of mismatch may be underestimated.

Beyond the effects of associative mismatch, the present data
also revealed that Target events elicited an increased ERP nega-
tivity in hippocampus peaking at 396 ms post-Target onset
(Fig. 5a). Target events were (a) the only stimuli for which
participants were asked to make a manual response, (b) the
explicitly sought goal state of the participants, and (c) an infre-
quent type of event in the experiment. Any one (or a combination)
of these variables may have given rise to the observed hippocam-
pal response. The present Target hippocampal ERP is similar to
what has been previously observed in ‘oddball’ paradigms during
the presentation of ‘unexpected’ stimuli – i.e., infrequent stimuli
that differed from the majority of stimuli in a salient dimension
such as color or category (e.g., Axmacher et al., 2010; Halgren et al.,
1980) – as well as in response to goal-relevant stimuli (McCarthy,
Wood, Williamson, & Spencer, 1989). It is worth noting that this
negative deflection, commonly associated with contextual novelty,
was not present in the Repeat, Shuffle, or Mismatch ERPs (compare
Figs. 4a and 5a), congruent with the idea that contextual and
associative novelty are distinct. However, as Target trial responses
may reflect a combination of factors rather than being a pure
measure of contextual novelty, future studies directly comparing
associative and contextual novelty would be informative.

The current data demonstrate that electrophysiological activity
in human hippocampus is sensitive to the occurrence of unex-
pected stimuli, when associative memory-based predictions are
violated. Hippocampal detection of when memory-based predic-
tions deviate from current sensory reality positions the hippo-
campus to trigger a cascade of neural events that facilitates the
encoding of novel experiences into memory.
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