UNIVERSITYW

This is a repository copy of Hippocampal theta activity during encoding promotes
subsequent associative memory in humans.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/198490/

Version: Accepted Version

Article:

Joensen, Bardur, Bush, Daniel, Vivekananda, Umesh et al. (7 more authors) (Accepted:
2023) Hippocampal theta activity during encoding promotes subsequent associative
memory in humans. Cerebral Cortex. ISSN 1047-3211 (In Press)

Reuse

This article is distributed under the terms of the Creative Commons Attribution (CC BY) licence. This licence
allows you to distribute, remix, tweak, and build upon the work, even commercially, as long as you credit the
authors for the original work. More information and the full terms of the licence here:
https://creativecommons.org/licenses/

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

\ White Rose -
university consortium eprinis@whiterose.ac.uk
/,:-‘ Uriversities of Leecs: Shetfiekd & York https://eprints.whiterose.ac.uk/




Hippocampal theta activity during encoding
promotes subsequent associative memory in

humans

Bardur H. Joensen®234%* Daniel Bush>"*, Umesh Vivekananda?, Aidan J. Horner®7,
James A. Bisby'2'8, Beate Diehl!, Anna Miserocchi!, Andrew W. McEvoy!, Matthew C.

Walker?!, Neil Burgess:2:°",
1. UCL Queen Square Institute of Neurology, UCL, London, UK.
2. UCL Institute of Cognitive Neuroscience, UCL, London, UK.
3. Department of Clinical Neuroscience, Karolinska Institute, Sweden.
4. Department of Psychology, Uppsala University, Sweden.
5. Department of Neuroscience, Physiology and Pharmacology, UCL, London, UK
6. Department of Psychology, University of York, York, UK.
7. York Biomedical Research Institute, University of York, UK
8. Division of Psychiatry, UCL, London, UK.

9. Wellcome Centre for Human Neuroimaging, UCL, London, UK.

1 These authors contributed equally to this work.

* Corresponding authors: bardur.hofgaard.joensen@psyk.uu.se,

drdanielbush@gmail.com, & n.burgess@ucl.ac.uk

Pages: 33, Figures: 5


mailto:bardur.hofgaard.joensen@psyk.uu.se
mailto:d.bush@ucl.ac.uk
mailto:n.burgess@ucl.ac.uk

Abstract

Hippocampal theta oscillations have been implicated in associative memory in humans.
However, findings from electrophysiological studies using scalp electroencephalography
(EEG) or magnetoencephalography (MEG), and those using intracranial EEG (iEEG) are
mixed. Here we asked ten pre-surgical epilepsy patients undergoing iEEG recording, along
with 21 participants undergoing MEG recordings, to perform an associative memory task,
and asked whether hippocampal theta activity during encoding was predictive of
subsequent associative memory performance. Across the iEEG and MEG studies, we
observed that theta power in the hippocampus increased during encoding, and that this
increase differed as a function of subsequent memory, with greater theta activity for pairs
that were successfully retrieved in their entirety compared to those that were not
remembered. This helps to clarify the role of theta oscillations in associative memory
formation in humans, and further, demonstrates that findings in epilepsy patients
undergoing iEEG recordings can be extended to healthy participants undergoing MEG

recordings.



1. Introduction

Oscillatory activity within the hippocampal-entorhinal system has long been hypothesised
to play a critical role in cognitive function (Buzsdki & Moser, 2013). In particular, the 6-
10Hz theta rhythm dominates the local field potential in the rodent hippocampus; a region
known to be critical for spatial and episodic memory in humans (Eichenbaum & Cohen,
2004; O’Keefe & Nadel, 1979). Continuous hippocampal theta activity is observed
whenever the animal is moving (Vanderwolf, 1969) or engaged in memory-guided
behaviour (Aronov et al., 2017). Memory function has also been linked to the presence of
theta rhythmicity, with disruption of hippocampal theta abolishing spatial learning

(McNaughton et al., 2006; Winson, 1978).

Electrophysiological studies have demonstrated that theta oscillations are also present
during movement in the human hippocampus (Bohbot et al., 2017; Ekstrom et al., 2005;
Jacobs et al., 2010), albeit at shorter duration and lower amplitude than the rodent
equivalent (Jacobs, 2014). Similarly, substantial evidence exists to demonstrate a
relationship between theta activity in the hippocampus and memory formation in humans
(Herweg et al., 2020). However, results regarding the precise relationship between
hippocampal theta and successful memory formation are mixed, with evidence from
studies using scalp electroencephalography (EEG) or magnetoencephalography (MEG)
demonstrating that theta activity during encoding is positively correlated with later
memory success (Backus et al., 2016: Hanslmayr et al., 2011: Klimesch et al., 1996; Osipova
et al., 2006; Gruber et al., 2008; Guderian & Dizel, 2005; Herweg et al., 2016; Staudigl &
Hanslmayr, 2013; but see also Guderian et al., 2009; Addante et al., 2011 for pre-stimulus
encoding theta and subsequent memory performance), while those using intracranial EEG
(iEEG) recordings in large part demonstrating that decreases in hippocampal theta during
encoding are predictive of later memory success (Lega et al., 2012; Lin et al., 2017;
Sederberg et al., 2007; Fellner et al., 2019; Long et al., 2014; Long & Kahana, 2015;

Solomon et al., 2019).



The reasons for these discrepancies are perhaps manyfold (Herweg et al., 2020), but here
we reasoned that one important factor may be related to differences in memory paradigms
and/or the type of memory being assessed. For instance, amongst studies using scalp EEG
and MEG, theta activity during encoding has been associated with subsequent recognition
(Osipova et al., 2006), recollection (Gruber et al., 2008; Guderian & Diizel, 2005; Herweg
et al., 2016) and item to context matching (Staudigl & Hanslmayr et al., 2013). On the
other hand, studies using iEEG have tended to focus on the recognition or recall of single,
isolated words. This point is critical given the proposed role of the hippocampus in the
explicit encoding and retrieval of associative memories (Mayes et al., 2007; Squire & Zola-
Morgan, 1991), while item-based memory, or recognition more generally, may also be
supported by MTL regions outside the hippocampus; possibly reflecting a simple familiarity

signal (Aggleton & Brown, 1999; Diana et al., 2007).

Here we aimed to assess the role of hippocampal theta activity in subsequent associative
memory. To do this, we used a task and memoranda specifically designed to promote
associative binding (Horner & Burgess, 2014), given the role of the hippocampus in this
process (Cohen et al., 1999; Davachi, 2006; Marr, 1971; Mayes et al., 2007; McClelland et
al., 1995). We collected iEEG and MEG recordings across two studies, focusing on later
retrieval success for paired associates that were imagined interacting during encoding (to
promote deeper and more elaborative associative binding), whilst aiming to equate task
demands for patients (in the iEEG study) and healthy participants (in the MEG study). While
iEEG allows for direct recordings from the hippocampus, affording greater spatial
resolution, these recordings are obtained from clinical populations. By collecting MEG
recordings from healthy participants performing the same task, we can also assess the

translation of hippocampal theta effects to non-clinical populations.



2. Methods

2.1. iEEG

2.1.1. Patients

Fourteen patients with drug-resistant epilepsy undergoing iEEG monitoring for clinical
purposes were asked to perform an associative memory task similar to that used in Horner
and Burgess (2014). Ethical approval was granted by the NHS Research Ethics Committee
(15/L0/1783) and informed written consent was obtained from each patient. Four patients
were excluded from the analyses for the following reasons: (i) insufficient trials to allow
for comparisons of subsequent memory performance (defined as less than two trials in any
of the subsequent memory performance conditions, n = 2); and (ii) only one or no electrode
contacts located in the hippocampus (n = 2). Accordingly, 10 patients (4 male/6 female, 9

right-handed, with M age + SD of 36.20 + 8.59 years) were included in the analyses.

Pre-implantation MRI and post-implantation CT scans were co-registered to identify
electrode locations in the hippocampus (M * SD number of contacts = 3.10 + 1.45),
amygdala (M £ SD number of contacts = 2.10 = 0.99) and temporal neocortex (M + SD
number of contacts = 10.50 + 2.99). Electrode implantation was unilateral in all patients
and dictated by clinical requirements (see Error! Reference source not found. for clinical

and general details).

Depth EEG was recorded at 512 Hz (Patient 1), 1024 Hz (Patients 2-7, 10), or 2048 Hz
(Patients 8-9) using a Micromed SD long-term monitoring system (Micromed). The EEG
signal was referenced against a common white matter contact that was located remotely
from the suspected epileptogenic focus in each patient. Recordings made at a higher
sampling rate were downsampled to 512 Hz, to match those recorded with the lowest

sampling rate, before any analyses were performed.



Table 1. Clinical and general details of the patient population

Number of contacts Implanted

Hemisphere

Patient ID Seizure onset zone HPC Amygdala TNC
1 L HPC 4 2 12 L
2 L anterior HPC 2 3 9 L
3 R medial temporal 3 0 15 R
4 R anterior frontal 2 2 8 R
5 L occipito-temporal 2 1 15 L
6 Could not be localised 2 3 13 L
7 R middle frontal 2 2 8 R
8 R frontal/insular 3 2 7 R
9 R frontal lobe 6 3 9 R
10 Left PC 5 3 9 L

Note. L, left; R, right; HPC, Hippocampus; PC, Posterior cingulate; TNC, Temporal neocortex

2.1.2. Materials

The stimuli consisted of 18 locations (e.g., kitchen), 18 famous people (e.g., Barack
Obama), 18 common objects (e.g., hammer), and 18 animals (e.g., dog). From these, nine
randomised location-person-object and nine randomised location-person-animal events

were generated for each patient.

2.1.3. Task

The memory task was similar to that developed by Horner and Burgess (2014). At encoding
(see Figure 1A), participants were separately presented with three overlapping pairs
belonging to 18 events (e.g., Barack Obama-kitchen, kitchen-hammer, hammer-Barack
Obama for the event Barack Obama, kitchen, hammer). All pairs were presented on a

computer screen as text; one element to the left and one to the right of fixation. The



left/right assignment was randomly chosen on each trial. Each word-pair remained on
screen for 6000-ms. Patients were instructed to imagine, as vividly as possible, the
elements interacting in a meaningful way. The word-pair presentation was preceded by a

2000-ms fixation and followed by a 2000-ms blank screen.

The pairs were presented across three blocks with one pair from each event presented
during each block, such that the presentation of a pair from one event was interleaved
with the presentation of pairs from other events. Within each block, the presentation
order of events was randomised. Further, the order of presentations across the three
blocks was pseudo-randomised such that the presentation order of 1/3 of the events was
(i) person-location, location-object, object-person, (ii) location-object, object-person,

person-location, and (iii) object-person, person-location, object-person, respectively.

Barack Obama

Kitchen Gym Castle

QOld/New?

Barack Obama
Kilchen Gym  Caslle 1s

Barack Obama
Mug  Ladder Pencil

Figure 1. Experimental design. (A) Encoding: Participants saw multiple word pairs. Each
presentation was preceded by a 2000-ms fixation cross and followed by a 2000-ms blank screen.
(B) Test (iEEG study): Patients were presented with a single cue for 3 s and subsequently asked to
indicate whether the cue was presented during encoding (i.e., Old/New?). Patients had 8000-ms
to make a judgement. Patients were then required to retrieve one of the other elements from the
same event as the cue from among five foils (elements of the same type from other events) in
10000-ms. Both elements that were paired with the cue were tested in immediate succession of
each other. Each test trial was preceded by a 2000-ms fixation cross and followed by a 2000-ms
blank screen. (C) Test (MEG study): Participants were presented with a single cue for 3000-ms and

then required to retrieve one of the other elements from the same event from among five foils in



6000-ms. Each test trial was preceded by a 3000-ms fixation cross and followed by a 1000-ms blank

screen.

During test (see Figure 1B), patients were first presented with a cue (e.g., Barack Obama)
that was drawn from one of the events learnt during encoding or from an equal number of
novel events that patients had not seen during encoding. Each cue was presented in the
centre of the screen and remained on-screen for 3000-ms. Patients were then asked to
indicate whether this was an element that had been seen during encoding using an old/new
recognition judgement. Patients had a maximum of 8000-ms to provide a response. For
‘old’” cues only, the old/new judgement was followed by a forced-choice associative
memory task, irrespective of whether the recognition response was correct or incorrect.
During the associative memory test six possible associates (one target and five foils) were
presented alongside the cue element. The target would be one of the other elements seen
together with the cue during encoding. The five foils would be elements from the same
category as the target. For instance, if the patient had been presented with Barack Obama-
kitchen during encoding and cued with Barack Obama during test, then the target would
be kitchen and the five foils would be other randomly selected locations from other events

learnt during encoding.

For each cue, both elements that were paired with the cue during encoding would be
tested in immediate succession before patients were presented with another cue element.
For example, if a patient was presented with Barack Obama and required to retrieve
kitchen, they would then be asked to retrieve hammer from amongst five randomly
selected objects from other events. The target and foils were presented in two rows of
three below the cue, and the location of the correct target element was randomly selected
on each retrieval trial. Patients had a maximum of 10000-ms to respond with a key press.
Responses that fell outside this response window were treated as incorrect (M + SD % of

missing response = 4.91 + 5.42).



Each event was tested with cue-target associations in both directions across three blocks.
For instance, during block one, patients could be cued with Barack Obama and asked to
retrieve kitchen and then hammer, during block two cued with kitchen and required to
retrieve hammer and then Barack Obama, and lastly during block three cued with hammer
and asked to retrieve Barack Obama, then kitchen. Hence, for each event, each element
acted as a cue once across the three blocks (e.g., Block 1: Barack Obama; Block 2: kitchen;
Block 3: hammer) and as a retrieval target twice across the three blocks (e.g., Barack

Obama: Block 2 and 3; kitchen: Block 1 and 3; hammer: Block 1 and 2).

Encoding and test were split into two phases, such that all three pairs from the first nine
events were encoded (making a total of 27 encoding trials) and then tested in both
directions (making a total of 54 retrieval trials), before pairs from the remaining nine
events were encoded and tested. Hence, across the two encoding/test phases, patients
were presented with a total of 54 encoding trials, 108 old/new recognition trials, and 108
associative memory retrieval trials. Note that retrieval trials followed only after the
presentation of cue elements that patients had seen during encoding. As such, during test,
patients were required to make a total of 108 old/new recognition judgements; 54 of which
related to elements presented during encoding (e.g., Barack Obama) and were followed
by two associative retrieval trials (e.g., retrieve kitchen, then hammer); and 54 of which
related to elements that patients had not seen during encoding and were not followed by

any associative retrieval trials.

Each test trial (composed of a cue presentation, old/new judgement, and two associative
retrieval trials, when applicable) was preceded by a 2000-ms fixation and followed by a

2000-ms blank screen.

2.1.4. iEEG time-frequency analysis

Estimates of oscillatory power during the encoding period were obtained by convolving
the EEG signal with a seven-cycle Morlet wavelet generated using SPM12 (Litvak et al.,

2011). Time-frequency data was extracted from 2000-ms before the start of each encoding



trial to 2000-ms after the end of the encoding period. Power values were obtained,
separately for each encoding trial, for 55 logarithmically-spaced frequencies in the 2-82
Hz range, and log transformed before mean power in each band between 1000-ms and 500-
ms prior to the start of the encoding period was subtracted from the data at all other time
points to give a measure of power change from baseline in each frequency band. Data from
the time windows before the baseline period (-2000- to -1000-ms) and after (6000- to
8000-ms) the encoding period were then discarded. Finally, all trials that had visually
identified interictal spikes within the time window used for convolution were excluded
prior to averaging over electrode contacts (M £+ SD % of excluded trials = 12.87 + 16.53)
(M £ SD number of included trials per condition = 15.80 + 11.34, 16.99 + 4.08, 14.25 #

9.37, for zero, one, and both directions correct, respectively).

2.2. MEG

2.2.1. Participants

Twenty-six participants were recruited to perform the associative memory task. Ethical
approval was granted by the local research ethics committee at University College London
and all participants gave written informed consent to take part. All participants were
compensated for their participation. Five participants were excluded from the analyses
due to the following reasons: (i) poor data quality (n = 1); and (ii) insufficient trials to
allow for comparisons of subsequent memory performance (again, defined as less than two
trials in any of the subsequent memory performance conditions, n = 4). Thus, a total of 21
participants (4 male/17 female, 21 right-handed, with a M age + SD of 24.10 + 2.97 years)

were included in the analyses.

2.2.2. Materials

The stimuli consisted of 36 locations (e.g., kitchen), 36 famous people (e.g., Barack
Obama), 36 common objects (e.g., hammer), and 36 animals (e.g., dog). For each
participant, 18 of the four-element sets were randomly assigned to a closed-loop

associative structure. For closed-loops, nine of the four-element sets were assigned to



be location-person-object events, and the remaining nine were location-person-animal
events. The remaining 18 four-element sets were randomly assigned to an open-loop

associative structure, all of which contained all four elements.

2.2.3. Task

The memory task was identical to that used in the iEEG dataset, with the following
exceptions. During encoding, participants learnt three overlapping pairs from 36 events
that formed either a closed- or open-loop associative structure (Horner & Burgess, 2014).
Closed- and open-loops differ in that all three elements of an event (e.g., Barack Obama,
kitchen, hammer) are presented paired with all other elements of the same event (e.g.,
Barack Obama-kitchen, kitchen-hammer, hammer-Barack Obama) for closed-loops, while
four elements belonging to the same event (e.g., David Beckham, office, wallet, lion) are
presented as a chain of overlapping pairs (e.g., David Beckham-office, office-wallet,
wallet-lion) for open-loops. This experimental manipulation has previously been shown to
produce greater evidence of pattern completion (i.e., the retrieval of all elements of an
event when presented with a single element as a cue) for closed- compared to open-loops,
both in terms of behavioural responses and BOLD activity (Grande et al., 2019; Horner et
al., 2015; Horner & Burgess, 2014; Joensen et al., 2020). In the iEEG study, only 18 closed-
loop events were used to avoid over-taxing the patients, and to focus on those events
most likely to provide evidence of associative memory. Here, we were primarily interested
in whether theta oscillations during the encoding of a given pair are predictive of later
retrieval successes for that same pair, so we do not distinguish between these two types
of associative structure in the MEG analyses. However, we have included a supplementary
section comparing subsequent memory effects between closed- and open-loop events in

the MEG study (no differences were found).

At test (see Figure 1C), participants were not required to make an old/new judgement as
in the iEEG study. Instead, cue presentation was immediately followed by a forced-choice
retrieval trial where participants were required to select the element that was previously

paired with the cue from six possible target elements. Participants had a maximum of
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6000-ms to respond with a key press during each test trial. Responses that fell outside this
response window were treated as incorrect (M £ SD % of missing response = 1.83 + 2.37).
Each of the 36 events were tested with cue-target associations in both directions across
six retrieval blocks, with one randomly chosen pair from each event tested in each block,
making a total of 216 retrieval trials. Each test trial (composed of a cue presentation and
retrieval trial) was preceded by a 3000-ms fixation and followed by a 1000-ms blank

screen.

Note also that in contrast to the iEEG study, encoding and test were not split into two
encoding/test phases. Instead, participants encoded pairs belonging to all 36 events prior
to being tested on all cue-target associations. Again, this difference stems from the fact

that the iEEG task was designed to avoid over-taxing the patients.

2.2.4. MEG source power analysis

MEG recordings were made using a 275-channel Canadian Thin Films (CTF) MEG system
with SQUID-based axial gradiometers (VSM Med-TECH) while participants sat upright in a
magnetically shielded room. Recordings were made at a sampling rate of 480 Hz. Head
position coils were attached to nasion and left and right pre-auricular sites for anatomical

coregistration.

All data preprocessing and analyses were performed in SPM12 (Litvak et al., 2011) with
the only exception being that eye blink and heartbeat artefacts were identified and
removed using independent component analysis, implemented in Fieldtrip (Oostenveld et
al., 2011) and EEGLAB (Delorme & Makeig, 2004). A high-pass (0.1 Hz) and notch (48-52
Hz) filter were applied to the data to remove drift and line noise, respectively, and the
data were epoched from 2000-ms prior to the onset of the encoding period to 2000-ms

following the end of the encoding period.

MEG source localisation was conducted using the linearly constrained minimum variance
(LCMV) beamformer with a single-shell forward model to generate maps of mean source

power differences (Barnes & Hillebrand, 2003) for trials where participants were presented
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with pairs that they subsequently failed to retrieve, successfully retrieved in one direction
but not the other, and those where they successfully retrieved the pairs in both directions
(i.e., zero, one, and both directions correct). Trials containing muscle artefacts were
visually identified and removed prior to source localisation (M + SD % of excluded trials =
5.78 + 8.10; M £ SD number of included trials per condition = 20.00 + 16.73, 25.39 + 5.75,
56.48 + 23.09, for zero, one, and both directions correct, respectively). Maps were
generated on a 10-mm grid, coregistered to MNI coordinates and all SPM images were

smoothed using a 12x12x12-mm full-width half-maximum (FWHM) Gaussian kernel.

Given our specific hypothesis regarding the hippocampus, hippocampal SPM results are
small volume corrected (SVC) within a bilateral hippocampal mask (Figure 4A). The mask
was generated using WFU PickAtlas (Maldjian et al., 2003) with hippocampal regions
defined from the Automated Anatomical Labelling (AAL) atlas (Tzourio-Mazoyer et al.,
2002). For completeness, we also present results from outside the hippocampus. All effects

reported from outside the hippocampus are prwe < .05 whole-brain corrected.

3. Results

3.1. Behaviour

Our associative memory task involved patients/participants first encoding a series of
pairwise associations (e.g., Barack Obama-kitchen). Patients/participants were then
required to retrieve the learnt pairs using a forced-choice associative memory test, where
a cue element (e.g., Barack Obama) was presented alongside six possible targets (e.g.,
kitchen and five foils from the same category as the target). Each cue-target association
was retrieved in both directions (e.g., cue: Barack Obama, target: kitchen; cue: kitchen,

target: Barack Obama).

12



Table 2. Mean proportion correct (and standard deviations) and mean proportion of pairs

retrieved correctly in zero, one, and both directions (and standard deviations) in the iEEG and

MEG data.
Proportion Zero directions One direction Both directions
correct correct correct correct
iEEG .48 (.19) .33 (.21) .37 (.05) .30 (.18)
MEG .68 (.19) .20 (.17) .25 (.06) .55 (.21)

The mean proportion correct and mean proportion of pairs retrieved correctly in zero,
one, and both directions in the iEEG and MEG study are presented in Table 2. In the MEG
study, mean memory performance was 68%, which is comparable to performance in
previous studies using a similar paradigm (Horner et al., 2015; Horner & Burgess, 2014)
and significantly above chance (~16.7%), t(20) = 12.12, p < .001, d = 2.65. Mean memory
performance in the iEEG study was 48%, which is numerically lower than that seen in prior
studies with healthy participants. This is consistent with evidence showing decreases in
memory performance in patients with focal epilepsy (Delaney et al., 1980), but we note
that patients were still able to retrieve the learnt pairs at a level well above chance, t(9)
=5.26, p <.001, d = 1.66. Similarly, patients’ old/new recognition performance (Hits: M =
.92, SD = .04; False Alarms: M = .04, SD = .05; d’: M = 3.30, SD = .57) was significantly
above chance (.50), t(9) = 18.25, p <.001, d =5.78. Note that for patients who had no false
alarms (n = 4), values were setto 1 / N, where N is the number of trials corresponding to

‘new’ cues.

3.2. iEEG study

3.2.1. Theta activity in hippocampal contacts and subsequent memory

As a first step, we looked for increases in oscillatory power on hippocampal electrode

contacts during the encoding period. For this analysis, we used a Monte Carlo cluster
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analysis approach (Maris & Oostenveld, 2007) implemented in Fieldtrip (Oostenveld et al.,
2011) to identify time- and frequency-bands (a = 0.05 (one-tailed), #permutations = 1000)
where power increased relative to baseline. Note that because the number of contacts
differed across patients, power values were averaged over electrode contacts for each
patient prior to analysis. This revealed a significant positive cluster in the theta frequency
band (at approximately 2-7 Hz) from approximately 0 to 1500-ms following the onset of
the encoding period (tsum = 2.46 x 10%, tmox = 4.87, tmean = 2.59, p = .03, d = .82) (see
outlined cluster in Figure 2A), demonstrating that theta oscillations in the hippocampus

are engaged during encoding.
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Figure 2. Theta power on hippocampal iEEG contacts (A) Time-frequency power spectrogram, over
hippocampal contacts, from -1000-ms prior to 6000-ms after the onset of the encoding period. (B)
Time series plot of mean theta power (2-7 Hz) over hippocampal contacts split by subsequent
memory performance from -1000-ms prior to 6000- ms after the onset of the encoding period. (C)
Boxplot of mean theta power (2-7 Hz) between 0-1500-ms after the onset of encoding (shaded
dashed box in A and B), over hippocampal contacts, split by later memory performance. Lines in
boxplot represent mean power. Bottom and top edges of boxes indicate the 25th and 75th
percentiles, respectively. Whiskers represent minimum and maximum data points. Overlaid dots

represent individual data points. * p < .05.

Next, to establish whether increases in hippocampal theta power were predictive of
subsequent memory, we asked whether theta power (at 2-7 Hz between 0-1500 ms; see

shaded dashed box in Figure 2A) differed between the encoding of pairs that were
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consistently retrieved correctly in both directions and those that patients consistently
failed to retrieve. A paired sample t-test revealed that theta power was significantly
greater during the encoding of pairs that were remembered correctly in both vs zero
directions, t(9) = 2.68, p = .03, d = .85 (Figure 2C, see also Figure 2B for the time profile
of mean theta power over the entire encoding period) (note that this two-tailed
significance value is not corrected for multiple comparisons, being our main effect of

interest).

For completeness, we also performed a one-way ANOVA comparing mean theta power (at
2-7 Hz between 0-1500 ms) during the encoding of pairs that were subsequently retrieved
correctly in zero vs one vs both directions. It is important to note, however, that activity
relating to pairs that were later retrieved correctly in only one direction is not a good
indicator of subsequent memory, as it reflects a mixture of both successful and
unsuccessful encoding. This ANOVA did not reveal a significant effect of subsequent
memory, F(2,27) =2.70, p = .09, np? =.17. Similarly, paired sample t-tests comparing theta
power between pairs that patients did not later retrieve versus those remembered in one
direction and those remembered in one versus both directions revealed no significant
effects, ts < 1.93, ps > .08, consistent with the indeterminate status of pairs correctly
retrieved in only one direction. In sum, we see evidence to suggest that theta oscillations
during encoding contribute to later memory, at least in so far as theta activity differs
between pairs that were recalled in their entirety and those that patients did not

remember.

Interestingly, some prior studies have shown that pre-encoding theta activity can also be
predictive of subsequent memory success (Fell et al., 2011; Guderian et al., 2009; Otten
et al., 2006). However, we found no significant relationship between raw theta activity (in
the 2-7 Hz band) averaged over the -1000 to -500-ms pre-encoding baseline window (used
in the analyses above) and subsequent memory (i.e., between pairs that patients retrieved

in zero, one, or both directions correctly), ts < .1.70, ps > .12.
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3.2.2. Spectral tilt on hippocampal contacts

Having examined the time-frequency spectrograms between encoding and baseline, and
across differences in subsequent memory, we now wanted to ascertain whether these
differences may be affected by changes in spectral ‘tilt’ (Fellner et al., 2019). To do so,
we used the irregular-resampling auto-spectral analysis (IRASA) method (Wen & Liu, 2016),
implemented in Fieldtrip (Oostenveld et al., 2011), to separate the background ‘fractal’
and oscillatory components of the EEG signal during the 0-1500-ms encoding period of
interest. We then compared power in the theta frequency band identified above between
the fractal power spectrum across trials corresponding to the encoding pairs that
participants retrieved correctly in zero, one, or both directions, but found no main effect

of subsequent memory success, F(2, 18) = .09, p = .91, n,? < .01.

For completeness, we also compared power in the fractal power spectrum between trials
corresponding to the encoding of pairs that patients retrieved correctly in zero directions
and those retrieved correctly in both directions using a paired sample t-test, but observed
no effect of subsequent memory success, t(9) = .44, p = .67, d = .13. In sum, this suggests
that there is no change in spectral tilt during the time window of interest according to
subsequent memory performance and is consistent with the proposal that while theta
activity supports associative memory, spectral tilt may reflect a more general index of

activation (Fellner et al., 2019; Herweg et al., 2020).

3.2.3. Theta activity across other temporal lobe contacts

As theta oscillations have been shown to be widespread across the temporal lobe during
encoding (Sederberg et al., 2003), we next assessed whether memory related changes in
theta activity were restricted to hippocampal electrode contacts or if they extended to
other temporal lobe contacts. As a first step, we performed two separate cluster analyses
(¢ = 0.05 (one-tailed), #permutations = 1000), to identify increases in oscillatory power
on electrode contacts in the temporal neocortex or amygdala during encoding. Note that

one patient had no depth electrodes located in the amygdala and as such this analysis
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includes only nine patients (see Table 1). No significant clusters were observed in the
temporal neocortex (ps > .15). However, a significant cluster was observed in the
amygdala, where power increased relative to baseline (at approximately 3-6 Hz) at
approximately 500-ms to 2000-ms following the onset of encoding (tsum = 1.39 x 10%, tmax

= 4.42, tmean = 2.67, p = .04, d = .94).

To examine whether power during encoding in the amygdala differed according to
subsequent memory performance, we assessed whether increases in theta power (at 3-6
Hz between 500-2000-ms) differed between the encoding of pairs that were retrieved
correctly in both directions and those that were consistently not retrieved. A paired
sample t-test revealed no significant difference, t(8) = 0.81, p = .94, d = .03. Similarly,
paired sample t-tests comparing theta power between pairs that were not later retrieved
and those remembered in only one direction and those remembered in one and both

directions revealed no significant effects, ts < .19, ps > .85.

Next, we contrasted mean power in the time (0-1500-ms) and frequency (2-7 Hz) band
where hippocampal theta activity increased relative to baseline during encoding, split by
subsequent memory performance (i.e. zero vs one vs both directions correct), for
electrode contacts located in the amygdala and temporal neocortex. Pairwise comparisons
of theta power split by subsequent memory revealed no significant differences in mean
theta activity (at 2-7 Hz between 0-1500-ms) in contacts located in the temporal

neocortex, ts < 1.41, ps > .19 (Figure 3B), or amygdala, ts < 1.06, ps > .31 (Figure 3D).

These results suggest that changes in theta power as a function of subsequent associative
memory may show a different pattern within the hippocampus compared to that in the
amygdala and temporal neocortex. However, for the nine patients with electrode contacts
in all three regions, a 2x3 ANOVA for subsequent memory (zero vs two directions correct)
and region (hippocampus vs temporal neocortex vs amygdala) showed that theta power
differed significantly according to subsequent memory performance, F(1, 8) = 6.43, p =

.04, ny? = .45, but not across electrode contacts located in the hippocampus, temporal
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neocortex and amygdala, F(2, 16) = 1.23, p = .32, np?2 = .13, even as an interaction with

subsequent memory performance, F(2, 16) = .83, p = .45, n,? = .009.

To assess this further, we examined the relationship between trial-by-trial variations in
mean theta power in the 0 to 1500-ms encoding window within each region. To do so, we
first computed power for each electrode contact in each region and then estimated the
linear relationship between mean theta power (at 2-7 Hz) on each contact across the
regions. We then averaged the beta coefficients for each pair of electrode contacts across
the regions and assessed whether the observed fit consistently deviated from zero using

one-sample t-tests.
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Figure 3. Theta power in temporal neocortex and amygdala iEEG contacts. (A, B) Temporal
neocortex contacts. (A) Time series plot of mean theta power (2-7 Hz), split by subsequent memory
performance, from -1000-ms prior to 6000-ms after the onset of the encoding period. (B) Boxplot
of mean theta power (2-7 Hz) between 0-1500-ms after the onset of encoding (dashed box in A),
split by later memory performance. (C, D) Amygdala contacts. (C) Time series plot of mean theta
power (2-7 Hz), split by subsequent memory performance, from -1000-ms prior to 6000-ms after
the onset of the encoding period. (D) Boxplot of mean theta power (2-7 Hz) between 0-1500-ms
after the onset of encoding (dashed box in C), split by later memory performance. Lines in boxplots
represent mean power. Bottom and top edges of boxes indicate the 25th and 75t percentiles,
respectively. Whiskers represent minimum and maximum data points. Overlaid dots represent

individual data points.
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This analysis revealed that trial-by-trial theta power in the hippocampus was significantly
correlated with theta power in both temporal neocortex, t(9) = 4.99, p < .001, d = 1.58,
and amygdala, t(9) = 4.86, p < .01, d = 1.62. Combined, these findings are consistent with
the idea that theta oscillations across the temporal lobe may be driven by a single source
(Bush et al., 2017), with subsequent memory effects being most pronounced in the
hippocampus but also present — to some extent — in other regions (given the main effect

of subsequent memory in the 2x3 ANOVA above).

3.3. MEG study

3.3.1. Hippocampal theta power and subsequent memory

To corroborate our intracranial hippocampal effects, we examined whether theta power in
the source reconstructed MEG data during encoding was predictive of differences in
subsequent memory performance. We focused this analysis on the theta frequency (2-7
Hz) and time band (0 to 1500-ms following the onset of encoding) identified in the iEEG
study. However, as a control to ascertain whether any effect was specific to the theta
frequency band, we also assessed power changes in three other canonical frequency bands
(i.e., alpha: 8-12 Hz, beta: 13-29 Hz, and gamma: 30-80 Hz). Note that the method for
computing mean source power used here (Litvak et al., 2011) requires that the baseline
and time window of interests are of equivalent duration. Therefore, all source power
values reflect differences in mean theta power at 0 to 1500-ms following the onset of
encoding relative to 2000 to 500-ms prior to the onset of the encoding period (as compared

to the 1000 to 500-ms pre-encoding baseline used in the iEEG study).

As a first step, source reconstructed theta power was estimated separately for trials
associated with pairs that participants later failed to retrieve, retrieved correctly in one
direction, and those retrieved correctly in both directions. To assess our main effect of
interest, source reconstructed theta power was examined in a second-level general linear
model that contained a single t-contrast between pairs retrieved correctly in zero and both

directions. This analysis revealed an effect of subsequent memory with greater theta
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activity within the bilateral hippocampal mask for trials later retrieved correctly in both
directions than those not retrieved correctly, with a maxima around the right hippocampus
(28, -4, -28) (Z = 3.17, prwe/svc = .03). In addition, there was an effect of subsequent
memory at the whole-brain cluster corrected level in the inferior temporal (-52, -56, -24)(
Z = 6.52, prwe < .01) and cingulate gyrus (8, 24, 16)(Z = 4.65, prwessvc < .01). No such
differences were seen when contrasting source reconstructed theta power for trials
associated with pairs retrieved in zero and one direction correctly and those retrieved
correctly in one and both directions. Similarly, no differences were seen in the alpha, beta,
or gamma frequency bands, either at the whole-brain level or within the bilateral

hippocampal mask.

For consistency with the iEEG study, we next compared estimates of source reconstructed
theta power between pairs that were later retrieved correctly in zero, one, and both
directions in a second level general linear model. This model contained a single F-contrast
corresponding to the main effect of subsequent memory. This analysis also revealed an
effect of subsequent memory within the bilateral hippocampal mask, with a maxima
around the right hippocampus (18, -6, -14) (Z=3.22, prwe/svc = .03) (Figure 4A). In addition,
there was a single subsequent memory effect at the whole-brain corrected level in the
medial prefrontal cortex (10, 22, 18) (Z = 4.05, prwe = .04) (Figure 4B). No such effects
were seen in the alpha, beta, or gamma frequency bands, either on a whole brain level or

within the bilateral hippocampal mask.
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F-value

Figure 4. Source-localised MEG theta power (A) Source-localised theta power effect of subsequent
memory performance (visualised at prwessve < .05) within the bilateral hippocampal mask (green
outline) used for small-volume correction. (B) Source localised theta power effect of subsequent

memory performance (visualised at an uncorrected threshold of p < .001) across the whole brain.

To assess this hippocampal subsequent memory effect further, we extracted mean source
power for all encoding trials split by subsequent memory from a 10-mm sphere centred on
the peak right hippocampal voxel showing a consistent main effect of subsequent memory

(Figure 4A).

A paired sample t-test comparing extracted power showed that theta power was greater
for encoding trials associated with pairs remembered in both directions relative to those
that participants failed to retrieve, t(20) = 3.57, p < .001, d = .78 (Figure 5A) (note that
the significance value is not corrected for multiple comparisons as this was our main effect
of interest). Interestingly, in contrast to the iEEG study, a paired sample t-test also showed
that theta power for pairs remembered in one direction was greater than for pairs that
participants did not later remember, t(20) = 3.38, p < .01, d = .74 (Figure 5A). There was
no difference between encoding trials associated with pairs remembered in one relative

to both directions, t(20) = 1.74, p = .10, d = .38.
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Similar effects were also seen when mean source power was extracted from a 10-mm
sphere centred on the peak medial prefrontal voxel (Figure 4B), with greater theta power
for encoding trials associated with pairs remembered in both direction, t(20) = 6.01, p <
.001, d = 1.31, and one direction, t(20) = 4.24, p < .001, d = .92, relative to those pairs

that were not remembered, respectively (Figure 5B).
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Figure 5. Subsequent memory effects. (A) Boxplot of mean hippocampal power (extracted from a
10-mm sphere centred on the peak hippocampal voxel), split by later memory performance. (B)
Boxplot of mean medial prefrontal power (extracted from a 10-mm sphere centred on the peak
prefrontal voxel), split by later memory performance. Lines in boxplot represent mean power.
Bottom and top edges of boxes indicate the 25th and 75t" percentiles, respectively. Whiskers
represent minimum and maximum data points. Overlaid dots represent individual data points. **

p <.01, *** p < .001.

We next assessed whether raw theta activity in the source reconstructed MEG data during
the -2000 to -500-ms baseline period differed between encoding trials that were
associated with pairs retrieved correctly in zero, one, or both directions. To do this, we
computed mean source power in the 2-7Hz theta frequency range during that baseline
period, and then extracted power values from the right hippocampal-centred 10-mm
sphere specified above. Pairwise comparisons of the extracted power revealed that theta

activity was significantly lower for trials associated with pairs that were retrieved
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correctly in one direction relative to those that participants failed to retrieve, t(20) = 2.33,
p = .03, d = .51. This difference may contribute to the theta power effect seen when
contrasting pairs retrieved correctly in one and zero directions in the baseline normalised
MEG data during the encoding period. No other significant differences during the baseline

period were seen, ts < 1.82, ps > .09.

4. Discussion

In humans, hippocampal theta is thought to be critical for successful memory formation
(Buzsdaki, 2002). However, findings regarding the precise contribution of theta oscillations
to successful encoding and subsequent memory are mixed. Here, we used an associative
memory paradigm that required patients and participants to vividly imagine pairs of
elements interacting (Horner & Burgess, 2014), combined with iEEG and MEG recordings,
to assess the contribution of hippocampal theta activity during encoding to later
associative memory performance. In the iEEG study, we showed that theta activity
increased during encoding, and that this increase was greater for pairs that were
subsequently retrieved successfully in both directions relative to those that were not
remembered at all. In the MEG study, we corroborated these findings, demonstrating that
the difference between theta activity for pairs remembered in both directions and those

that participants failed to retrieve translated to healthy populations.

Investigations of the role of theta activity in memory formation have yielded contrasting
results, with studies using non-invasive recordings in healthy populations showing that
increased theta during (e.g., Gruber et al., 2008; Osipova et al., 2006) or prior to (e.g.,
Addante et al., 2011; Guderian et al., 2009) encoding is associated with later memory
success, while intracranial studies have, in large part, demonstrated that decreases in
theta activity during encoding contribute to subsequent memory performance (e.g., Long
et al., 2014; Solomon et al., 2019). We speculated that these differences may, at least

partially, be due to differences in memory paradigms or the type of memories being
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examined, as studies using iEEG recordings have tended to focus on the recognition or free
recall of single, isolated items. We aimed to address that discrepancy here by also
assessing the role of theta encoding activity in item recognition in the iEEG study.
However, patients’ recognition performance was too high to allow for meaningful
comparisons between correct and incorrect recognition (i.e., hits and misses). As such,
further work is needed to address this possibility, but we note that intracranial studies
that have correlated encoding activity to later associative memory, rather than item
memory, have shown that increased theta power at encoding is positively related to later

memory performance (Kota et al., 2020; Miller et al., 2018).

The associative nature of the task used here, along with requirements to vividly imagine
the items interacting, might be important factors in our finding of positive subsequent
memory theta effects in the iEEG and MEG studies, as compared to the less deliberative
free recall of single items used elsewhere when negative theta subsequent memory effects
have been observed (e.g., Long et al., 2014). It is possible that the encoding demands in
this study encourage more contextually rich and/or high confidence retrieval states, which
contributes to our subsequent memory contrast (e.g., Staudigl & Hanslmayr, 2013).
However, we cannot rule out the possibility that the positive hippocampal theta
subsequent memory effects observed here, and negative hippocampal theta subsequent
memory effects observed elsewhere reflect separate effects, each of which contribute to

later memory (Long et al., 2014).

We have also demonstrated that our intracranial results extend to a measure of oscillatory
activity recorded using MEG in non-clinical populations. This point is critical because
human iEEG studies face the issue of extrapolating findings in patients to the general
population, and here we show that averaged effects across patient populations can, at
least in this instance, be translated to healthy participants. Although we were able to
detect the presence of positive hippocampal theta subsequent memory effects in both the
iEEG and MEG study, we are unable to definitively confirm that these effects originate in

the hippocampus. Nonetheless, the observation of correlated trial-by-trial variations in
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theta activity across temporal lobe recording sites in the iEEG study support the proposal
that this activity may be driven by a single source (Bush et al., 2017). In addition, our MEG
source localisation results, and the fact that subsequent memory effects in the iEEG study
only reached significance on hippocampal electrode contacts, suggest the hippocampus as

the most likely origin.

Although the findings in the MEG study in large part overlapped with those observed in
the iEEG study, they did differ in one aspect. In the iEEG study we observed that
hippocampal theta power during encoding was greater for pairs subsequently retrieved
correctly in both directions relative to those not retrieved at all (a finding replicated in
the MEG study). However, in the MEG study (when extracting mean theta power from the
hippocampal region with the peak subsequent memory effect) we also saw that theta
power was greater for those pairs that were retrieved correctly in one direction but not
the other, compared to those that participants did not subsequently remember. It is
possible that epileptic pathology and the relatively small sample size in the iEEG study
may have reduced our ability to detect such a difference. Interestingly though, when
extracting mean theta power from the same region, we did observe that baseline theta
activity in the MEG study was lower for pairs that participants later retrieved correctly in
one direction relative to those that participants did not remember (an effect not seen in
the iEEG study). It is possible that this difference during the baseline period may
contribute to the theta power difference seen in the baseline corrected MEG data during

encoding.

Indeed, we cannot rule out some contribution of baseline decreases in theta power to the
positive subsequent memory effect we observed here. Except for the above, we saw that
baseline activity was not predictive of subsequent memory performance. Nonetheless,
even small, non-significant, variations in baseline theta activity may lead us to
overestimate differences in encoding activity across pairs retrieved correctly in zero, one,

or both directions. In this sense, the results presented here could potentially reflect
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changes in some system state prior to encoding, in addition to changes induced by the

presentation of the pairs or those evoked by the underlying theta rhythm.

We are also unable to specify the functions contributing to subsequent memory, which
may include effects of attention or task engagement. Here we assess the contribution of
hippocampal theta power to later memory performance by contrasting encoding trials
associated with pairs that were correctly retrieved to those in which they were not. As
such, our main effect of interest inevitably reflects activity related to the successful
formation of associative memories, including activity that is not specific to mnemonic
encoding, such as attention or task engagement. Future studies should aim to isolate the
neural processes related to successful associative memory formation by controlling for the

influence of attention and/or task engagement.

Finally, we note that, in contrast to our findings, some previous studies have also
described theta subsequent memory effects in medial and lateral temporal lobe regions
outside of the hippocampus (e.g., Hanslmayr et al., 2011). Although we have shown that
theta power across temporal lobe recording sites was significantly correlated on a trial-
by-trial basis, we did not find strong evidence for subsequent memory effects in these
other regions. However, it is possible that our sensitivity to such an effect was reduced by
greater variability in electrode placement in the temporal neocortex, relative to the
hippocampus, and by averaging our results across contacts within each region for each
patient prior to analyses. It is also possible that differences in task demands could account
for these discrepancies. For instance, Greenberg et al. (2015) observed that theta power
decreases in the temporal lobe (including the temporal neocortex) during encoding were
predictive of subsequent memory performance for lists of word-pairs. In contrast, we
required participants to richly imagine the paired associates interacting to promote cross-
modal, associative binding, which is known to depend on the hippocampus (Cohen et al.,

1999; Davachi, 2006; Marr, 1971; Mayes et al., 2007; McClelland et al., 1995).

In summary, across two complementary studies using iEEG and MEG recordings, we showed

that theta activity during encoding in the human hippocampus promotes subsequent
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associative memory. Importantly, we are able to demonstrate that hippocampal theta

effects observed in patients in the iEEG study extrapolate to healthy participants.

5. Acknowledgments

This work was supported by the Wellcome Trust (Principal Research Fellowship to Neil
Burgess, 222457/2/21/Z), the European Research Council (Advanced grant to Neil Burgess,
694779), the Department of Health’s National Institute for Health Research, and UCLH/UCL
Biomedical Research Centre. The authors would like to thank the support staff at the
Wellcome Trust Centre for Human Neuroimaging for their assistance with MEG scanning.
We thank Roman Rodionov for help with localising electrode contacts in the iEEG data. For
the purposes of open access, the authors have applied a creative comments attribution
(CC-BY) licence to any author accepted manuscripts version arising henceforth. Open

access funding is provided by the UCL Library.

6. Data availability

Analyses scripts and materials are available on the Open Science Framework
(https://osf.io/5afsb/). Anonymised data can be shared by reasonable request from any

qualified investigator.

References

Addante, R. J., Watrous, A. J., Yonelinas, A. P., Ekstrom, A. D., Ranganath, C. 2011.
Prestimulus theta activity predicts correct source memory retrieval. Proc Natl

Acad Sci USA. 108(26):10702-10707.

27



Aronov, D., Nevers, R., Tank, D. W. 2017. Mapping of a non-spatial dimension by the

hippocampal—entorhinal circuit. Nature. 543(7647):719-722.

Backus, A. R., Schoffelen, J.-M., Szebényi, S., Hanslmayr, S., Doeller, C. F. (2016).
Hippocampal-Prefrontal Theta Oscillations Support Memory Integration. Curr

Biol. 26(4):450-457.

Barnes, G. R., Hillebrand, A. 2003. Statistical flattening of MEG beamformer images.

Hum Brain Mapp. 18(1):1-12.

Bohbot, V. D., Copara, M. S., Gotman, J., Ekstrom, A. D. 2017. Low-frequency theta
oscillations in the human hippocampus during real-world and virtual

navigation. Nat Commun. 8(1):14415.

Bush, D., Bisby, J. A., Bird, C. M., Gollwitzer, S., Rodionov, R., Diehl, B., McEvoy, A.
W., Walker, M. C., Burgess, N. 2017. Human hippocampal theta power indicates
movement onset and distance travelled. Proc Natl Acad Sci USA.

114(46):12297-12302.

Buzsadki, G. 2002. Theta Oscillations in the Hippocampus. Neuron. 33(3): 325-340.

Buzsaki, G., Moser, E. I. 2013. Memory, navigation and theta rhythm in the

hippocampal-entorhinal system. Nat Neurosci. 16(2):130-138.

Cohen, N. J., Ryan, J., Hunt, C., Romine, L., Wszalek, T., Nash, C. 1999. Hippocampal
system and declarative (relational) memory: Summarizing the data from

functional neuroimaging studies. Hippocampus. 9(1):83-98.

Davachi, L. 2006. Item, context and relational episodic encoding in humans. Curr

Opin Neurobiol. 16(6):693-700.

Delaney, R. C., Rosen, A. J., Mattson, R. H., Novelly, R. A. 1980. Memory function in
focal epilepsy: A comparison of non-surgical, unilateral temporal lobe and

frontal lobe samples. Cortex. 16(1):103-117.

28



Delorme, A., Makeig, S. 2004. EEGLAB: an open source toolbox for analysis of single-
trial EEG dynamics including independent component analysis. J Neurosci

Methods. 134(1):9-21.

Eichenbaum, H., Cohen, N. J. 2004. From conditioning to conscious recollection. New

York:Oxford University Press.

Ekstrom, A. D., Caplan, J. B., Ho, E., Shattuck, K., Fried, I., Kahana, M. J. 2005.
Human hippocampal theta activity during virtual navigation. Hippocampus.

15(7):881-889.

Fell, J., Ludowig, E., Staresina, B. P., Wagner, T., Kranz, T., Elger, C. E., Axmacher, N.
2011. Medial Temporal Theta/Alpha Power Enhancement Precedes Successful
Memory Encoding: Evidence Based on Intracranial EEG. J Neurosci.

31(14):5392-5397.

Fellner, M.-C., Gollwitzer, S., Rampp, S., Kreiselmeyr, G., Bush, D., Diehl, B.,
Axmacher, N., Hamer, H., Hanslmayr, S. 2019. Spectral fingerprints or spectral
tilt? Evidence for distinct oscillatory signatures of memory formation. PLoS

Biol. 17(7):e3000403.

Grande, X., Berron, D., Horner, A. J., Bisby, J. A., Duzel, E., Burgess, N. 2019. Holistic
Recollection via Pattern Completion Involves Hippocampal Subfield CA3. J

Neurosci. 39(41):8100-8111.

Greenberg, J. A., Burke, J. F., Haque, R., Kahana, M. J., Zaghloul, K. A. 2015.
Decreases in theta and increases in high frequency activity underlie associative

memory encoding. Neurolmage. 114:257-263.

Gruber, T., Tsivilis, D., Giabbiconi, C.-M., Miuller, M. M. 2008. Induced
Electroencephalogram Oscillations during Source Memory: Familiarity is
Reflected in the Gamma Band, Recollection in the Theta Band. J Cogn Neurosci.

20(6):1043-1053.

29



Guderian, S., Dizel, E. 2005. Induced theta oscillations mediate large-scale
synchrony with mediotemporal areas during recollection in humans.

Hippocampus. 15(7):901-912.

Guderian, S., Schott, B. H., Richardson-Klavehn, A., Dizel, E. 2009. Medial temporal
theta state before an event predicts episodic encoding success in humans. Proc

Natl Acad Sci USA. 106(13):5365-5370.

Hanslmayr, S., Volberg, G., Wimber, M., Raabe, M., Greenlee, M. W., Bauml, K.-H. T.
2011. The Relationship between Brain Oscillations and BOLD Signal during
Memory Formation: A Combined EEG-fMRI Study. J Neurosci. 31(44):15674—

15680.

Herweg, N. A., Apitz, T., Leicht, G., Mulert, C., Fuentemilla, L., Bunzeck, N. 2016.
Theta-Alpha Oscillations Bind the Hippocampus, Prefrontal Cortex, and Striatum
during Recollection: Evidence from Simultaneous EEG-fMRI. J Neurosci.

36(12):3579-3587.

Herweg, N. A., Solomon, E. A., Kahana, M. J. 2020. Theta Oscillations in Human

Memory. Trends Cogn Sci. 24(3):208-227.

Horner, A. J., Bisby, J. A., Bush, D., Lin, W.-J., Burgess, N. 2015. Evidence for holistic
episodic recollection via hippocampal pattern completion. Nat Commun.

6(1):7462.

Horner, A. J., Burgess, N. 2014. Pattern Completion in Multielement Event Engrams.

Curr Biol. 24(9):988-992.

Jacobs, J. 2014. Hippocampal theta oscillations are slower in humans than in
rodents: implications for models of spatial navigation and memory. Philos Trans

R Soc Lond Biol Sci. 369(1635):20130304.

30



Jacobs, J., Korolev, |I. O., Caplan, J. B., Ekstrom, A. D., Litt, B., Baltuch, G., Fried, I.,
Schulze-Bonhage, A., Madsen, J. R., Kahana, M. J. 2010. Right-lateralized Brain

Oscillations in Human Spatial Navigation. J Cogn Neurosci. 22(5):824-836.

Joensen, B. H., Gaskell, M. G., Horner, A. J. 2020. United we fall: All-or-none

forgetting of complex episodic events. J Exp Psychol Gen. 149(2):230-248.

Klimesch, W., Doppelmayr, M., Russegger, H., Pachinger, T. 1996. Theta band power
in the human scalp EEG and the encoding of new information. Neuroreport

7(7):1235-1240.

Kota, S., Rugg, M. D., Lega, B. C. 2020. Hippocampal Theta Oscillations Support

Successful Associative Memory Formation. J Neurosci. 40(49):9507-9518.

Lega, B. C., Jacobs, J., Kahana, M. 2012. Human hippocampal theta oscillations and

the formation of episodic memories. Hippocampus. 22(4):748-761.

Lin, J., Rugg, M. D., Das, S., Stein, J., Rizzuto, D. S., Kahana, M. J., Lega, B. C. 2017.
Theta band power increases in the posterior hippocampus predict successful

episodic memory encoding in humans. Hippocampus. 27(10):1040-1053.

Litvak, V., Mattout, J., Kiebel, S., Phillips, C., Henson, R., Kilner, J., Barnes, G.,
Oostenveld, R., Daunizeau, J., Flandin, G., Penny, W., Friston, K. 2011. EEG and

MEG Data Analysis in SPM8. Comput Intell Neurosci. 2011(852961):1-32.

Long, N. M., Burke, J. F., Kahana, M. J. 2014. Subsequent memory effect in

intracranial and scalp EEG. Neurolmage. 84:488-494.

Long, N. M., Kahana, M. J. 2015. Successful memory formation is driven by

contextual encoding in the core memory network. Neurolmage. 119:332-337.

Maldjian, J. A., Laurienti, P. J., Kraft, R. A., Burdette, J. H. 2003. An automated
method for neuroanatomic and cytoarchitectonic atlas-based interrogation of

fMRI data sets. Neurolmage. 19(3):1233-1239.

31



Maris, E., Oostenveld, R. 2007. Nonparametric statistical testing of EEG- and MEG-

data. J Neurosci Methods. 164(1):177-190.

Marr, D. 1971. Simple memory: a theory for archicortex. Philos Trans R Soc Lond B

Biol Sci. 262(841):23-81.

Mayes, A., Montaldi, D., Migo, E. 2007. Associative memory and the medial temporal

lobes. Trends Cogn Sci. 11(3):126-135.

McClelland JL, McNaughton BL, O'Reilly RC. 1995. Why there are complementary
learning systems in the hippocampus and neocortex: insights from the
successes and failures of connectionist models of learning and memory. Psychol

Rev. 102(3):419-457.

McNaughton, N., Ruan, M., Woodnorth, M. A. 2006. Restoring theta-like rhythmicity
in rats restores initial learning in the Morris water maze. Hippocampus.

16(12):1102-1110.

Miller, J., Watrous, A. J., Tsitsiklis, M., Lee, S. A., Sheth, S. A., Schevon, C. A., Smith,
E. H., Sperling, M. R., Sharan, A., Asadi-Pooya, A. A., Worrell, G. A,,
Meisenhelter, S., Inman, C. S., Davis, K. A., Lega, B., Wanda, P. A., Das, S. R.,
Stein, J. M., Gorniak, R., Jacobs, J. 2018. Lateralized hippocampal oscillations
underlie distinct aspects of human spatial memory and navigation. Nat

Commun. 9(1):2423.

O’Keefe, J., Nadel, L. 1979. The hippocampus as a cognitive map. New York: Oxford

University Press.

Oostenveld, R., Fries, P., Maris, E., Schoffelen, J.-M. 2011. FieldTrip: Open Source
Software for Advanced Analysis of MEG, EEG, and Invasive Electrophysiological

Data. Comput Intell Neurosci. 2011:1-9.

32



Osipova, D., Takashima, A., Oostenveld, R., Fernandez, G., Maris, E., Jensen, O.
2006. Theta and Gamma Oscillations Predict Encoding and Retrieval of

Declarative Memory. J Neurosci. 26(28):7523-7531.

Otten, L. J., Quayle, A. H., Akram, S., Ditewig, T. A., Rugg, M. D. 2006. Brain activity

before an event predicts later recollection. Nat Neurosci. 9(4):489-491.

Sederberg, P. B., Kahana, M. J., Howard, M. W., Donner, E. J., Madsen, J. R. 2003.
Theta and Gamma Oscillations during Encoding Predict Subsequent Recall. J

Neurosci. 23(34):10809-10814.

Sederberg, P. B., Schulze-Bonhage, A., Madsen, J. R., Bromfield, E. B., McCarthy, D.
C., Brandt, A., Tully, M. S., Kahana, M. J. 2007. Hippocampal and Neocortical
Gamma Oscillations Predict Memory Formation in Humans. Cereb Cortex.

17(5):1190-1196.

Solomon, E. A., Stein, J. M., Das, S., Gorniak, R., Sperling, M. R., Worrell, G., Inman,
C.S., Tan, R. J., Jobst, B. C., Rizzuto, D. S., Kahana, M. J. 2019. Dynamic Theta
Networks in the Human Medial Temporal Lobe Support Episodic Memory. Curr

Biol. 29(7):1100-1111.

Squire, L. R., Zola-Morgan, S. 1991. The Medial Temporal Lobe Memory System.

Science. 253(5026):1390-1386.

Staudigl, T., HansIlmayr, S. 2013. Theta Oscillations at Encoding Mediate the
Context-Dependent Nature of Human Episodic Memory. Curr Biol. 23(12):1101-

1106.

Tzourio-Mazoyer, N., Landeau, B., Papathanassiou, D., Crivello, F., Etard, O.,
Delcroix, N., Mazoyer, B., Joliot, M. 2002. Automated Anatomical Labeling of
Activations in SPM Using a Macroscopic Anatomical Parcellation of the MNI MRI

Single-Subject Brain. Neurolmage. 15(1):273-289.

33



Vanderwolf, C. H. 1969. Hippocampal electrical activity and voluntary movement in

the rat. Electroencephalogr Clin Neurophysiol. 26(4):407-418.

Wen, H., Liu, Z. 2016. Separating Fractal and Oscillatory Components in the Power

Spectrum of Neurophysiological Signal. Brain Topogr. 29(1):13-26.

Winson, J. 1978. Loss of Hippocampal Theta Rhythm Results in Spatial

Memory Deficit in the Rat. Science. 201(4351):160-163.

34



