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Episodic memories hinge upon our ability to process a wide range of
multisensory information and bind this information into a coherent,
memorable representation. On a neural level, these 2 processes are
thought to be supported by neocortical alpha/beta desynchronization and hippocampal theta/gamma synchronization, respectively.
Intuitively, these 2 processes should couple to successfully create
and retrieve episodic memories, yet this hypothesis has not been
tested empirically. We address this by analyzing human intracranial
electroencephalogram data recorded during 2 associative memory
tasks. We find that neocortical alpha/beta (8 to 20 Hz) power
decreases reliably precede and predict hippocampal “fast”
gamma (60 to 80 Hz) power increases during episodic memory
formation; during episodic memory retrieval, however, hippocampal
“slow” gamma (40 to 50 Hz) power increases reliably precede and
predict later neocortical alpha/beta power decreases. We speculate
that this coupling reflects the flow of information from the neocortex to the hippocampus during memory formation, and hippocampal pattern completion inducing information reinstatement in the
neocortex during memory retrieval.
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coding (Fig. 1B). Neural desynchronization in humans is most
often measured by a decrease in oscillatory power, as a strong
correlation exists between neural synchronization and power
(9) (though this link is strictly correlative). In support of the
information-via-desynchronization hypothesis, many studies have
observed neocortical alpha/beta power decreases during successful
episodic memory formation (10–18) and retrieval (19–24). For
example, neocortical alpha/beta power decreases scale with the
depth of semantic processing during episodic memory formation
(18). Critically, synchronizing alpha/beta rhythms via repetitive
transcranial magnetic stimulation impairs both episodic memory
formation and retrieval, suggesting that alpha/beta desynchronization plays a causal role in these processes (20, 25). In conjunction,
these studies suggest that neocortical alpha/beta desynchronization
underpins the processing of event-related information, allowing for the formation and later recollection of highly detailed
episodic memories.
Within the hippocampus, synchronized gamma activity (30 to
100 Hz) is thought to be critical in the binding of event-related
information, and the later retrieval of this information when
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A

n episodic memory is a highly detailed memory of a personally experienced event (1, 2). The formation and retrieval of such memories hinge upon 1) the processing of
information relevant to the event, and 2) the binding of this information into a coherent episode. A recent framework (3) and
computational model (4) suggest that the former of these processes
is facilitated by the desynchronization of neocortical alpha/beta
oscillatory networks (8 to 20 Hz; reflected in decreases in oscillatory power) (5), while the latter is facilitated by the synchronization
of hippocampal theta and gamma oscillations (3 to 7 Hz; 40 to 100
Hz; reflected in increases in oscillatory power) (6, 7) (Fig. 1A).
Critically, the framework posits that these 2 mechanisms need to
cooperate, as an isolated failure of either of these mechanisms
would produce the same undesirable outcome: an incomplete
memory trace. Here, we test this framework and uncover evidence
of an interaction between neocortical desynchronization and hippocampal synchronization during the formation and retrieval of
human episodic memories. In addition, we demonstrate that distinct hippocampal gamma frequencies contribute to memory formation and retrieval, with “fast” gamma facilitating encoding and
“slow” gamma facilitating retrieval.
Within the neocortex, desynchronized alpha/beta activity is
thought to facilitate information processing (5). This hypothesis is
based on the principles of information theory (8), which proposes
that a system of unpredictable states (e.g., desynchronized neural
activity, where the firing of one neuron is not predictive of the
firing of another; see ref. 5 for details) is optimal for information
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Episodic memories detail our personally experienced past. The
formation and retrieval of these memories have long been
thought to be supported by a division of labor between the
neocortex and the hippocampus, where the former processes
event-related information and the latter binds this information
together. However, it remains unclear how the 2 regions interact.
We uncover directional coupling between these regions, with
power decreases in the neocortex that precede and predict
power increases in the hippocampus during memory formation.
Fascinatingly, this process reverses during memory retrieval, with
hippocampal power increases preceding and predicting neocortical power decreases. These results suggest a bidirectional
flow of information between the neocortex and hippocampus is
fundamental to the formation and retrieval of episodic memories.
Author contributions: S.M. and S.H. designed research; B.J.G., F.R., S.M., M.v.d.P., L.D.K.,
R.C., D.T.R., V.S., H.H., S.G., G.K., B.S., M.W., and S.H. performed research; B.J.G. and G.P.
analyzed data; and B.J.G. and S.H. wrote the paper.
The authors declare no competing interest.
This article is a PNAS Direct Submission.
This open access article is distributed under Creative Commons Attribution License 4.0
(CC BY).
1

G.P., F.R., and S.M. contributed equally to this work.

2

To whom correspondence may be addressed. Email: s.hanslmayr@bham.ac.uk.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1914180116/-/DCSupplemental.
First published October 9, 2019.

www.pnas.org/cgi/doi/10.1073/pnas.1914180116

Downloaded by guest on October 1, 2020

Fig. 1. Synchronization–desynchronization framework. (A) Incoming stimuli are independently processed by relevant sensory regions of the neocortex
(Left), and then passed on to the hippocampus where they are bound together. At a later stage (Right), a partial cue reactivates the hippocampal
associative link, which in turn reactivates neocortical patterns coding for the
memory representation, giving rise to conscious recollection. (B) Reduced oscillatory synchronization (blue line) within the neocortex allows individual
neurons (blue dots) to fire more freely and create a more flexible neural code.
Fast gamma activity allows the transfer of neocortical information to the hippocampus by boosting connectivity between the entorhinal cortex (MEC) and
CA1. Slow gamma enhances retrieval by boosting connectivity between CA3
and CA1, allowing reinstated memories to be passed to the neocortex. (C)
During encoding, participants are tasked with forming an associative link between a life-like dynamic stimulus (either a video or sound) and a subsequent
verbal stimulus. During retrieval, participants are presented with verbal stimuli
from the previous encoding block and asked to retrieve the associated dynamic
stimulus. Electrophysiological analysis was conducted during the presentation
of the verbal stimulus at encoding and retrieval (blue outline). (D) During
encoding, participants are tasked with forming an associative link between an
object, a face, and a scene. During retrieval, participants are presented with the
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object and asked to retrieve the associated face and scene. Electrophysiological analysis was conducted during the presentation of the verbal stimulus at encoding and retrieval (blue outline). (E) Plot of each electrode
location (Left; red represents hippocampal electrode; blue represents the
ATL). Bar plot (Right) depicts the number of electrodes for each participant.
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prompted by a cue (6, 7, 26, 27). Entraining neurons to rhythms of
∼60 Hz (i.e., a fast gamma oscillation) allows for spike timingdependent plasticity (STDP; a form of long-term potentiation) to
occur (28), which strengthens synaptic connections between
hippocampal neurons. As such, an increase in hippocampal fast
gamma activity (60 to 100 Hz) may be a proxy for STDP (29, 30),
and therefore representational binding. In contrast, a slower hippocampal gamma rhythm (30 to 50 Hz) has been proposed to facilitate memory retrieval (7, 31, 32). Slow gamma activity originates
from the CA3 subfield of the hippocampus and may play a pivotal
role in pattern completion (33, 34). The tradeoff in amplitude between these 2 gamma oscillations is thought to dictate
whether encoding or retrieval takes place (35). Evidence suggests
that periods of increased fast gamma activity enhance connectivity
between CA1 and the entorhinal cortex (31, 36) (allowing information to flow into the hippocampus; Fig. 1B) and aid representational binding through STDP (28, 30). Meanwhile, periods of
enhanced slow gamma activity see an increase in connectivity between CA1 and CA3 (allowing for the transfer of completed
memory pattern into the neocortex; Fig. 1B) (31, 36). In conjunction, these findings and theories would suggest that fast and slow
gamma rhythms differentially support the hippocampal ability to
associate and reactivate discrete elements of an episodic memory.
Here, we investigated the coordination between alpha/beta
power decreases in the anterior temporal lobe and gamma power
increases in the hippocampus during episodic memory formation
and retrieval. Specifically, we tested 4 central hypotheses derived
from a series of conceptual frameworks, computational models,
and rodent studies: 1) fast gamma oscillations (60 to 100 Hz) will
support encoding while slow gamma oscillations (30 to 45 Hz) will
support memory retrieval (7, 31); 2) neocortical power decreases
[reflecting information processing (5)] and hippocampal power
increases [reflecting representational binding (6, 7, 26, 27)] will
accompany episodic memory formation and retrieval when
contrasted against memories that were not successfully encoded/
retrieved; 3) neocortical power decreases will precede hippocampal power increases during memory formation (reflecting information processing preceding representational binding); and 4)
hippocampal power increases will precede neocortical power decreases during retrieval (reflecting pattern completion preceding
information reinstatement) (3, 4).
Twelve patients implanted with stereotactic electroencephalogram (EEG) electrodes for the treatment of medicationresistant epilepsy completed 1 of 2 associative memory tasks (Fig.
1 C and D; n = 7 in task 1; n = 5 in task 2). In task 1, they related
life-like videos or sounds to words that followed. Following a
short distractor task, participants attempted to recall the previously presented videos/sounds using the words as cues. In task
2, they related an object to pairs of visual stimuli that followed
(face–place, face–face, or place–place). Following a short distractor task, participants attempted to recall both stimuli, using
the object as a cue. While external stimulation is different between the 2 tasks, the underlying cognitive and neural processes
relating to our hypotheses are consistent: Both tasks require
sensory processing followed by representational binding during
memory formation, and hippocampal pattern competition prior
to neocortical reinstatement during memory retrieval. As such,
the data from the 2 tasks were pooled together for analysis. We
conducted these analyses in 2 regions of interest (ROIs) (Fig. 1E):
the hippocampus (a hub for representational binding) and the anterior temporal lobe [ATL; a hub for semantic-based information

processing (37)]. Foreshadowing the results below, we show that
ATL alpha/beta power decreases precede hippocampal fast gamma
power increases during successful memory formation, and that
hippocampal slow gamma power increases precede ATL alpha/beta
power decreases during successful memory retrieval.
Results
Behavioral Results. Participants, on average, recalled 47.9% of
all pairs in the first task, a percentage much greater than what
would be expected by chance (25%). When breaking trials down
by modality, participants recalled 52.7% of video–word pairs and
45.9% of sound–word pairs. An independent-samples t test (only a
subset of participants completed both variants of the task) revealed
no significant difference in memory performance for video–word
and sound–word pairs (P > 0.5, d = 0.275). As there was no apparent difference in memory performance between the 2 trial
types and electrode contacts were not located in anatomical regions that should respond uniquely to one of these sensory modalities, trials involving video–word and sound–word pairs were
combined for all further analyses. In the second task, participants
recalled both associated items on 66.2% of trials—a percentage
much greater than what would be expected by chance (16.7%;
where the probability of selecting the first item correctly is 50%
and the probability of selecting the second item correctly is 33%,
making the joint probability 50% × 33% ≈ 16.6%).
Distinct Oscillatory Signatures Exist in the Neocortex and
Hippocampus. We first sought to empirically define the peak fre-

quencies in our 3 ROIs. Broadband spectral power (1 to 100 Hz)
was computed using 5-cycle wavelets across a 1,500-ms window
starting at the onset of the verbal stimulus (at encoding and retrieval). The data were then z-transformed across trials to facilitate
comparison across participants, and the 1/f component was subtracted from the data (38–40) to attenuate broadband noise (see
Methods for details). Subsequently, the resulting power spectra
were collapsed over time and trials, and split into hippocampal
and neocortical ROIs. Across participants, a slow-theta peak
could be observed in the hippocampus at ∼2.5 Hz and an alpha/
beta peak could be observed in the 2 neocortical regions between
8 and 20 Hz (Fig. 2A). We defined the peak frequency of each
ROI for each participant individually and conducted all subsequent analyses on these peak frequencies (see SI Appendix,
Table S1 for individual peak frequencies).
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Distinct Hippocampal Gamma-Band Frequencies Underlie Encoding
and Retrieval Processes. We then investigated whether distinct

gamma-frequency bands support encoding and retrieval processes
(7, 31). To test this, the broadband hippocampal gamma power (30
to 100 Hz) for successfully remembered pairs at encoding and
retrieval was calculated and contrasted in a group-level, nonparametric permutation test. Fast hippocampal gamma frequencies
(60 to 80 Hz) exhibited significantly greater power during encoding, relative to retrieval, trials (60 to 70 Hz, Pfdr = 0.001, d = 1.308;
70 to 80 Hz, Pfdr = 0.020, d = 0.947; Fig. 2 B–E). In contrast, slow
hippocampal gamma frequencies (40 to 50 Hz) exhibited greater
power during retrieval, relative to encoding trials (Pfdr = 0.023, d =
0.754). No significant difference between encoding and retrieval
could be observed during the epochs of forgotten stimuli (SI Appendix, Fig. S1). Peak fast and slow gamma frequencies for each
participant were derived from the “encoding vs. retrieval” contrast
and used in all subsequent analyses (see Methods for details; see SI
Appendix, Table S1 for individual peak frequencies). These findings
suggest that 2 functionally relevant gamma-band oscillations relate
to episodic memory formation and retrieval in humans.
To rule out the possibility that the difference in fast/slow
gamma was driven by the 1/f slope and/or its removal, the beta
weights describing the 1/f slope at encoding and retrieval were
extracted and averaged across time, electrodes, and trials. These
21836 | www.pnas.org/cgi/doi/10.1073/pnas.1914180116

weights were then contrasted between encoding and retrieval in
a group-level, nonparametric permutation test. This test revealed
no significant difference in the beta weights for remembered
items (P = 0.198) or for forgotten items (P = 0.246), suggesting
the distinction in gamma rhythms between encoding and retrieval was not driven by differences in the 1/f slope.
Hippocampal Gamma Power Increases Track the Successful Formation
and Retrieval of Episodic Memories. To examine how memory-

related fluctuations in fast and slow gamma power differentially
contribute to episodic memory encoding and retrieval, we conducted a group-level, nonparametric, permutation-based, 2 × 2
repeated-measures ANOVA that investigated the influence of the
factors “gamma frequency” (fast vs. slow) and “memory operation”
(encoding vs. retrieval) on memory-related power (remembered >
forgotten) collapsed across time. We anticipated an interaction
whereby fast gamma selectively supports successful memory formation and slow gamma selectively supports successful memory
retrieval. Group analysis revealed a significant interaction (P =
0.003, partial η2 = 0.294; Fig. 2G), indicating that fast and slow
gamma exhibited dissimilar memory-related power fluctuations
during encoding and retrieval. These results demonstrate that 2
functionally distinct gamma-band oscillations support the successful formation and retrieval of episodic memories in humans.
Analysis of the power time series showed that the opposing
effects of fast and slow gamma were particularly prominent during
retrieval. When successfully recalling a stimulus, a rapid decrease
in fast gamma power was observed (200 to 400 ms, Pfdr = 0.025,
d = 0.862; Fig. 2F), followed by an increase in slow gamma power
(800 to 1,000 ms, Pfdr = 0.007, d = 1.177; Fig. 2F), relative to
stimuli that were not recalled. Perplexingly, a similar effect was not
observed during encoding, even though the time series of the 2
gamma bands trend in the correct directions (i.e., an increase in
fast gamma and a decrease in slow gamma; Fig. 2F). As will be
revealed later, this absence may be driven by the fact that gamma
power changes are not time-locked to stimulus onset during
encoding but rather the neocortical power decreases that precede
hippocampal activity.
Neocortical Alpha/Beta Power Decreases Track the Successful
Formation and Retrieval of Episodic Memories. We then investi-

gated whether neocortical alpha/beta power decreases accompany
the successful encoding and retrieval of episodic memories. Peak
alpha/beta power was computed across a 1,500-ms window commencing at stimulus onset. As above, the 1/f characteristic was
subtracted, attenuating broadband noise (41, 42). The alpha/beta
power was z-transformed across the entire session for each electrode–frequency pair separately, smoothed to attenuate trial-bytrial variability in temporal/spectral responses (Methods), and
split into “hits” and “misses” for contrasting. A group-level, nonparametric permutation test revealed a significant decrease in
ATL alpha/beta power during encoding (Pfdr = 0.035, d = 0.858;
400 to 600 ms after stimulus onset; Fig. 3) for remembered stimuli
relative to forgotten stimuli. During retrieval, a group-level permutation test revealed a significant decrease in ATL alpha/beta
power (800 to 1,000 ms, Pfdr = 0.042, d = 0.777; 1,000 to 1,200 ms,
Pfdr = 0.039, d = 0.849; Fig. 3) for remembered stimuli relative to
forgotten stimuli. These results reproduce earlier findings of
neocortical alpha/beta power decreases during the encoding (10–18)
and retrieval (19–24) of human episodic memories.
Hippocampal Gamma Power Increases and Neocortical Alpha/Beta
Power Decreases Cooperate during the Encoding and Retrieval of
Human Episodic Memories. So far, we have demonstrated that

both neocortical alpha/beta power decreases and hippocampal fast
and slow gamma power increases arise during episodic memory
processes. Critically, however, the synchronization/desynchronization framework (3) would predict that these 2 markers correlate in
Griffiths et al.
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such way that neocortical power decreases precede hippocampal
power increases during encoding while hippocampal power increases precede neocortical power decreases during retrieval. Such
a hypothesis can be tested through the use of cross-correlation,
where the time series of neocortical alpha/beta power is offset
relative to the time series of hippocampal gamma power in an
attempt to identify at what time lag the 2 time series most strongly
correlate. A negative lag indicates that early neocortical signals
correlate with late hippocampal signals, while a positive lag indicates that early hippocampal signals correlate with late neocortical
signals. Like traditional correlations, a negative correlation (from
here on termed “anticorrelation”) indicates an increase in one
metric is accompanied by a decrease in the other.
At encoding, we hypothesized that the degree of neocortical
power decreases can predict the degree of hippocampal gamma
power increases (i.e., a negative lag anticorrelation). On a cognitive
level, this would signify information processing within the neocortex preceding representational binding in the hippocampus. The
cross-correlation was computed for every trial, and the memoryrelated difference was calculated by subtracting the mean crosscorrelation across forgotten items from the mean cross-correlation
across remembered trials. By calculating the memory-related difference, any correlation between the 2 time series that is driven by
shared noise (originating from a shared reference) is removed, as
this reference-related correlation is consistent across remembered
and forgotten trials (additional analysis in SI Appendix confirms
that shared reference activity does not account for the observed
effects reported here). Furthermore, the memory-related difference highlights memory-specific dynamics in neocortical–hippocampal links, rather than general, memory-unspecific connectivity.
In line with our hypothesis, later remembered items showed a
Griffiths et al.

significant anticorrelation at a negative lag between ATL alpha/
beta power and hippocampal fast gamma power relative to
later forgotten items (Pfdr = 0.006, d = 0.961; see Fig. 4A for a
difference line plot). This cross-correlation suggests that alpha/
beta power decreases precede fast gamma power increases by
∼100 to 200 ms. No correlation was observed between ATL
alpha/beta power and hippocampal slow gamma power at any
lag. These results indicate that a unique connection exists between the ATL and the hippocampus during episodic memory
formation, where ATL power decreases precede hippocampal
fast gamma power increases.
It is worth noting that while the absolute magnitude of the
Fisher z-transformed correlation coefficients is small, one should
exercise caution in interpreting such a value. As we focus on the
difference in the ATL–hippocampal cross-correlation for remembered and forgotten items, we only probe the fraction of the total
cross-correlation that can be explained by cognition and not that
which can be accounted for by numerous undefinable variables
(e.g., measurement noise, placing of electrodes, choice of reference, resting connectivity). As such, it is better to consider the
variance in cross-correlation across participants. Here, the variance is minimal and hence returns a small P value (Pfdr = 0.006)
and a large effect size (d = 0.961), indicating that ATL alpha/beta
power decreases precede hippocampal fast gamma power increases
reliably across participants.
We then investigated whether this relationship reverses during
episodic memory retrieval (i.e., hippocampal power increases
precede neocortical power decreases). On a cognitive level, this
would represent pattern completion in the hippocampus preceding
information reinstatement in the neocortex. To test this, we repeated the cross-correlation analysis in the same manner as above
PNAS | October 22, 2019 | vol. 116 | no. 43 | 21837
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Fig. 2. Hippocampal gamma activity during encoding and retrieval. (A) The mean 1/f–corrected power spectrum (with shaded SEM) across all encoding and
retrieval trials reveals theta and gamma peaks in the hippocampus and an alpha/beta peak in the ATL. (B) The mean difference in gamma power (with shaded
SEM) between encoding and retrieval reveals a peak in encoding-related, fast gamma at 60 to 80 Hz and a peak in retrieval-related, slow gamma at 40 to 50
Hz (*Pfdr < 0.05, ***Pfdr < 0.001). (C) Raw slow gamma signal during retrieval (Top) and fast gamma signal during encoding (Bottom) from a hippocampal
contact of participant 1. The shaded gray regions indicate a period of 50 ms. (D) Mean peak-locked averaged signal across participants for slow (Top) and fast
(Bottom) gamma (with shaded SEM). (E) Raincloud plots depicting the difference in fast (Left) and slow (Right) gamma power between encoding and retrieval. Colored circles represent participants who took part in experiment 1. Uncolored triangles represent participants who took part in experiment 2. (F)
Time series of slow (in purple) and fast (in red) memory-related gamma power for encoding and retrieval. (G) Interaction between fast and slow gamma
activity during encoding and retrieval. Encoding sees a relative increase of memory-related fast gamma power, while retrieval sees a relative increase of
memory-related slow gamma power (**Pfdr < 0.01).
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Fig. 3. ATL alpha/beta activity during encoding and retrieval. (A) Time series
of memory-related alpha/beta power for encoding and retrieval. In both cases,
decreases in alpha/beta power relate to greater memory (*Pfdr < 0.05). (B)
Raincloud plots depicting the difference in alpha/beta power between remembered and forgotten items. Colored circles represent participants who
took part in experiment 1. Uncolored triangles represent participants who took
part in experiment 2.

for epochs covering the presentation of the retrieval cue and then
calculated the memory-related difference by subtracting the mean
cross-correlation across forgotten items from the mean crosscorrelation across remembered trials. Relative to forgotten items,
remembered items showed a significant anticorrelation at a positive lag between ATL alpha/beta power and hippocampal slow
gamma power (Pfdr = 0.037, d = 0.731; Fig. 4B), where an increase
in hippocampal gamma power preceded a decrease in ATL alpha/
beta power by 200 to 300 ms. No correlation was observed between
ATL alpha/beta power and hippocampal fast gamma power at any
lag. These results indicate that hippocampal slow gamma power
increases precede ATL alpha/beta power decreases during the
retrieval of episodic memories—a reversal of the dynamic observed during episodic memory formation.
We then examined how the neocortical–hippocampal dynamics differed between encoding and retrieval. To this end, the
subsequent memory effect (SME; remembered minus forgotten
cross-correlation at encoding) for ATL alpha/beta power and hippocampal fast gamma power was contrasted with the retrieval success
effect (RSE; remembered minus forgotten cross-correlation at retrieval) for ATL alpha/beta power and hippocampal slow gamma
power in a group-level, nonparametric, permutation test. This
revealed an interaction whereby ATL power decreases preceded
hippocampal power increases during encoding (Pfdr = 0.005, d =
1.181; 100 to 200 ms) but hippocampal power increases preceded
ATL power decreases during retrieval (Pfdr = 0.025, d = 0.855; 200 to
300 ms) (Fig. 4C). These results support those reported in the previous 3 paragraphs: 1) ATL alpha/beta power decreases precede
hippocampal fast gamma power increases during episodic memory
formation, and 2) hippocampal slow gamma power increases precede
ATL alpha/beta power decreases during episodic memory retrieval.
Lastly, we examined whether the fast gamma effect was specific
to encoding and the slow gamma effect was specific to retrieval.
To this end, we conducted a nonparametric, permutation-based,
2 × 2 repeated-measures ANOVA (memory operation × gamma
frequency), taking encoding-related activity from the −200- to
21838 | www.pnas.org/cgi/doi/10.1073/pnas.1914180116

−100-ms time bin and retrieval-related activity from the 200- to
300-ms time bin. Analysis revealed a significant interaction between the 2 factors (P = 0.001; partial η2 = 0.172). The interaction
(as pictured in Fig. 4D) suggests that the hippocampal fast gamma
power negatively cross-correlated with ATL alpha/beta power to a
greater degree than hippocampal slow gamma power during
encoding, while the hippocampal slow gamma power negatively
cross-correlated with ATL alpha/beta power to a greater degree
than hippocampal fast gamma power during retrieval.
Notably, these effects cannot be explained by any epileptic activity such as IEDs (interepileptical discharges) traveling between
the cortex and hippocampus. IEDs are broadband, so one may
expect that IEDs that are temporally correlated across regions may
give rise to spurious coupling between frequency bands. While
certainly true, this cannot explain the effects observed here for 2
reasons. 1) Our findings are bidirectional—there would need to be
pathological activity generated in both the ATL and the hippocampus to produce such bidirectional hippocampal–cortical interactions, where IEDs generated in the ATL travel to the
hippocampus to produce the encoding effect, and IEDs generated
in the hippocampus travel to the ATL to produce the retrieval
effect. None of the patients who took part in the experiment had
pathological tissue in both the ATL and the hippocampus, so the
IED confound explanation cannot explain the directionality of our
effect. 2) IEDs are broadband, yet our effects are narrowband.
During encoding, we observe the cross-correlation between neocortical alpha/beta and hippocampal fast gamma, but importantly
not neocortical alpha/beta and hippocampal slow gamma. Any
IED-induced broadband artifact would inherently yield crosscorrelations with alpha/beta power and both gamma bands, and
not within 1 singular band. Complementary quantitative analysis to
support this conclusion can be found in SI Appendix.
Discussion
To successfully encode and recall episodic memories, we must be
capable of 1) representing detailed multisensory information, and
2) binding this information into a coherent episode. Numerous
studies have suggested that these 2 processes are accomplished by
neocortical desynchronization (as measured by decreases in oscillatory power) and hippocampal synchronization (as measured by
increases in fast and slow oscillatory gamma power), respectively
(3, 5, 7, 26). Here, we show that these 2 processes coexist and
interact. During successful episodic memory formation, alpha/beta
power decreases in the anterior temporal lobe reliably precede fast
hippocampal gamma power increases (60 to 80 Hz) by 100 to 200 ms.
In contrast, slow hippocampal gamma power increases (40 to 50
Hz) precede alpha/beta power decreases by 200 to 300 ms during successful episodic memory retrieval. These findings demonstrate that the interaction between neocortical alpha/beta power
decreases and hippocampal power increases in distinct, functionally relevant gamma rhythms underpins the formation and retrieval of episodic memories.
Our central finding demonstrates that ATL alpha/beta power
decreases and hippocampal fast and slow gamma power increases
interact during the formation and retrieval of episodic memories,
respectively. This result draws together a multitude of conflicting studies, some of which indicate that synchronization
benefits memory (e.g., refs. 43–45) and others which indicate
that desynchronization benefits memory (e.g., refs. 13, 24, and 46),
and provides a possible empirical resolution to the so-called synchronization–desynchronization conundrum (3). These findings
are in line with previous observations demonstrating that hippocampal gamma power increases precede hippocampal alpha power
decreases during associative memory retrieval (47). However, we
also show that this sequence reverses during encoding, and that
these 2 mechanisms interact across brain regions (via simultaneous
hippocampal–neocortical recordings unavailable to ref. 47). We
speculate that the delay in hippocampal response relative to ATL
Griffiths et al.

Downloaded by guest on October 1, 2020

Fig. 4. Hippocampal–neocortical time-series cross-correlations. (A) Mean crosscorrelation (with shaded SEM; Left) between the hippocampal fast gamma power
and ATL alpha/beta power during encoding (**Pfdr < 0.01). ATL power decreases
precede hippocampal fast gamma power increases. Raincloud plot (Right) depicts
the difference in cross-correlation between remembered and forgotten items.
Colored circles represent participants who took part in experiment 1. Uncolored
triangles represent participants who took part in experiment 2. (B) Mean crosscorrelation (with shaded SEM; Left) between the hippocampal slow gamma
power and ATL alpha/beta power during retrieval (*Pfdr < 0.05). Hippocampal
slow gamma power increases precede ATL alpha/beta power decreases. Raincloud
plot (Right) depicts the difference in cross-correlation between remembered and
forgotten items. Colored circles represent participants who took part in experiment 1. Uncolored triangles represent participants who took part in experiment
2. (C) The contrast of cross-correlation activity between encoding and retrieval
(*Pfdr < 0.05, **Pfdr < 0.01). (D) Mean cross-correlation between neocortical alpha/
beta power and hippocampal gamma power (slow in purple; fast in red; with
SEM) as a function of memory operation (Top, subject-level; Bottom, electrode
pair-level). A repeated-measures ANOVA reveals an interaction between hippocampal gamma frequency and memory task when predicting memory-related
hippocampal–neocortical cross-correlation (**P < 0.01). (E) Filtered single-trial
traces at encoding (Left) and retrieval (Right) in the ATL (Top) and hippocampus (Middle). The envelopes of these traces are plotted (Bottom). During
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encoding, a reduction in ATL alpha/beta activity precedes an increase in
hippocampal fast gamma power. During retrieval, an increase in hippocampal slow gamma power precedes a decrease in ATL alpha/beta activity.
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alpha/beta power decreases during encoding reflects the need for
the ATL to process semantic details prior to the hippocampus
binding this information into a coherent representation of the
event (26, 27). In contrast, we posit that the ATL delay in response
relative to hippocampal gamma power increases during retrieval
reflects the need for the hippocampal representational code to be
reactivated prior to reinstating highly detailed stimulus-specific
information about the event (48). Anatomically speaking, this reciprocal communication may be facilitated by the “direct intrahippocampal pathway”—a route with reciprocal connections
between the ATL and hippocampus via the entorhinal cortex (49,
50). These anatomical connections would allow the ATL and
hippocampus to cooperate during episodic memory formation and
retrieval, facilitating the flow of neocortical information into the
hippocampus during encoding and the propagation of hippocampal retrieval signals into the neocortex during retrieval.
We also found distinct gamma rhythms supporting human
episodic memory formation and retrieval (7, 35). Specifically, we
found greater fast gamma oscillatory activity (60 to 80 Hz) during
encoding and greater slow gamma oscillatory activity (40 to 50 Hz)
during retrieval, generalizing earlier rodent findings (e.g., ref. 31)
to humans. We uncovered similar distinctions in fast and slow
gamma-band activity when investigating memory-related changes
in power and neocortical–hippocampal cross-correlations, providing additional evidence for such a distinction. Earlier rodent
studies have suggested that the distinction between the 2 gamma
bands reflects a difference in CA1 coupling (31); fast gamma oscillations support CA1–entorhinal cortex coupling, facilitating the
transfer of information into the hippocampus, while slow gamma
oscillations support CA1–CA3 coupling, facilitating the reactivation of stored information. We speculate that these patterns of
connectivity extrapolate to humans and explain the observed differences in gamma frequency relating to episodic memory formation and retrieval. In sum, our results suggest that fast and slow
gamma activity relates to distinct processes in the successful formation and retrieval of episodic memory.
In combination, the cross-correlation and gamma-band analyses
produce a detailed picture of information flow during episodic
memory formation and retrieval. Based on earlier frameworks
(3, 7) and models (4), we postulate that the link between neocortical alpha/beta power decreases and hippocampal fast gamma
power increases during memory formation reflects the flow of
semantic information (processed in the ATL) to the entorhinal
cortex (27) via the direct intrahippocampal pathway (49, 50),
where fast gamma synchronicity between the entorhinal cortex and
CA1 passes this information on to the hippocampus (31, 51). In
contrast, the link between hippocampal slow gamma power increases and neocortical alpha/beta power decreases during memory retrieval reflects the flow of reactivated representational codes
from CA3 to CA1 [via slow gamma synchronicity (31, 51)], which
propagates out into the neocortex (48) via reciprocal connections
in the direct intrahippocampal pathway, reinstating semantic details in the desynchronized ATL. However, future research with
direct recordings from these hippocampal subregions in humans is
needed to empirically test this proposed flow of information during episodic memory formation and retrieval.
Two questions remain, however. First, do similar bidirectional
streams of information flow exist between the hippocampus and
other neocortical regions? As it was not medically necessary,
electrode coverage did not expand to every neocortical region
linked to episodic memory. Therefore, we could not test this
theory. We speculate, however, that similar bidirectional links do
exist. For example, hippocampal gamma power increases may

interact with alpha/beta power decreases in the visual cortex to
facilitate the encoding and retrieval of visual memories (20).
Speculating further, hippocampal gamma power increases may
be the metaphorical spark that lights the fuse of memory replay,
coded in desynchronized neocortical alpha-phase patterns (19).
Second, does the observed fast/slow gamma distinction reflect 2
true narrowband oscillations? While we have uncovered a distinction between fast and slow gamma frequencies during encoding
and retrieval, we cannot say with certainty whether these differences are driven by 2 distinct oscillators, as proposed by others (31,
36, 52). Indeed, one could argue that the observed differences are
driven by fluctuations in the frequency of a single oscillator. While
we are unaware of such a phenomenon in hippocampal gamma,
such an effect has been reported in neocortical alpha (53). Notably,
however, the reported alpha-band fluctuations were very subtle
(<0.5 Hz), so it would be highly questionable to interpret the much
larger 25-Hz shift between fast and slow hippocampal power as
originating from this alpha-band “fluctuation” mechanism. One
could alternatively argue that the width of a single oscillator frequency may fluctuate as a function of memory operation, giving an
apparent shift in the ratio between fast and slow gamma. However,
such an effect should introduce a symmetrical change around the
peak. This is not present in our data, which suggests that such an
effect is ill-suited to explain the observed difference in fast and slow
gamma. In short, while any electrophysiological effect can be
interpreted in many ways, it seems the most parsimonious explanation here is that distinct fast and slow gamma bands differentially
influence memory operations, as proposed by Colgin (7).
In summary, we demonstrate that neocortical power decreases
and hippocampal power increases cooperate during the formation
and retrieval of episodic memories, providing evidence that may
help resolve the so-called synchronization–desynchronization
conundrum (3). Furthermore, we find that distinct hippocampal gamma oscillations service human episodic memory formation
and retrieval, with faster (∼60 to 80 Hz) oscillations supporting
encoding and slower (∼40 to 50 Hz) oscillations supporting retrieval.
In conjunction, these results further illuminate our understanding
of how interactions between the neocortex and hippocampus
help build and retrieve memories of our past experiences.
Methods

Downloaded by guest on October 1, 2020

Participants. Twelve patients (n = 8 from Queen Elizabeth Hospital; n = 4 from
University Hospital Erlangen; 41.7% female; mean age, 35.5 y; range, 24 to 53
y) undergoing treatment for medication-resistant epilepsy took part in the
experiment. These participants had intracranial-depth electrodes implanted
for diagnostic purposes. Ethical approval was granted by the National Health
Service Health Research Authority (15/WM/0219) and the Ethik-Kommission
der Friedrich-Alexander Universität Erlangen-Nürnberg (142_12 B). Informed
consent was obtained in accordance with the Declaration of Helsinki.
Behavioral Paradigm: Word–Dynamic Associative Task. Seven of the 12 participants completed this paired-associates task (Fig. 1C). During encoding,
participants were presented with a 3-s video or sound, followed by a word in
the participant’s native language (English, n = 7; German; n = 1; presented
for 3 s). There was a total of 4 videos and 4 sounds, repeated throughout
each block. All 4 videos had a focus on scenery that had a temporal dynamic,
while the 4 sounds were melodies performed on 4 distinct musical instruments. Due to time restraints, some participants only completed the experiment using 1 modality of dynamic stimulus (sound, n = 1; video, n = 5; both,
n = 2). Participants were asked to “vividly associate” these 2 stimuli. For each
pairing, participants were asked to rate how plausible (1 for very implausible
and 4 for very plausible) the association they created was between the 2
stimuli (the plausibility judgment was used to keep participants on task
rather than to yield a meaningful metric). The following trial began immediately after participants provided a judgment. If a judgment was not
recorded within 4 s, the next trial began. This stopped participants from
elaborating further on an imagined association they had just created. After
encoding, participants completed a 2-min distractor task which involved
making odd/even judgments for random integers ranging from 1 to 99.
Feedback was given after every trial. During retrieval, participants were
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presented with every word that was presented in the earlier encoding stage
and, 3 s later, asked to identify the associated video/sound from a list of all 4
videos/sounds shown during the previous encoding block. The order in which
the 4 videos/sounds were presented was randomized across trials to avoid
any stimulus-specific preparatory motor signals contaminating the epoch.
Following selection, participants were asked to rate how confident they felt
about their choice (1 for guess and 4 for certain). Each block consisted solely
of video–word pairs or solely of sound–word pairs; there were no multimodal
blocks. Each block initially consisted of 8 pairs, with each dynamic stimulus
being present in 2 trials. However, the number of pairs increased by steps of 8
if the number of correctly recalled pairs was greater than 60%—this ensured
a relatively even number of hits and misses for later analysis. Participants
completed as many blocks/trials as they wished. Any participant who had
fewer than 10 “remembered” or 10 “forgotten” trials after intracranial (i)
EEG preprocessing was excluded from further analysis.
All participants completed the task on a laptop brought to their bedside.
Responses were logged using the “f,” “g,” “h,” and “j” keys, which corresponded to the values “1,” “2,” “3,” and “4.” To aid comprehension, snippets
of paper were placed on top of each relevant keyboard key with the associated numerical value written upon them. The auditory stimuli were presented
via the laptop’s speakers due to concerns that earphones could prove painful
to the participants following electrode implantation just above the ear.
Behavioral Paradigm: Animal–Face–Place Associative Task. Five of the 12 participants completed this paired-associates task (Fig. 1D). During encoding, participants were first presented with an image cue of an animal for 2 s, followed by a
pair of 2 images made up of any combination of a famous face or a famous
place (i.e., face–place, face–face, or place–place pairs; presented for 2 s). There
were initially a total of 20 image pairs, repeated throughout each block. This
number was reduced if the hit rate fell below 66.25%, or increased if the hit rate
surpassed 73.75%. Participants were asked to vividly associate these 2 stimuli. For
each pairing, participants were asked whether the association was plausible or
implausible (the plausibility judgment was used to keep participants on task
rather than to yield a meaningful metric). Participants were self-paced in providing a judgment, and the following trial began immediately afterward. After
encoding, participants completed a distractor task which involved making odd/
even judgments for 15 sequentially presented random integers, ranging from 1
to 99. Feedback was given after every trial. During retrieval, participants were
presented with every animal image cue that was presented in the earlier
encoding stage and, 2 s later, asked how many of the associated face or place
pairs they remembered (participants had the option of responding with 0, 1, or
2). If the participant remembered at least 1 image, they were then asked to
select the pair of images from a panel of 4 images shown during the previous
encoding block (2 targets and 2 distractors). Participants were self-paced during
the retrieval stage, though the experiment ended after a runtime of 40 min in
total. All participants completed the task on a laptop brought to their bedside.
Any participant who had fewer than 10 remembered or 10 forgotten trials after
iEEG preprocessing was excluded from further analysis.
Behavioral Coding. For the first associative task, trials were classified as remembered if the participant selected the correct dynamic stimulus and stated
that they were highly confident about their choice (i.e., scored 4 on the
4-point confidence scale). Trials were classified as forgotten if the participant selected the incorrect dynamic stimulus, did not respond, or stated that
they guessed their choice (i.e., scored 1 on the 4-point confidence scale). For the
second associative task, trials were classified as remembered only if the participant
indicated that they remembered both images and subsequently selected both
correctly from the panel. Trials were classified as forgotten in all other cases,
where the participant indicated that they did not remember at least one image
and/or subsequently selected one of the images incorrectly from the panel.
Statistical Analysis. While the 2 tasks differed in external stimulation, the
underlying cognitive and neural phenomena relating to hypotheses were
expected to be consistent across tasks. Therefore, the data for the 2 tasks
were pooled. Unless explicitly stated otherwise in Results, all statistics were
conducted on the group level (i.e., random effects) using nonparametric,
permutation-based statistical tests. In analyses where multiple comparisons
were made (e.g., time-series differences), the false-discovery rate (FDR)
correction (54) was applied (denoted Pfdr). Effect sizes accompany each
reported P value; Cohen’s d was used for all t tests (denoted d). For reference, Cohen (55) suggested that d = 0.8 indicates a large effect, d = 0.5
indicates a medium effect, and d = 0.2 indicates a small effect. Partial eta
squared was used as a measure of effect size for all ANOVAs (denoted
partial η2). For reference, partial η2 = 0.25 indicates a large effect, partial η2 =
0.09 indicates a medium effect, and partial η2 = 0.01 indicates a small effect.
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Electrode Localization. First, hippocampal and white matter contacts were
defined based on anatomical location through visual inspection of the T1weighted anatomical scan (nb., one participant had no hippocampal contacts, and therefore was excluded from all hippocampal-based analyses). Then,
the native space coordinates of all remaining contacts were determined by
visual inspection of each participant’s postimplantation T1 scan. These contact
coordinates were then transformed from native space to Montreal Neurological Institute (MNI) space using a transform matrix obtained by normalizing
participant T1 scans in SPM 12. These contacts were then marked as within the
anterior temporal lobe or elsewhere (this latter group was excluded from
further analysis). The ATL was defined as all parts of the temporal lobe [as
defined by the wfupickatlas plugin (56) for SPM 12] anterior to a plane perpendicular to the long axis of the temporal lobe (57). The plane was slightly
shifted from that described in ref. 57 to [y = −5, z = −30; y = 15, z = −5] for the
pragmatic reason of ensuring that all participants had electrode contacts in
the ATL ROI. For visualization in Fig. 1D, every electrode from every participant
was given a diameter of 1 cm and then placed in a template brain registered in
MNI space. The number of electrodes in each voxel was then summed to
provide a measure of summed density.
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1/f Correction. Spectral power was computed using 199 linearly spaced 5-cycle
wavelets ranging from 1 to 100 Hz. The time–frequency decomposition method
was kept consistent across all frequency bands to ensure that only a single
slope (characterizing the full extent of the 1/f dynamic) needed to be calculated and subsequently subtracted from the signal (in line with previous experiments that have extracted the 1/f characteristic from the signal [e.g., refs.
39 and 40]). A vector containing values of each wavelet frequency (A) and
another vector containing the power spectrum for each electrode–sample pair
(B) were then log-transformed. The linear equation Ax = B was solved using
least-squares regression, where x is an unknown constant describing the curvature of the 1/f characteristic. The 1/f fit (Ax) was then subtracted from the
log-transformed power spectrum (B).

then collapsed into seven 10-Hz bins ranging from 30 to 100 Hz and contrasted
in a group-level (i.e., random effects), nonparametric permutation test (58)
with 5,000 randomizations. The multiple-comparisons issue was solved
using the false-discovery rate correction (54). This analysis was repeated
for the forgotten trials.
Selection of peak frequencies. The peak frequencies of each patient were determined using the MATLAB function findpeaks() on the averaged power
spectrum around the approximate frequency bands (theta, 1 to 7 Hz; alpha/
beta, 8 to 20 Hz; slow gamma, 30 to 60 Hz; fast gamma, 50 to 100 Hz). The
bandwidths of these peaks were kept consistent across participants, and
were determined through inspection of the group-averaged bandwidth of
the peaks (theta, ±0.5 Hz; alpha/beta, −1 Hz/+5 Hz [capturing the observed
asymmetry in the peak]; slow/fast gamma, ±10 Hz). Individual peak frequencies are reported in SI Appendix, Table S1.
Spectral Power Analysis. For all spectral power analyses (i.e., encoding and
retrieval epochs), the data underwent the same wavelet convolution, 1/f correction, and smoothing approaches described in Peak Frequency Analysis. The
data were then z-transformed using the means and SDs of each electrode–
frequency pair (14). The time–frequency–resolved data were then averaged
over electrodes of each ROI. For time-series statistical analysis, trials were split
into 2 groups based on whether the stimuli were remembered or forgotten.
Then, the time series were collapsed into 7 time bins of 200 ms and the 2
conditions were contrasted using the same nonparametric statistical procedure
described in Peak Frequency Analysis. For statistical analyses of the interaction
between memory task (encoding vs. retrieval) and gamma frequency (fast vs.
slow), this memory-related difference in power (i.e., SME and RSE) was averaged over time and contrasted in a nonparametric, permutation-based, 2 × 2
repeated-measures ANOVA.
Cross-Correlation Analysis. For all cross-correlation analyses (i.e., encoding and
retrieval epochs), the data underwent the same wavelet convolution, 1/f
correction, and smoothing approaches described in Spectral Power Analysis,
with 2 exceptions: 1) wavelet convolution occurred in steps of 10 ms rather
than 50 ms (enhancing temporal resolution), and 2) the temporal aspect of
the smoothing kernel was reduced to 50 ms to avoid excessive smoothing obscuring the temporal dynamics of the neocortical–hippocampal crosscorrelation. For each “trial × electrode combination” pair, the crosscorrelation between the hippocampus and ATL was computed using the
MATLAB function crosscorr() with a lag of 300 ms (meaning the correlation
between the hippocampus and neocortex was considered for every offset from
where the neocortex preceded the hippocampus by 300 ms to where the
neocortex lagged behind the hippocampus by 300 ms). This returned a time
series of Pearson correlation values describing the relationship between the
hippocampus and neocortex at all considered lags. These correlation values
were then averaged over electrodes and split into 2 groups: remembered and
forgotten. These 2 groups were individually averaged over trials for each
participant, collapsed into bins of 100 ms, and then contrasted using the same
nonparametric statistical procedure described in Peak Frequency Analysis.
We term the “remembered > forgotten” difference in cross-correlation for
encoding data the “subsequent memory cross-correlation” and the difference
for retrieval data the “retrieval success cross-correlation.”
To test the “encoding–retrieval” × “lag–lead” difference, we contrasted the
subsequent memory cross-correlation with the retrieval success using the same
nonparametric statistical procedure described in Peak Frequency Analysis.
Lastly, to test the influence of the “memory task” × “gamma frequency”
interaction on the memory-related cross-correlation differences, we conducted a nonparametric, permutation-based, 2 × 2 repeated-measures ANOVA
in the same manner as described in Spectral Power Analysis.

Peak Frequency Analysis. Raw signal recorded at every contact for each epoch
was convolved with a 5-cycle wavelet (0 to 1,500 ms poststimulus [padded with
real data for lower frequencies], in steps of 25 ms; 1 to 100 Hz, in steps of
0.5 Hz). The 1/f noise was subtracted using the method described above to help
pronounce the peaks in the power spectrum. The data were then smoothed
using a Gaussian kernel (full-width half-maximum, 200 ms; 1 Hz) to attenuate
inter- and intraindividual differences in spectral responses (53) and to help
approximate normally distributed data (an assumption frequently violated in
small samples). The data were averaged across all time points, trials, and
contacts (separately for the hippocampus and ATL). Peaks of 1/f–corrected
absolute power were then identified using the findpeaks() peak-detection
algorithm implemented in MATLAB. To identify the memory-related difference in the dominant gamma bands, the power spectra for remembered trials
were calculated in an identical manner, except that the Gaussian kernel was
expanded to account for the greater variability of high-frequency oscillatory
responses (200 ms, 5 Hz). The power spectra for encoding and retrieval were

ACKNOWLEDGMENTS. We thank the patients and their families for devoting
their time to participate in the experiments. This research was supported by
grants from the European Research Council (https://erc.europa.eu/, Consolidator
Grant 647954; to S.H.); Wolfson Foundation and Royal Society (https://royalsociety.
org/grants-schemes-awards/grants/wolfson-researchmerit/; to S.H.); The Economic
Social Sciences Research Council (https://esrc.ukri.org/, ES/R010072/1; to S.H.); Wellcome Trust/Royal Society Sir Henry Dale Fellowship (107672/Z/15/Z; to B.S.); and
European Research Council Starting Grant (ERC-STG-2016-715714; to M.W.).

1. E. Tulving, Episodic memory: From mind to brain. Annu. Rev. Psychol. 53, 1–25 (2002).
2. E. Tulving, D. Thomson, Encoding specificity and retrieval processes in episodic
memory. Psychol. Rev. 80, 352–373 (1973).
3. S. Hanslmayr, B. P. Staresina, H. Bowman, Oscillations and episodic memory—
Addressing the synchronization/desynchronization conundrum. Trends Neurosci. 39,
16–25 (2016).

4. G. Parish, S. Hanslmayr, H. Bowman, The sync/desync model: How a synchronized hippocampus and a desynchronized neocortex code memories. J. Neurosci. 38, 3428–3440 (2018).
5. S. Hanslmayr, T. Staudigl, M.-C. Fellner, Oscillatory power decreases and long-term memory:
The information via desynchronization hypothesis. Front. Hum. Neurosci. 6, 74 (2012).
6. E. Nyhus, T. Curran, Functional role of gamma and theta oscillations in episodic
memory. Neurosci. Biobehav. Rev. 34, 1023–1035 (2010).

Griffiths et al.

PNAS | October 22, 2019 | vol. 116 | no. 43 | 21841

NEUROSCIENCE

iEEG Acquisition and Preprocessing. First, the raw data were epoched; for
encoding trials, epochs began 2 s before the onset of the visual/auditory
stimulus and ended 4 s after verbal stimulus onset (9 s in total); for retrieval
trials, epochs began 2 s before, and ended 4 s after, the onset of the verbal cue
(6 s in total). Second, the data were filtered using a 0.2-Hz finite-impulse
response high-pass filter and 3 finite-impulse response band-pass filters at
50 ± 1 Hz, 100 ± 1 Hz, and 150 ± 1 Hz, attenuating slow drifts and line noise,
respectively. Third, as the iEEG data were sampled at the physician’s discretion
(512 Hz, n = 1; 1,024 Hz, n = 8), all data were downsampled to 500 Hz. Fourth,
the data from each electrode were rereferenced to an electrode on the same
shaft that was positioned in white matter (determined by visual inspection of
participant anatomy; see below). The use of a common reference electrode
for both the hippocampus and neocortex ensured that any difference in
electrophysiological signal from the 2 regions could not be explained by a
difference in reference. Finally, the data were visually inspected and any trials
exhibiting artifactual activity were excluded from further analysis. Any electrodes exhibiting persistent ictal and interictal activity (as identified through
visual inspection) were discarded from analysis.

Downloaded by guest on October 1, 2020

7. L. L. Colgin, Theta-gamma coupling in the entorhinal-hippocampal system. Curr. Opin.
Neurobiol. 31, 45–50 (2015).
8. C. E. Shannon, W. Weaver, A Mathematical Theory of Communication (University of
Illinois Press, 1949).
9. G. Buzsáki, C. A. Anastassiou, C. Koch, The origin of extracellular fields and currents—
EEG, ECoG, LFP and spikes. Nat. Rev. Neurosci. 13, 407–420 (2012).
10. J. A. Greenberg, J. F. Burke, R. Haque, M. J. Kahana, K. A. Zaghloul, Decreases in theta
and increases in high frequency activity underlie associative memory encoding.
Neuroimage 114, 257–263 (2015).
11. S. Guderian, B. H. Schott, A. Richardson-Klavehn, E. Düzel, Medial temporal theta
state before an event predicts episodic encoding success in humans. Proc. Natl. Acad.
Sci. U.S.A. 106, 5365–5370 (2009).
12. M.-C. Fellner, K.-H. T. Bäuml, S. Hanslmayr, Brain oscillatory subsequent memory effects differ in power and long-range synchronization between semantic and survival
processing. Neuroimage 79, 361–370 (2013).
13. S. Hanslmayr et al., The relationship between brain oscillations and BOLD signal
during memory formation: A combined EEG-fMRI study. J. Neurosci. 31, 15674–15680
(2011).
14. B. Griffiths, A. Mazaheri, S. Debener, S. Hanslmayr, Brain oscillations track the formation of episodic memories in the real world. Neuroimage 143, 256–266 (2016).
15. S. Weiss, P. Rappelsberger, Long-range EEG synchronization during word encoding
correlates with successful memory performance. Brain Res. Cogn. Brain Res. 9, 299–
312 (2000).
16. B. Lega, J. Germi, M. Rugg, Modulation of oscillatory power and connectivity in the
human posterior cingulate cortex supports the encoding and retrieval of episodic
memories. J. Cogn. Neurosci. 29, 1415–1432 (2017).
17. E. Noh, G. Herzmann, T. Curran, V. R. de Sa, Using single-trial EEG to predict and
analyze subsequent memory. Neuroimage 84, 712–723 (2014).
18. S. Hanslmayr, B. Spitzer, K.-H. Bäuml, Brain oscillations dissociate between semantic
and nonsemantic encoding of episodic memories. Cereb. Cortex 19, 1631–1640 (2009).
19. S. Michelmann, H. Bowman, S. Hanslmayr, The temporal signature of memories:
Identification of a general mechanism for dynamic memory replay in humans. PLoS
Biol. 14, e1002528 (2016).
20. G. T. Waldhauser, V. Braun, S. Hanslmayr, Episodic memory retrieval functionally
relies on very rapid reactivation of sensory information. J. Neurosci. 36, 251–260
(2016).
21. A. P. Burgess, J. H. Gruzelier, Short duration power changes in the EEG during recognition memory for words and faces. Psychophysiology 37, 596–606 (2000).
22. K. Dujardin, J. L. Bourriez, J. D. Guieu, Event-related desynchronization (ERD) patterns
during verbal memory tasks: Effect of age. Int. J. Psychophysiol. 16, 17–27 (1994).
23. E. Zion-Golumbic, M. Kutas, S. Bentin, Neural dynamics associated with semantic and
episodic memory for faces: Evidence from multiple frequency bands. J. Cogn. Neurosci. 22, 263–277 (2010).
24. P. H. Khader, F. Rösler, EEG power changes reflect distinct mechanisms during longterm memory retrieval. Psychophysiology 48, 362–369 (2011).
25. S. Hanslmayr, J. Matuschek, M.-C. Fellner, Entrainment of prefrontal beta oscillations induces an endogenous echo and impairs memory formation. Curr. Biol. 24, 904–909 (2014).
26. J. E. Lisman, O. Jensen, The θ-γ neural code. Neuron 77, 1002–1016 (2013).
27. L. Davachi, Item, context and relational episodic encoding in humans. Curr. Opin.
Neurobiol. 16, 693–700 (2006).
28. G. Q. Bi, M. M. Poo, Synaptic modifications in cultured hippocampal neurons: Dependence on spike timing, synaptic strength, and postsynaptic cell type. J. Neurosci.
18, 10464–10472 (1998).
29. M. J. Jutras, P. Fries, E. A. Buffalo, Gamma-band synchronization in the macaque
hippocampus and memory formation. J. Neurosci. 29, 12521–12531 (2009).
30. N. Axmacher, F. Mormann, G. Fernández, C. E. Elger, J. Fell, Memory formation by
neuronal synchronization. Brain Res. Brain Res. Rev. 52, 170–182 (2006).
31. L. L. Colgin et al., Frequency of gamma oscillations routes flow of information in the
hippocampus. Nature 462, 353–357 (2009).
32. L. L. Colgin, E. I. Moser, Gamma oscillations in the hippocampus. Physiology (Bethesda) 25, 319–329 (2010).
33. E. T. Rolls, The mechanisms for pattern completion and pattern separation in the
hippocampus. Front. Syst. Neurosci. 7, 74 (2013).

21842 | www.pnas.org/cgi/doi/10.1073/pnas.1914180116

34. L. de Almeida, M. Idiart, J. E. Lisman, Memory retrieval time and memory capacity of the
CA3 network: Role of gamma frequency oscillations. Learn. Mem. 14, 795–806 (2007).
35. L. L. Colgin, Do slow and fast gamma rhythms correspond to distinct functional states
in the hippocampal network? Brain Res. 1621, 309–315 (2015).
36. A. Bragin et al., Gamma (40-100 Hz) oscillation in the hippocampus of the behaving
rat. J. Neurosci. 15, 47–60 (1995).
37. M. Visser, E. Jefferies, M. A. Lambon Ralph, Semantic processing in the anterior
temporal lobes: A meta-analysis of the functional neuroimaging literature. J. Cogn.
Neurosci. 22, 1083–1094 (2010).
38. A. M. Hughes, T. A. Whitten, J. B. Caplan, C. T. Dickson, BOSC: A better oscillation
detection method, extracts both sustained and transient rhythms from rat hippocampal recordings. Hippocampus 22, 1417–1428 (2012).
39. J. R. Manning, J. Jacobs, I. Fried, M. J. Kahana, Broadband shifts in local field potential
power spectra are correlated with single-neuron spiking in humans. J. Neurosci. 29,
13613–13620 (2009).
40. H. Zhang, J. Jacobs, Traveling theta waves in the human hippocampus. J. Neurosci. 35,
12477–12487 (2015).
41. J. Jacobs, Hippocampal theta oscillations are slower in humans than in rodents: Implications for models of spatial navigation and memory. Philos. Trans. R. Soc. Lond. B
Biol. Sci. 369, 20130304 (2013).
42. J. F. Burke, A. G. Ramayya, M. J. Kahana, Human intracranial high-frequency activity
during memory processing: Neural oscillations or stochastic volatility? Curr. Opin.
Neurobiol. 31, 104–110 (2015).
43. A. B. L. Tort, R. W. Komorowski, J. R. Manns, N. J. Kopell, H. Eichenbaum, Thetagamma coupling increases during the learning of item-context associations. Proc.
Natl. Acad. Sci. U.S.A. 106, 20942–20947 (2009).
44. A. C. Heusser, D. Poeppel, Y. Ezzyat, L. Davachi, Episodic sequence memory is supported by a theta-gamma phase code. Nat. Neurosci. 19, 1374–1380 (2016).
45. T. Staudigl, S. Hanslmayr, Theta oscillations at encoding mediate the contextdependent nature of human episodic memory. Curr. Biol. 23, 1101–1106 (2013).
46. B. Spitzer, S. Hanslmayr, B. Opitz, A. Mecklinger, K.-H. Bäuml, Oscillatory correlates of
retrieval-induced forgetting in recognition memory. J. Cogn. Neurosci. 21, 976–990 (2009).
47. B. P. Staresina et al., Hippocampal pattern completion is linked to gamma power
increases and alpha power decreases during recollection. eLife 5, 1–18 (2016).
48. M. D. Rugg, J. D. Johnson, H. Park, M. R. Uncapher, Encoding-retrieval overlap in
human episodic memory: A functional neuroimaging perspective. Prog. Brain Res.
169, 339–352 (2008).
49. H. M. Duvernoy, The Human Hippocampus: Functional Anatomy, Vascularization, and
Serial Sections with MRI (Springer, 2005).
50. J. Poppenk, M. Moscovitch, A hippocampal marker of recollection memory ability
among healthy young adults: Contributions of posterior and anterior segments.
Neuron 72, 931–937 (2011).
51. C. Kemere, M. F. Carr, M. P. Karlsson, L. M. Frank, Rapid and continuous modulation
of hippocampal network state during exploration of new places. PLoS One 8, e73114
(2013).
52. L. L. Colgin, Rhythms of the hippocampal network. Nat. Rev. Neurosci. 17, 239–249
(2016).
53. C. S. Y. Benwell et al., Frequency and power of human alpha oscillations drift systematically with time-on-task. Neuroimage 192, 101–114 (2019).
54. Y. Benjamini, Y. Hochberg, Controlling the false discovery rate: A practical and
powerful approach to multiple testing. J. R. Stat. Soc. B 57, 289–300 (1995).
55. J. Cohen, Statistical Power Analysis for the Behavioral Sciences (Routledge Academic,
1988).
56. J. A. Maldjian, P. J. Laurienti, R. A. Kraft, J. H. Burdette, An automated method for
neuroanatomic and cytoarchitectonic atlas-based interrogation of fMRI data sets.
Neuroimage 19, 1233–1239 (2003).
57. G. E. Rice, M. A. Lambon Ralph, P. Hoffman, The roles of left versus right anterior
temporal lobes in conceptual knowledge: An ALE meta-analysis of 97 functional
neuroimaging studies. Cereb. Cortex 25, 4374–4391 (2015).
58. E. Maris, R. Oostenveld, Nonparametric statistical testing of EEG- and MEG-data. J.
Neurosci. Methods 164, 177–190 (2007).

Griffiths et al.

