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Abstract

Findings in both humans and animal models have associated the hippocampal theta oscillation
with hippocampal memory function. In animal models, previous research supports that the theta
oscillation contributes to memory via phase-dependent changes in hippocampal network
connectivity, wherein memory encoding versus retrieval are optimized at different phases of the
theta oscillation. However, it is unclear whether this phase-dependence exists in humans. In this
dissertation, I describe two lines of research I carried out to investigate how theta phase impacts
human hippocampal physiology and memory function. First, using network-targeted intracranial
stimulation and invasive recordings of the human hippocampus, I assessed whether hippocampal
connectivity with network afferents varies according to theta phase. I observed a continuous
relationship between local theta phase at stimulation onset and the amplitude of the hippocampal
evoked response, supporting phase-dependent changes in hippocampal connectivity with its
network. Next, to investigate whether associative memory encoding and retrieval performance
vary with the theta oscillation, I attempted to causally manipulate hippocampal theta phase using
theta-patterned noninvasive transcranial magnetic stimulation targeted to a cortical location in
the hippocampal network. Although I observed a significant effect of stimulated phase on
memory encoding performance, it was unclear whether stimulation successfully impacted
hippocampal theta. Collectively, these findings demonstrate that the human hippocampus
undergoes phase-dependent changes in network connectivity, confirming a putative oscillatory
mechanism for hippocampal function. These findings suggest that phase-dependent hippocampal
connectivity changes occur locally according to long axis position, rather than globally

throughout the hippocampus. Finally, I discuss potential future research directions to better



characterize this phase-dependence, including assessing the impact of long axis position on local
connectivity and developing new approaches to experimentally manipulate theta phase during

task performance.
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Chapter 1: Background

1.1 The hippocampal theta oscillation

The theta oscillation is a high-amplitude, relatively low-frequency (~3-8 Hz) signal which is
prominent in local field potential recordings of the hippocampus. Hippocampal theta was first
reported in rabbit and rodent models (Jung & Kornmiiller, 1938), where it was initially
associated with exploratory and orienting behaviors (e.g., Vanderwolf, 1969). Although its
precise characteristics vary (including, for example, its typical frequency range [Jacobs, 2014;
Watrous et al., 2013] and the consistency of its amplitude [Stewart & Fox, 1991; Goyal et al,

2020; Watrous et al., 2013]; Figure 1.1), hippocampal theta is present across many species

including humans and non-human primates (e.g., Arnolds et al., 1980; Jutras et al., 2013; Kahana

et al., 1999; Stewart & Fox, 1991; Zhang & Jacobs, 2015).

human
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Owing to the known role of the hippocampus in learning and memory (Eichenbaum, 2000;
Buzsaki & Moser, 2013), the theta oscillation has since been commonly studied for its

relationship to memory function. In animal studies, hippocampal theta power has been widely
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associated with successful nonspatial and spatial learning (Seager et al., 2002; Berry &
Thompson, 1978; Winson, 1978; McNaughton et al., 2006; Markowska et al., 1995). In humans,
findings relating invasively-recorded hippocampal theta power (i.e., recorded via
surgically-implanted, intracranial electrodes) to memory are somewhat more variable. Studies
variously report positive (e.g., Fell et al., 2011) and negative (e.g., Greenberg et al., 2015)
relationships between human hippocampal theta power and memory performance (see Herweg et
al., 2020). This difterence is likely contributed to by differences in referencing and recording
schemes across model species (for example, bipolar referencing is common in human invasive
studies, but may fail to capture power enhancement spanning neighboring electrodes [Arnulfo et
al., 2015; Herweg et al., 2020]). Under linked-mastoid referencing — wherein all intracranial
channels share a common reference — hippocampal theta power during the prestimulus period
has been positively associated with a greater likelihood of successful episodic memory encoding
(Fell et al., 2011; Figure 1.2). Intracranial studies have also demonstrated enhancement of
human hippocampal theta power during spatial exploration (Ekstrom et al., 2005; Vivekananda et
al., 2021) as well as during non-spatial memory tasks (Raghavachari et al., 2001). In addition,
studies of theta as measured noninvasively at the scalp have repeatedly demonstrated a positive
association between memory performance and both pre- and post-stimulus (likely neocortical
[Kahana et al., 2001; Long et al., 2014]) theta power (e.g., Addante et al., 2011; Hanslmayr et al.,

2009; Jacobs et al., 2006; Klimesch et al., 1996; Summerfield & Mangels, 2005).
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Figure 1.2. Prestimulus hippocampal theta power predicts successful memory encoding.
Spectral analysis of human hippocampal activity around memorandum presentation.
Difference plots for subsequently remembered versus forgotten words. A) Normalized power.
B) p values resulting from a cluster-based analysis. Adapted from Fell et al., 2011.

1.2 Causal evidence for theta’s role in hippocampal-dependent memory

Some of the strongest evidence for the theta oscillation’s importance to hippocampal memory
function comes from animal model studies in which the theta oscillation is experimentally
manipulated. The medial septum and diagonal band of Broca (MS/DBB) are subcortical nuclei
postulated as key theta rhythm pacemakers for the hippocampus as well as other theta-expressing
structures including amygdala and entorhinal cortex (Huh et al., 2010). Cholinergic and
GABAergic cell populations in the MS/DBB have reciprocal projections with the hippocampus
(Baisden et al., 1984; Senut et al., 1989; Toth et al., 1993). Both cholinergic and GABAergic
septal neurons fire in bursts which are phase-locked to hippocampal theta (Borhegyi et al., 2004;
Stewart & Fox, 1989). In evidence of the MS/DBB’s role as a hippocampal pacemaker,
hippocampal theta power is diminished by lesions to the MS/DBB (Lee et al., 1994; Mitchell et
al., 1982), but septal theta-frequency bursting does not depend on feedback from the

hippocampus (Stewart & Fox, 1989).
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Interventions targeting the MS/DBB modify hippocampal theta power as well as
hippocampal-dependent behavior. Lesioning the MS/DBB reduces hippocampal theta power and
impairs performance on memory and spatial navigation tasks (Knox & Keller, 2016;
McNaughton et al., 2006; Mitchell et al., 1982). Conversely, administering an acetylcholine
agonist to the MS/DBB enhances hippocampal theta power and concomitantly improves
performance on memory tasks (Markowska et al., 1995). After lesioning the MS/DBB, restoring
the hippocampal theta rhythm by electrical stimulation of the fornix also restores memory
performance (McNaughton et al., 2006; Shirvalkar et al., 2010). This finding supports that the
memory impairment associated with blocking MS/DBB input to the hippocampus is specifically

related to the loss of the hippocampal theta rhythm.

In humans, sensory entrainment provides a noninvasive — albeit less anatomically-selective —
method to experimentally manipulate theta. Simultaneously pulsing auditory and visual stimuli at
a theta frequency increases scalp EEG theta power during subsequent memory tasks and
enhances memory performance (Roberts et al., 2018; Wang et al., 2018). However, the power
enhancements reported in these studies were recorded noninvasively at the scalp, and were likely
neocortical rather than hippocampal in origin (Long et al., 2014). Findings from noninvasive
brain stimulation also support a role of hippocampal theta power in human memory. When
delivered at a rhythm which is endogenously expressed by a target stimulation site, repetitive
transcranial magnetic stimulation (rTMS) can produce local entrainment, including power
enhancement at the entrained frequency. rTMS entrainment of an endogenous rhythm has been
demonstrated with alpha-frequency stimulation in parietal cortex (Thut et al., 2011; Klimesch et
al., 2003), beta-frequency stimulation in motor cortex (Romei et al., 2016), and theta-frequency

stimulation in prefrontal cortex (Chung et al., 2018). Recent work from our laboratory has shown
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that theta-frequency stimulation targeting the hippocampal network can impact associative
memory and hippocampal activity and network connectivity (Hebscher et al., 2021; Hermiller et
al., 2019; Hermiller et al., 2020). However, these studies were methodologically unable to verify

whether stimulation impacted hippocampal theta.

1.3 The phase-dependent connectivity model of hippocampal memory

function

Why does theta relate to hippocampal-dependent memory? One proposed mechanism for this
relationship is that theta orchestrates changes in hippocampal connectivity, optimizing the
hippocampus for the oppositional processes of encoding versus retrieval at different phases of the
theta rhythm. Episodic memory encoding and retrieval are thought to involve distinct
hippocampal connectivity states. During memory formation, fragments of information which
comprise an episode are bound into coherent memory traces by the hippocampus (Davachi,
2006; Shapiro & Eichenbaum, 1999; Wixted et al., 2014). This is thought to involve increased
connectivity of input from entorhinal cortex to CA3 (Hasselmo et al., 2002; see Brankack et al.,
1993; Fernandez et al., 1999; Kamondi et al., 1998; Maass et al., 2014) as well as reduced
recurrent hippocampal connectivity (see Brankack et al., 1993; Figure 1.3). This connectivity
pattern enhances the sensory signal to be bound into memory and prevents interference from
reactivation of previously bound traces. During memory retrieval, these hippocampal traces are
reactivated, causing reinstatement of the activity pattern present during encoding (Eichenbaum,
2004; Gelbard-Sagiv et al., 2008; Tanaka et al., 2014; Tayler et al., 2013; Waldhauser et al.,

2016). Retrieval involves reduced entorhinal input to the hippocampus (Hasselmo et al., 2002)
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and increased recurrent hippocampal connectivity (Duncan et al., 2014; Montgomery & Buzsaki,

2007; Figure 1.3), maximizing reactivation of traces.

Figure 1.3. Hypothesized

Entorhinal |
hippocampal connectivity states

supporting encoding (left)

Strong entorhinal input  Weak entorhinal input versus retrieval (right). Adapted
Weak CA3 input Strong CA3 input from Hasselmo et. al, 2002.
Strong LTP LTD or depotentiation

It has been hypothesized that the phase of the hippocampal theta oscillation orchestrates the
transition between these connectivity states. In rodents, theta synchrony is known to support both
memory formation and retrieval (Section 1.2), but with potentially different theta phases for
these two states. For instance, tetanic electrical stimulation of hippocampal CA1 results in
long-term potentiation when delivered at local theta peak versus long-term depression when
delivered at local theta trough (Hyman et al., 2003; Holscher et al., 1997), supporting theta-phase
dependence of memory encoding readiness. Further, disrupting the theta cycle appears to
differentially impact encoding and retrieval according to local theta phase. In a 2014 study
conducted by Siegle & Wilson, mice performed a spatial navigation task where the correct
direction to turn for a reward was signaled by environmental cues visible only at the starting
location. Using optogenetic stimulation, fast-spiking inhibitory interneurons in CA1 were driven
during either the peak or trough of theta as measured at the stimulation site. When stimulation
occurred during the encoding segment, memory performance was increased by peak-triggered
but not trough-triggered inhibition. In contrast, stimulation during the retrieval segment
improved memory when triggered at trough but not peak. These findings support a theta-phase

dependence of memory formation versus retrieval in rodents.
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1.4 Theta phase varies across the hippocampus

The previous section described a widely hypothesized model in which the phase of the
hippocampal theta oscillation relates to hippocampal connectivity states. However, theta phase
not unitary throughout the hippocampus; in other words, at a given timepoint, the phase of the
theta oscillation varies by hippocampal layer and position on the long axis. How does this spatial

phase shift relate to the hypothesized relationship between phase and connectivity?

In depth penetrations of the hippocampal CA1 subfield, theta phase is stable through the strata
oriens and pyramidale then undergoes a gradual phase shift. This results in a 180° phase
difference at the fissure compared to dorsal layers (Bragin et al., 1995; Brankack et al., 1993;
Fig. 1.4). Studies of theta in rodent models frequently estimate phase at the stratum
lacunosum-moleculare of CA1, near the hippocampal fissure. Besides the benefit of fissural
theta’s especially high amplitude (Brankack et al., 1993), this approach provides a unitary
measure of theta phase. Fissural theta trough versus peak are the phases commonly related to
maximal versus minimal receptivity to external input. However, studies in rodents have reported
maximal entorhinal input variously at the recorded hippocampal trough (from fissural recording,
as in Brankack et al., 1993), peak (from pyramidal layer recording, as in Douchamps et al.,
2013), and falling phases (from recording in variable layers; as in Siegle & Wilson, 2014),

depending on laminar depth of the recording.
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Figure 1.4. Hippocampal theta
phase varies with laminar depth.
Left: probe in the rat CA1-dentate
gyrus axis. Right: Theta waves
recorded during exploration. Adapted
from Bragin et al., 1995 via Buzsaki,
2002.

Recent evidence suggests that theta phase also varies across the long axis of the hippocampus. In
rodents, theta phase has been found to fully reverse between the longitudinal poles (Patel et al.,
2012). Monotonic phase shift across the long axis has also been demonstrated to occur within
individual CA subfields (Lubenov & Siapas, 2009). In a 2015 study, local field potentials were
recorded along the human hippocampus via depth electrodes implanted along the long axis .
Human hippocampal theta phase was found to shift monotonically across space (Zhang &
Jacobs, 2015). The implications of this septotemporal phase shift for phase-dependent

connectivity changes have yet to be addressed (see Chapter 5).
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Chapter 2: Introduction

2.1 Problem Statement

Findings in rodent models have emphasized the relevance of the phase of hippocampal theta to
memory function via hippocampal connectivity changes across the theta wave. However, the
question of whether hippocampal theta phase is related to instantaneous ability to encode versus
retrieve information has not been adequately addressed in humans. This is a critical gap in our
current understanding of human memory mechanisms, as hippocampal theta differs in humans
versus rodents across key characteristics including dominant frequency, prominence, and the
functional significance of high-powered oscillatory bouts (Watrous et al., 2013; Goyal et al.,
2020; Buzséki et al., 1983; Kahana et al., 1999). As such, previous findings from rodent studies
are not necessarily generalizable to humans. The question of whether hippocampal processing
varies with the phase of the theta oscillation is significant both as a basic insight into human

memory mechanisms as well as a potential motivator for new treatments for memory disorders.

2.2 Approach

In this dissertation, I describe two lines of experiments I performed to investigate the relationship
between hippocampal theta phase and hippocampal function in humans. Studying human
hippocampal theta phase is challenging because it cannot be measured with confidence using
noninvasive methods. Each line of experiments presented in this dissertation takes a different

approach to address this challenge.

In the first line of research, described in Chapter 3, I investigated the foundational hypothesis

that human hippocampal connectivity varies according to theta phase. This research capitalized
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on a rare opportunity to record directly from the human hippocampus via intracranial stereotactic
depth electrodes in a group of patients undergoing invasive monitoring as part of their clinical
care. Using direct electrical stimulation as a proxy for endogenous hippocampal network
signaling, I stimulated network afferents to the hippocampus and observed the downstream
hippocampal evoked potential (EP). I then investigated how the magnitude of the hippocampal

response differed according to theta phase at stimulation onset.

In the second line of research, described in Chapter 4, I investigated whether episodic memory
encoding and retrieval performance varied with the theta oscillation. Instead of observing the
theta wave directly, I attempted to causally manipulate hippocampal theta phase using
noninvasive transcranial magnetic stimulation (TMS) targeted to a cortical location in the
hippocampal network. Using a novel associative memory task designed to align specific phase
angles of the theta oscillation to encoding and retrieval events, I then investigated performance

on the memory task as a function of stimulation-entrained phase.

2.3 Description of Data Chapters

Chapter 3 contains work which has been previously published as a manuscript. It has been
edited from its original form to eliminate redundant background information (Introduction) and
contextualize its place in the dissertation (Introduction, Methods, and Discussion). Full citation:
Lurie, S. M., Kragel, J. E., Schuele, S. U., & Voss, J. L. (2022). Human hippocampal responses
to network intracranial stimulation vary with theta phase. ELife, 11, €78395.

https://doi.ore/10.7554/cLife. 78395



https://doi.org/10.7554/eLife.78395

19
Author contributions: Sarah Lurie designed and performed research, wrote data analyses,
interpreted results, wrote the initial manuscript, and revised the manuscript. James Kragel
performed research, interpreted results, and revised the manuscript. Stephan Schuele performed
research and supervised participant eligibility and safety. Joel Voss designed and performed

research, interpreted results, and revised the manuscript.

Chapter 4 contains work which has not been previously published as a manuscript. Portions of
the Introduction and Materials and Methods sections have been adapted from conference
abstracts (for which I was the first author). Author contributions: Sarah Lurie designed and
performed research, wrote data analyses, and interpreted results. Joel Voss designed research and
interpreted results. MRI sequence parameters, as well as the protocols and custom scripts related
to selection of in-network stimulation targets based on functional connectivity, were designed

and implemented by Jane Wang, Molly Hermiller, Todd Parrish, and Joel Voss.
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Chapter 3: Identifying phase-dependent
hippocampal responsivity via intracranial
stimulation and recording

3.1 Introduction

Hippocampal-dependent memory is thought to be supported by distinct connectivity states, with
strong input to the hippocampus benefitting encoding and weak input benefitting retrieval.
Previous research in rodents suggests that the hippocampal theta oscillation orchestrates the
transition between these connectivity states, with opposite phase angles predicting minimal
versus maximal input (see Chapter 1). However, it is unclear whether the human hippocampus

exhibits a homologous phase dependence of its connectivity state.

In Chapter 3, I describe an experiment which tests predictions of this theta phase-dependent
connectivity model using invasive hippocampal recordings. We recorded local field potentials
from the hippocampus in patients undergoing intracranial electrophysiological recording via
implanted depth electrodes as part of their clinical care. We applied direct electrical stimulation
to hippocampal network sites in lateral temporal cortex with putative projections to entorhinal
cortex and hippocampus (Insausti et al., 1987; Catani & Thiebaut de Schotten, 2008; Zhong &
Rockland, 2004), and measured the hippocampal response to lateral temporal stimulation using
well-characterized early and late evoked-potential components (Matsumoto et al. 2004,
Novitskaya et al. 2020). We hypothesized that if hippocampal receptivity to network input varies
with the theta oscillation, then the hippocampal response to stimulation would differ according to

hippocampal theta phase at the time of stimulation delivery.
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In humans, unlike in animal models, direct recordings of hippocampus can only be collected
opportunistically as part of a patient’s clinical care for neurological disease or injury (i.e. via
stereotactic electroencephalography, or sSEEG). This method has a number of limitations.
Electrodes are typically implanted in brain areas specifically affected by disease (often targeting
the suspected seizure onset zone in patients with epilepsy); electrode placement is highly
variable, according to the patient’s pathology and clinical needs; and the constraints of working
in a clinical setting can preclude long or complicated behavioral studies (see Parvizi & Kastner,
2018). Nonetheless, invasive recordings provide invaluable insight into ensemble activity. In
particular, sSEEG’s high temporal resolution allows for unique investigation into the oscillatory

dynamics of deep brain structures like the hippocampus.

In rodents, fissural theta trough versus peak are the phases commonly related to maximal versus
minimal receptivity to external input (e.g., Hasselmo, 2005). However, previous studies in
rodents have reported disparate phase angles relating to maximal entorhinal-hippocampal
transmission, likely due to differences across studies in the targeted hippocampal layer. Because
the theta oscillation arises from interlaminar dipoles (Goutagny et al., 2009; Kamondi et al.,
1998), its observed phase varies according to electrode depth. Studies in rodents have therefore
reported maximal entorhinal input variously at the recorded hippocampal trough (from fissural
recording, as in Brankack et al., 1993), peak (from pyramidal layer recording, as in Douchamps
et al., 2013), and falling phases (from recording in variable layers, as in Siegle & Wilson, 2014).
Thus, we anticipated 180-degree separation in phases associated with maximal versus minimal
receptivity in humans, without strong hypotheses for which phase angles would be associated
with these states given the localization uncertainty in electrodes placed for clinical purposes in

human subjects. We therefore tested this hypothesis by first analyzing continuous variation in
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amplitude based on theta phase following stimulation. We used a novel method to account for the
phase-dependence of amplitude values that occurs irrespective of stimulation. To test selectivity,
we analyzed theta phase dependence for non-hippocampal control locations in the amygdala and

orbitofrontal cortex.

3.2 Materials and Methods

Electrode localization
SsEEG electrodes were localized using MRIcron (v1.0.20190902; Rorden & Brett, 2000) and the

Statistical Parametric Mapping package (SPM12; Penny et al., 2011). Pre-implant T1-weighted
structural MRI and post-implant computed tomography (CT) were acquired as part of clinical
care. For each subject, we performed tissue-type segmentation on the MRI (with default SPM12
tissue probability maps and warping parameters; see Ashburner & Friston, 2005; Mechelli et al.,
2005) then normalized the MRI to MNI space (ICBM Average Brain template MNI152;
Mazziotta et al., 1995). We applied this same transformation to the CT, which had been
co-registered to the MRI by normalized mutual information. We then localized electrodes within
MNI space by visual inspection of the CT. The anatomical location of each electrode was
confirmed by atlas-guided inspection of the MRI (Allen Human Brain Atlas; Ding et al., 2016).
We were unable to obtain imaging data for one subject and therefore relied on the electrode
localization provided by the clinical team (comprising surrounding tissue type and anatomical

structure for each electrode).

sEEG recording and stimulation

sEEG depth electrodes (~1-mm diameter, ~2-mm contact length, 5-10-mm contact spacing;

AD-Tech, Oak Creek, WI) were implanted prior to study participation according to clinical need.
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Recordings were acquired using a Neuralynx ATLAS system with a scalp electrode reference
and ground. Data were recorded at a resolution of 0.15 pV (5000 pV input range) and a sampling
rate of 20 kHz or 32 kHz. Digital bandpass filters (FIR) from 0.1 to 5000 Hz were applied at the
time of recording. Data were re-referenced offline to the common average of ipsilateral depth
electrodes (Zhang & Jacobs 2015, Van Der Meijj et al., 2012) and downsampled to 1 kHz. Data
were epoched about stimulation pulses and baseline corrected (epoch: -750 ms to 500 ms,
baseline: -750 ms to -2 ms). To prune excessively noisy or artifactual data, epochs were excluded
according to their signal range (excluded if > 800 uV) and kurtosis (excluded if > 2 SD over
channelwise mean kurtosis; Mean epochs pruned per channel + SD, hippocampus: n = 208 + 329
epochs; amygdala: n = 275 + 333 epochs; orbitofrontal cortex: n= 250 + 347 epochs. Mean
epochs included in analyses per channel = SD, hippocampus: n = 1194 + 599 epochs; amygdala:
n = 1341 £ 348 epochs; orbitofrontal cortex: n = 1479 £ 263 epochs. Channels were excluded
from analyses if < 200 epochs remained following pruning. n = 3 hippocampal channels, n =3

amygdala channels, and n = 5 orbitofrontal channels were excluded from analyses on this basis.

Electrical stimuli were generated with a Grass Instruments S88 stimulator in conjunction with
CCUI1 constant current units and SIUS stimulus isolators. Stimulation was delivered across two
adjacent lateral temporal SEEG electrodes. The electrical stimulus comprised a constant-current,
symmetric-biphasic square wave with 5 mA intensity and 0.6 ms total duration. Stimulation
polarity was reversed across the two electrodes such that stimulation on the lateral electrode was
anodic-leading and stimulation on the medial electrode was cathodic-leading. For simplicity we

refer to each electrical stimulus as a “single pulse.”
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Stimulating electrodes used for the experiment were selected during a preliminary stimulation
session to identify electrodes with hippocampal functional connectivity (i.e., for which
stimulation would evoke downstream hippocampal evoked potentials) and for which stimulation
would not be clinically problematic. Potential stimulating electrode pairs were identified in
lateral temporal cortex and adjacent white matter based on well-characterized structural and
functional connectivity of these regions with ipsilateral entorhinal cortex and hippocampus
(Insausti et al., 1987; Catani & Thiebaut de Schotten, 2008; Zhong & Rockland, 2004). Of these,
we excluded electrodes where stimulation provoked seizure or afterdischarges during clinical
testing. To evaluate functional connectivity with hippocampus, trains of stimulation were
delivered to each potential electrode pair (0.5 Hz; 30 pulses per pair). Mean EPs for each
hippocampal electrode were visualized in real-time and manually inspected. The lateral temporal
electrode pair for which stimulation elicited the largest mean EP for hippocampal electrodes was
selected for the experimental protocol. A single pair of stimulating electrodes was selected for

each participant (n = 16 total stimulating electrodes).

Participants remained in bed throughout the preliminary stimulation session and experimental
session. They were not instructed to perform any task and were free to rest or otherwise occupy
themselves. Study protocols were approved by the Northwestern University Institutional Review

Board. All subjects provided written informed consent prior to participation.

Theta phase estimation
We estimated hippocampal theta (3 — 8 Hz) phase at the time of stimulation onset for each trial.

This was done separately for each electrode because theta phase shifts across space in the
hippocampus (see Chapter 1). Electrodes for invasive recordings are placed according to

clinical need, and their locations therefore vary across subjects in both laminar depth and
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location on the long axis. As the phase shift is stable across layers and septotemporal distance
(Lubenov & Siapas, 2009), phase at a given hippocampal macroelectrode is consistent relative to
other hippocampal macroelectrodes (Zhang & Jacobs, 2015). To account for this offset, we
estimated phase independently for each electrode. First, trial epochs were truncated at +50 ms
(i.e., 50 ms following stimulation onset) to avoid contamination of the phase estimate by the
stimulation EP. After applying a zero-phase bandpass-filter (3-8 Hz 2™-order Butterworth IIR),

we estimated phase angle at the time of stimulation onset using the Hilbert transform.

We assessed the accuracy of this approach using stimulation-free pseudotrials. For each
hippocampal electrode, we first performed zero-phase bandpass filtering (3-8 Hz, 2"-order
Butterworth IIR) across a continuous stimulation-free period (from the same recording as used in
the main analysis). We then applied the Hilbert transform to obtain ground-truth phase angles for
each timepoint. We created stimulation-free trials by pseudorandomly selecting trial-length
epochs during this stimulation-free period. We observed the ground-truth phase values at the
timepoints corresponding to each trial’s mock stimulation onset. Epochs from the first and last 5s

of the recording sessions were excluded to reduce filter edge artifact contamination.

Next, we created an ostensibly phase-balanced model of stimulation for each channel by binning
stimulation trials at 90° intervals (centered at 0°, 90°, 180°, and 270%) and computing the grand
average across bins. We added this model stimulation to each stimulation-free trial, yielding
pseudotrials. We estimated pseudotrial phase angle at t = 0 using the approach described for

stimulation trials and compared the estimates to the ground truth phase angles.
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Analysis of narrowband theta activity

To assess whether theta-frequency activity was present in hippocampus and control regions, we
characterized narrowband activity across the power spectrum during a continuous
stimulation-free period (from the same recording as used in the main analysis; all rest periods
had duration > 90s). We estimated oscillatory power at 50 logarithmically-spaced frequency
intervals from 1-50 Hz using the fast Fourier transform. To identify frequencies where reliable
oscillations were present, we first estimated the background 1/f power spectrum using a robust
linear fit to the log-log scaled power spectrum (Lega et al., 2012). We subtracted this
background from the power spectrum and identified positive local maxima in the resultant
curves, following four-frequency boxcar smoothing to eliminate noisy peaks (Lega et al., 2012).
We performed this analysis for individual electrodes as well as for the mean power spectrum
across all analyzed electrodes within each ROI. For each identified peak frequency, we assessed
whether its power consistently exceeded the background 1/f spectrum by performing one-sample

t-tests of the corrected spectrum power versus 0 across electrodes.

Quantification of hippocampal EPs

As a measure of the hippocampal response to stimulation, we quantified the trialwise amplitudes
of early and late components in the stimulation EP. We first estimated component timecourses for
each electrode. To avoid phase-dependent differences in component shape or timecourse from
biasing this estimate (i.e., in the case of non-uniform stimulation phase distributions), we
computed a phase-balanced EP for each electrode by binning stimulation trials according to theta
phase at stimulation onset (at 90° intervals, centered at 0°, 90°, 180°, and 270°) and computing
the mean across bins. We then observed the grand average phase-balanced trial across electrodes.

We quantified component timecourses by searching for the first two negative minima following
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stimulation artifact (on a search window of +20 ms to +500 ms after stimulation; see e.g., Kubota
et al., 2013) on the grand average trial across electrodes. Component edges were estimated as the
nearest inflection points within 150 ms of the local maximum. A minimum interval of 50 ms was
required between peaks. For each trial, we computed the average signal amplitude across each
component timecourse. This method was selected rather than peak estimation (as in e.g.

Matsumoto et al. 2004) in order to produce a more noise-indifferent estimate for single trials.

Circular-linear analysis of theta phase and hippocampal response amplitude

We performed circular-linear analyses to determine whether the hippocampal response varied
continuously with theta phase at stimulation onset. For each electrode, we found the
circular-linear correlation coefficient between phase at stimulation onset and component
amplitude (Berens, 2009). We z-scored these values via permutation testing (n = 500), wherein
each electrode’s trial phase values and component amplitudes were repeatedly randomly paired.
The circular-linear correlations were evaluated using a one-sample t-test comparing the electrode
z-scores against zero. To investigate the timecourse of the continuous phase-amplitude
relationship, we performed a follow-up timepoint analysis. For each electrode, we computed the
circular-linear correlation coefficient between phase at stimulation onset and EP amplitude at
every timepoint. We identified peaks in the phase-amplitude relationship by searching for the
first two maxima following stimulation artifact (on a search window of +20 to +500 ms after
stimulation). This method was modified from our procedure to identify components in the EP

amplitude timecourse (see Quantification of hippocampal EPs).

Comparison of hippocampal EPs following stimulation at binned phase angles

To test how specific phase angles were related to hippocampal responsiveness to stimulation, we

analyzed trials according to theta phase at stimulation onset. We estimated local broadband theta
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phase at stimulation onset for each trial and binned trials to 90° intervals, centered on peak,
trough, rising and falling phase angles. By taking the means within each bin, we obtained
average peak, trough, rising and falling stimulation trials for each electrode. We then compared
component amplitudes across peak versus trough and rising versus falling trials using paired

t-tests.

Comparison of stimulation trials to phase-matched stimulation-free trials

Direct comparison of component amplitudes according to phase at stimulation onset is
complicated because oscillatory phase necessarily predicts future amplitude, regardless of any
phase-dependent differences in the effects of stimulation on EPs. We therefore used
stimulation-free trials to account for the ongoing theta oscillation. Stimulation-free trials were
captured for each electrode at 100-ms intervals across stimulation-free periods at the beginning
and end of the recordings. Stimulation-free trials were recorded and preprocessed using the same
approach as stimulation trials (for trial pruning by kurtosis, kurtosis scores were compared only
to other stimulation-free trials from the same channel). Phase was estimated for each trial att=0
using the same methods as for stimulation trials (i.e., truncating at +50 ms after stimulation
onset, filtering, and applying the Hilbert transform). In order to more closely match the
non-evoked activity present in the stimulation trials, we randomly resampled stimulation-free
trials using the phase angle distributions of the stimulation trials as sampling weights.
Timepoint analysis of EP amplitude following stimulation at theta peak versus

trough
As a follow-up to our analysis of peak versus trough effects on component amplitudes, we

investigated whether phase dependence was temporally restricted to components. For each

electrode, we computed the difference between average peak and trough trials at each timepoint.
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To assess the contribution of the non-evoked signal over time, we repeated this procedure on
stimulation-free trials. To measure phase dependence related to the evoked signal, we compared

peak-trough amplitude differences across stimulation and stimulation-free trials.

Oscillatory synchronization between the stimulation site and hippocampus

Although we estimated hippocampal theta phase angle at the time of stimulation onset to avoid
bias from the evoked response, this timepoint is not the most relevant to hippocampal receptivity
to external input. As stimulation was applied to lateral temporal network afferents and conveyed
via polysynaptic signaling, there was likely some latency between stimulation onset and the
relevant transmission to hippocampus (i.e., the timepoint when entorhinal input receptivity

would be relevant).

Oscillatory synchronization (i.e., phase coupling) is a known mechanism that supports
interregional communication (see Fries, 2005; Fell & Axmacher, 2011). We therefore estimated
this latency by observing theta phase locking and phase offset between the stimulation site and
hippocampus. First, we estimated 3 — 8 Hz theta phase angle for each electrode across a
continuous, stimulation-free period in the recording. For each timepoint, we then obtained the
angular distance between each hippocampal electrode and its corresponding lateral temporal
electrode that was used for stimulation. We thereby computed the phase-locking value (PLV;
mean resultant vector length of lateral temporal-hippocampal angular distance on the unit circle)
and mean phase offset (the circular mean of lateral temporal-hippocampal angular distances) for

each hippocampal electrode.

We applied the Rayleigh test to the mean phase offsets to assess whether the phase lag

distribution was uniform. We used permutation testing to determine whether the observed phase
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locking was greater than expected by chance. To achieve this, we broke the continuous
hippocampal and lateral temporal phase estimates into 500-ms epochs. We then obtained the
mean PLV across all epochs. To z-score these PLVs, we used permutation testing (n = 500),
wherein hippocampal and lateral temporal epochs were repeatedly randomly paired. We

performed a one-sample t-test comparing z-scores against zero to assess phase locking.

3.3 Results

Participants and stimulation protocol

Data were collected from eight individuals with refractory epilepsy (two male; mean age + SD:
37 + 10 years; range 28-55 years; Table 3.1) undergoing invasive electrophysiological
monitoring as part of their inpatient clinical care at the Northwestern Memorial Hospital
Comprehensive Epilepsy Center. All participants had stereotactic EEG (sEEG) depth
macroelectrodes (Ad-Tech, Oak Creek, WI) implanted in hippocampus, amygdala, lateral
temporal cortex, and orbitofrontal cortex, in addition to other regions. All stimulating electrodes

were localized to lateral temporal cortex and adjacent white matter (Fig. 3.1a,b).

In seven participants, the experimental stimulation protocol consisted of trains of single pulses
delivered at either 0.5 Hz (~60 pulses per train) or approximately 1 Hz (with an interpulse
interval range of 1-1.25 s, jittered pseudorandomly, ~1200 pulses per train; interpulse interval
and range of jitter values were selected to enable data analysis for a secondary experiment).
These train types were alternated with approximately two minutes of rest between trains. In one
participant, stimulation was delivered at 0.5 Hz only. The number of stimulation pulses delivered
ranged from 241 to 2566 (Table 3.1). Stimulation did not elicit seizure or clinically significant

afterdischarges in any participant.



Table 3.1. Participant characteristics.

Sex | Age | Hemisphere # hippocampal recording Pulses Stimulation
of electrodes | electrodes analyzed delivered protocol

F 28 Right 3 1721 0.5Hz and 1Hz
F 29 Left 3 1576 0.5Hz and 1Hz
F 30 Left 3 1170 0.5Hz and 1Hz
F 44 Left 4 241 0.5Hz

F 55 Left 1 2566 0.5Hz and 1Hz
F 47 Left 3 1036 0.5Hz and 1Hz
M 31 Left 4 1766 0.5Hz and 1Hz
M 29 Right 2 982 0.5Hz and 1Hz
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Figure 3.1. Hippocampal recordings and evoked response. A) Group-level electrode
localization for lateral temporal stimulating electrodes (n = 14) and hippocampal recording
electrodes (n = 18) plotted on an MNI template (Holmes et al., 1998). Amygdala and
hippocampus are highlighted in yellow. Electrodes are enlarged ~500% for visualization
purposes. Note: Imaging was unavailable in one subject (see Materials and methods:
Electrode localization). Hippocampal recording electrodes did not align to the template brain
hippocampus in one subject and are not shown in this image. B) Locations of lateral temporal
stimulating electrodes (top) and recording electrodes in hippocampus (bottom) in one sample
participant. C) Mean power spectral densities across all hippocampal recording electrodes (n =
23). Power was assessed during a recorded pre-stimulation rest period. Left: Mean power
spectral density (red) and estimated 1/f fit (black). Right: Mean 1/f~corrected power spectral
density across hippocampal recording electrodes. Significant peaks in oscillatory power marked
in black. Error bars indicate £1 SEM across electrodes. D) Phase-balanced grand average
hippocampal EP (i.e., 0°, 90°, 180°, and 270" phase bins contribute equally to the average)
elicited by lateral temporal stimulation. Error bars indicate +1 SEM across hippocampal
recording electrodes. Identified early and late negative components are highlighted in blue and
green. The Y-axis shows negative values in the upwards direction to emphasize the
negative-going EP components of interest.

Hippocampal recordings showed narrowband oscillations within the 3-8Hz theta
range

To ensure the presence of theta activity in hippocampal local field potentials (LFPs), we assessed
the power spectral densities of recordings taken during a rest period before the stimulation
experiment. We estimated oscillatory power during this pre-stimulation period rather than during
the experimental session to avoid contaminating the estimate with the evoked response to
stimulation. We located narrowband oscillations by fitting a 1/f background distribution to the
power spectrum (Fig. 3.1¢), subtracting this background, and estimating local peaks in the
resultant curve (see Materials and Methods: Analysis of narrowband theta activity). All
analyzed hippocampal recording electrodes (as well as all amygdala and OFC control region
recording electrodes) showed at least one narrowband oscillation in the 3-8Hz range. Across

hippocampal recording electrodes, multiple local peaks in oscillatory power were detected within
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the 3-8Hz theta band (Fig. 3.1¢). Peaks where power was significantly greater than the 1/f
background spectrum across electrodes were detected within the 3-8 Hz theta range at 5.3 Hz and
6.3 Hz (t-test of corrected power versus 0, 5.3 Hz: #(22) =3.4, p=0.003; 6.3 Hz: #(22)=3.3,p =
0.003). An additional peak was detected at 3.9 Hz; however, power at this lower frequency was
only marginally above the 1/fbackground spectrum (3.9 Hz: #(22) = 1.9, p = 0.07). Peaks with
significant power above background were also detected at 2.4 Hz, 11.0 Hz, and 17.7 Hz (Fig.
3.1¢; all p < 0.05 on t-test of corrected power versus 0).

Hippocampal evoked potentials showed characteristic early and late negative
components

Hippocampal EP components were estimated to occur from 27-113 ms (early) and 114-208 ms
(late) post-stimulation (Fig. 3.1d; see Materials and Methods: Quantification of hippocampal
EPs). The observed component latencies were consistent with values reported by previous
studies of human hippocampal response to direct electrical stimulation of polysynaptic afferents

(e.g., Kubota et al., 2013; Novitskaya et al., 2020).

Hippocampal EP amplitudes varied according to theta phase at stimulation onset

We performed circular-linear analyses to determine whether hippocampal receptivity to lateral
temporal stimulation varied continuously (i.e., sinusoidally) with the phase of the theta
oscillation. We first assessed whether amplitudes of the early and late EP components (Fig. 3.1d)
varied with theta phase at stimulation onset (see Materials and Methods: Theta phase
estimation). For each electrode, we computed circular-linear correlation between hippocampal
phase at stimulation onset and component amplitude across stimulation trials. Permutation
testing was used to assess whether periodicity in evoked response amplitude was above chance.

Both early and late component amplitudes were significantly predicted by theta phase at
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stimulation onset (Fig. 3.2a. Mean z-score = SD, early: z= 1.3 + 1.9; late: z 1.2 £ 1.6. t-test of
z-scores versus 0, early: #(22) = 3.3, p=0.003, Cohen's d =0.7; late: t(22) = 3.7, p = 0.001,

Cohen’s d =0.8. Mean r = SD, early: » =0.080 &+ 0.066; late: » = 0.076 = 0.051).

To assess whether the phase-amplitude relationship was appropriately captured by the early and
late components, we performed an exploratory analysis of the phase-amplitude relationship
across all timepoints in the peri-stimulation period. Additionally, to investigate whether the
observed effect was caused by phase-dependent changes in the evoked response (as opposed to
phase-dependent amplitude of the non-evoked, theta oscillatory component of the signal), we
assessed the timecourse of the phase-amplitude relationship for the non-evoked response by
performing the same analysis for phase-matched, stimulation-free trials (see Materials and

methods: Comparison of stimulation trials to phase-matched stimulation-free trials).

In both stimulation-free and stimulation trials, the phase-amplitude relationship was strongest
before and up to stimulation onset (Fig. 3.2b,c). The asymmetric dropoff about t = 0 likely
relates to the phase estimation method (i.e., amplitude before stimulation is more strongly
predictive of phase because it contributes directly to the phase estimate; see Fig. 3.6b). In
stimulation-free trials, the phase-amplitude relationship timecourse following t = 0 was generally
smooth and monotonic (Fig. 3.2b). In contrast, stimulation trials exhibited local increases in
circular-linear correlation (Fig. 3.2¢). Qualitatively, the local increases appeared to coincide with
the early and late EP components (as plotted in Fig. 3.1d). Using the same peak-finding method
that identified peaks in the EP (see Materials and Methods: Quantification of hippocampal
EPs), we found peaks in the phase-amplitude relationship at +50 ms and +135 ms following

stimulation onset, which aligns closely with the early and late EP components (+62 ms and +134
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ms, respectively; Fig. 3.2¢). Stimulation trials also exhibited a sharp local decrease from
approximately +0 to +5 ms following stimulation, likely due to phase-independent artifact during
and immediately after the stimulation pulse (Fig. 3.2¢). These findings indicate that hippocampal
theta phase at stimulation onset predicts its responsiveness to lateral temporal stimulation, and

that these effects are well captured by analyses of characteristic early and late components of the

hippocampal EP.
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Figure 3.2. Continuous theta phase predicted response amplitude during early and late
EP components. A) Z-scored circular-linear correlation r for the relationship between
hippocampal theta phase at stimulation onset and EP component amplitude. Each line
represents one electrode. Z-scores are shown for early (left) and late (right) components.
Horizontal line shows chance-level circularity. Both early and late components showed
significant theta-circularity (** p < 0.01). B) Circular-linear r plotted for each timepoint for
stimulation-free trials, Error bars indicate £1 SEM across hippocampal recording electrodes.
Early and late component timecourses highlighted in blue and green for reference. C) As B, for
stimulation trials. Local maxima denoted in black.
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Hippocampal EP amplitudes varied for theta peak versus trough

Given the previous rodent findings of maximal differences in receptivity to input at specific
hippocampal theta phase angles (e.g., trough versus peak; Brankack et al., 1993; Hasselmo et al.,
2002), we tested whether the phase-dependent responsivity of the hippocampus to stimulation
identified in the analyses above varied for specific theta phase angles. We estimated theta phase
at stimulation onset for each trial (see Materials and Methods: Theta phase estimation) and
binned trials to 90° intervals, centered on peak, trough, rising and falling phases. By taking the
means within each bin, we obtained average peak, trough, falling, and rising angle stimulation

trials for each electrode (Fig. 3.3a, ¢).

As phase at a given timepoint predicts future amplitude by definition, when trials are sorted
according to theta phase at stimulation, differences are expected in the post-stimulation signal
simply owing to the ongoing theta oscillation. We therefore isolated the evoked response from
this non-evoked oscillation in order to assess whether the evoked response itself varied according
to stimulation phase. We estimated the non-evoked oscillation using phase-matched
stimulation-free trials (see Materials and Methods: Comparison of stimulation trials to
phase-matched stimulation-free trials). We binned stimulation-free trials to 90° intervals using
the same approach as for the stimulation trials. By taking the mean of stimulation-free trials
within each bin, we estimated the non-evoked component of the peak and trough EPs for each
electrode (red lines in Fig. 3.3a,¢). As expected, the non-evoked component was an oscillation
with asymmetrical coherence drop-off around stimulation onset (see Fig. 3.6b). Finally, to isolate
the evoked response, we subtracted this non-evoked component from its corresponding EP. This

procedure abolished pre-stimulus amplitude differences between peak versus trough and rising
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versus falling trials across hippocampal recording electrodes, indicating good removal of the

ongoing oscillatory component (Paired t-test on mean amplitudes -100 to 0 ms, peak versus

trough: #22) =0.47, p = 0.6; rising versus falling: #(22) = 1.4, p =0.2).
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Figure 3.3. Hippocampal EPs and isolated responses binned according to theta phase at
stimulation delivery. Early and late component timecourses highlighted in blue and green for
reference. A) Mean hippocampal EPs elicited by lateral temporal stimulation at theta peak
(black) and trough (purple), alongside phase-matched stimulation-free trials (red; see Materials
and Methods: Comparison of stimulation trials to phase-matched stimulation-free trials).
Error bars indicate = 1 SEM across recording electrodes. Theta oscillation is visible around
stimulation at t = 0. The isolated response was obtained by subtracting the mean phase-matched
stimulation-free trial from the EP. B) Isolated hippocampal evoked responses to peak and
trough stimulation. The non-evoked oscillatory component is abolished in the isolated
response. Asterisk indicates isolated response components with significant amplitude
differences across phase bins at 180° intervals (i.e., peak versus trough or rising versus falling
trials; * p < 0.05). Left: Full timecourse. Right: Enlarged panels showing component
timecourses. C, D) As in A) and B), for stimulation at theta falling (yellow) versus rising
(magenta) phase angles.
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The early and late EP components showed significant amplitude differences following peak
versus trough stimulation (Fig. 3.4a. Paired t-test across hippocampal recording electrodes,
early: 1(22) =-2.7, p =0.01, Cohen'’s d = -0.2; late: t(22) = -2.6, p = 0.02, Cohen's d = -0.08.
Mean peak - trough amplitude difference + SD, early: diff =-4.9 = 8.5 uV, diff=-3.9+ 7.2 uv).
Isolation of the evoked response (Fig. 3.3b) reduced the differences between peak and trough
stimulation in the late component (Fig. 3.4b. Paired t-test: #22) =-1.1, p = 0.3, Cohens d =
-0.04). However, the peak versus trough effect in the early component persisted through the
isolation procedure (Fig. 3.4b. Paired t-test: #(22) = -2.1, p = 0.05, Cohen's d = -0.2; mean

amplitude difference + SD, early: diff = -4.8 £ 11 uV; late: diff =-2.2 £ 10 uV).

No difference in EP amplitude was observed for rising versus falling stimulation conditions (Fig.
3.3¢) for either early or late components (Fig. 3.4¢. Paired t-test across hippocampal recording
electrodes, early: #(22) = 0.45, p = 0.7, Cohen's d = 0.04; late: #22) = 0.55, p = 0.6, Cohen’s d =
0.03; mean falling - rising amplitude difference + SD: early: diff = 1.1 + 11.3 pV; late: diff=1.6
+ 14.0 uV). As was the case in the overall EP, no differences were observed in the isolated
response for falling versus rising stimulation (Fig. 3.4d. Paired t-test across hippocampal
recording electrodes, early: #22) = 0.14, p = 0.9, Cohen’s d = 0.02; late: #(22) = 0.41, p= 0.7,
Cohen's d = 0.02; mean falling - rising amplitude difference + SD, early: diff =0.52 £16.6 puV;

late: diff = 1.4 £16.2 uV).
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Figure 3.4. Stimulation at theta peak versus trough produced differences in

early-component amplitude. Hippocampal component amplitudes by theta phase of
stimulation. A, C) Difference between hippocampal EP component amplitudes elicited by
lateral temporal stimulation delivered at peak versus trough (a) and falling versus rising (c)
phases. Each dot represents one electrode; dot color indicates participant-of-origin. Red line
indicates the mean difference across electrodes. Left: early component amplitude difference.
Right: late component amplitude difference. B, D) As in A) and C), but for the isolated

hippocampal response (i.e., EP minus phase-matched stimulation-free trials).

Control regions did not show early-component specific periodicity in the response to
stimulation

To assess whether theta-dependence of EP amplitude was specific to hippocampus, we
performed the same analyses on data from recording electrodes in amygdala (n = 9) and

orbitofrontal cortex (n = 22). Data from control regions was acquired concurrently with the

hippocampal data described above.
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In both control regions, stimulation EPs had distinct early and late negative components (Fig.
3.5a, e. In amygdala, components were estimated to span 35-70 ms (early) and 94-256 ms (late).

In OFC, components spanned 22-74 ms (early) and 74-490 ms (late).

We performed circular-linear analyses to investigate whether control regions exhibited a
continuous relationship between phase and EP amplitude. As we did in our analysis of the
hippocampal phase-amplitude relationship (Fig. 3.2b,c), we assessed the circular-linear
correlation between phase and amplitude for each control region electrode at each timepoint of
the EP. To control for the contribution of the non-evoked oscillatory signal to this relationship,
we assessed the phase-amplitude relationship for both stimulation trials and stimulation-free
trials. As was the case in the hippocampal EP, we observed the strongest phase-amplitude
relationship before and up to stimulation onset (Fig. 3.5b,f), with asymmetric dropoff about t =0
likely due to the phase estimation method. In contrast to the hippocampal EP (see Fig. 3.2¢),
both control regions showed more diffuse deviations in the phase-amplitude relationship. In
particular, neither control region showed the clear, temporally-specific increase in

circular-linearity during the early component which was present in the hippocampal EP.

As in the analysis of the hippocampal response, we next binned EP trials according to phase at
stimulation onset and compared component amplitudes across peak and trough trials. The
amygdala EP showed significant amplitude differences across peak and trough trials in the late
component (paired t-test: #(8) = -4.1, p = 0.003, Cohen's d = -0.2), with greater amplitude for
peak trials (Fig. 3.5¢. Mean difference + SD: -5.5 + 4.0 uV). There was no significant amplitude
difference in the early component (#8) = 0.85, p = 0.4, Cohen's d = 0.3). This effect persisted

after we isolated the evoked response using phase-matched stimulation-free trials (late: #(8) =
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-3.1,p=10.02, Cohen's d = -0.2; mean difference = SD: -5.3 + 5.2 uV). Similarly, we observed
amplitude differences for amygdala rising versus falling trials selective to the late component
(Fig. 3.5d. Early: #(8) =-0.29, p = 0.8, Cohen's d=-0.06; late: #(8)=2.7, p=0.03, Cohen’s d=
0.1), which persisted through isolation of the evoked response (early: #(8) = 1.2, p =0.3, Cohen's

d=0.2; late: #(8) = 4.7, p = 0.002, Cohen’s d=0.2).

We hypothesized that the phase-dependence of the late component may have been driven by
secondary transmission from the hippocampus. However, we did not find a consistent correlation
between hippocampal EP and amygdala late component timing (seeHippocampal EP timing

did not predict amygdala late component latency).

In contrast, for orbitofrontal EPs, we found no differences in either peak versus trough or rising
versus falling trial amplitude in either early or late components (Fig. 3.5g,h. Peak versus trough,
early: #21)=0.51, p = 0.6, Cohen’s d = 0.04; late: #21)=-0.77, p= 0.5, Cohen’s d = -0.1.
Rising versus falling, early: #(21) =-0.59 , p = 0.6, Cohen's d = -0.04; late: #21)=-0.08, p=0.9,
Cohen's d =-0.007). While our response-isolation procedure revealed a marginal effect of peak
versus trough stimulation on the orbitofrontal early component amplitude (#21)=2.1, p =0.05,
Cohen’s d = 0.07), this effect may have been driven by poor performance of the sham-matching
procedure for the orbitofrontal EP (see Fig. 3.5g,h; we observe poor abolishment of the

underlying theta oscillation for both trough and rising stimulation trials).
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Figure 3.5. Control regions showed less temporal specificity in their phase-amplitude
relationships and no difference in peak versus trough or falling versus rising early
response amplitudes. Left column, amygdala (n = 9 electrodes); right column, OFC (n =22
electrodes). Early (blue) and late (green) components are highlighted. Error bars indicate +1
SEM across electrodes. A, E) Phase-balanced grand average EP. B, F) Phase-amplitude
circular-linear r plotted for each timepoint in the peri-stimulation period for stimulation trials
(top) and stimulation-free trials (bottom). C, G) Left: Mean EPs elicited by lateral temporal
stimulation at local theta peak (black) and trough (purple), alongside phase-matched
stimulation-free trials (red; see Materials and Methods: Comparison of stimulation trials to
phase-matched stimulation-free trials). The isolated response was obtained by subtracting
the mean phase-matched stimulation-free trial from the EP. Right: Isolated evoked responses to
peak and trough stimulation. Asterisk indicates isolated response components with significant
amplitude differences across phase bins at 180° intervals (i.e., peak versus trough or rising
versus falling trials; * p <0.05). D, H) As in C,G), for stimulation at local theta falling (yellow)

versus rising (magenta) phase angles.
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Analysis of variability across subjects

As the previous analyses were performed across individual electrodes, we assessed whether the
circular-linear and binned effects of theta phase on response component amplitude were present
across subjects. For each subject, we obtained the mean z-scored circular-linear r across
hippocampal electrodes for early and late components (as described for individual hippocampal
electrodes in Materials and Methods: Circular-linear analysis of theta phase and
hippocampal response amplitude). Across subjects, we observed a positive phase-amplitude
relationship in both early and late components (Mean z-score = SD, early: z= 1.0 £ 1.3; late: z =
1.1 £1.1). This effect was marginal across subjects in the early component and reached
significance in the late component (t-test of z-scores versus 0, early: ¢#(7) = 2.3, p = 0.06, Cohen's

d=0.8; late: (7) = 2.8, p = 0.03, Cohen’s d = 1.0).

We used linear mixed-effects modeling (LME) to determine whether response component
amplitudes differed for peak versus trough stimulation across subjects. We constructed an LME
model for each response component with a fixed effect of phase and random effects on slope and
intercept of both subject and electrode nested within subject [i.e., response amplitude ~ phase +
(phase|subject/electrode)]. We then performed likelihood ratio tests to assess whether this model
fit was improved by the inclusion of the fixed effect of phase. That is, after accounting for
participant variance, we tested whether stimulation phase improved the prediction of response
amplitude. Including the phase effect improved the model fit for the early component, with a
marginal effect in the late component (one-sided likelihood ratio test for improvement, early:
LRStat = 3.8, p = 0.05; late: LRStat = 3.3, p = 0.06). We then repeated this process using
amplitude values from the isolated evoked response (i.e., following correction for non-evoked

oscillatory activity, as in Fig. 3.3). The effect of phase was reduced in these models (early:
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LRStat=2.8, p =0.09; late: LRStat = 0.9, p = 0.3), in accordance with the observed reduction in
peak versus trough differences at the electrode level following correction for non-evoked
oscillatory activity.
Phase angle estimates were consistent with ground-truth phase values in analysis of

stimulation-free pseudotrials
The method we used to estimate hippocampal theta phase at the time of stimulation involved

truncating the hippocampal recordings shortly after each stimulation pulse (see Materials and
methods: Theta phase estimation). We assessed whether this approach yielded an accurate
estimate of phase (i.e., one based on the ongoing oscillatory activity and without contamination
by the evoked response or filter artifact) using “pseudotrials”, epochs made from data collected
during a continuous, stimulation-free period with an added model stimulation pulse and EP. We
estimated the phase of these pseudotrials at mock stimulation onset (i.e., t = 0) using the same
approach as for stimulation trials. As pseudotrials were created from continuous, stimulation-free
data, we were also able to calculate “ground-truth” phase values (i.e., obtained in the absence of
stimulation artifact or EP and without truncating the recording). We then measured the trialwise

differences between ground-truth and estimated phase angles.

Across hippocampal recording electrodes, the mean difference between ground-truth and
estimated phase was -11.2° (mean distance + SD: -11.2. + 4.6"). This difference was highly
concentrated (Rayleigh test: z(22) =22.9, p <0.001), indicating consistency of the phase angle
estimate performance across electrodes (Fig. 3.6a). Although estimated phase angles were
significantly more concentrated than ground-truth phase angles (two-tailed t-test on mean

resultant vector lengths, #(22) = 7.4, p <0.001, Cohen's d = 2.1), the distribution of mean



estimated phase angles was uniform (Hodges-Ajne test: m(22) =9, p = 0.9). These findings

demonstrate that the estimation approach introduced a small and consistent phase angle bias.
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Figure 3.6. Phase estimation method yielded consistent, low-magnitude offset to
ground-truth phase in pseudotrial analysis. Comparison of ground-truth and estimated phase
angles from pseudotrials (stimulation-free resting data with added model stimulation artifact
and EP). Validation was performed across all hippocampal channels included in the main EP
analysis (n = 23). A) Mean phase angle and mean resultant length (MRL) of trialwise distance
between ground-truth and estimated phases. Each line represents one hippocampal channel. B)
Left: Mean stimulation-free validation trials binned according to ground-truth (top) and
estimated (bottom) phase at mock stimulation onset. Line color indicates bin center (0°, 90°,
180°, 270°). Right: enlarged panels from -100 ms to 0 ms, showing similarity of theta phase at
t=0 across ground-truth (top) and estimated (bottom) bins.
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We also observed differences in the intertrial theta coherence across trials binned by ground-truth

versus estimated phase (Fig. 3.6b). Because the phase estimation approach involves truncating

the epoch at +50 ms following stimulation onset, signal after this point does not contribute to the

phase estimate. Theta coherence therefore decreases asymmetrically about t = 0, with a more
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rapid drop-off after t = 0 than before it. In contrast, trials binned according to ground-truth phase

show symmetrical declines in coherence before and after t = 0.

To assess whether this bias impacted our analyses, we re-performed our binning analyses after
accounting for each electrode’s estimated bias (Fig. 3.6b). In other words, we adjusted the phase
angle label for each trial according to the electrode-specific bias. After this correction, we
observed the same pattern of phase-dependence as in the original analysis, with enhancement of
the EP by stimulation at peak versus trough in both early and late components (early: #22) =
-2.5,p=0.02, Cohen’s d =-0.2; late: t(22) =-2.7, p = 0.01, Cohen s d = -0.09) and no effect of
falling versus rising phase stimulation (early: #(22) =-0.22, p = 0.8, Cohen's d = -0.02; late: #22)
=0.15,p=0.9, Cohen’s d =0.007). Rebinning did not impact the results of the continuous,

circular-linear analyses.

Order of stimulation pulses had no effect on phase distribution

One possible alternative explanation for the observed relationship between phase and EP
amplitude was that over the course of the experimental session, stimulation induced changes in
both the distribution of phase angles at stimulation onset and in the amplitude of the evoked
response. We therefore performed control analyses to assess whether the theta phase distribution
of stimulation pulses and their associated hippocampal evoked responses changed according to

order in the experimental session.

For each hippocampal electrode, we divided stimulation trials into quartiles according to order of
occurrence in the stimulation session. Within each quartile, we estimated the uniformity of
stimulation phase distributions via Rao’s spacing test statistic u (Fig 3.7a). Across electrodes,

there was no change in the uniformity of stimulation phase distributions by order of occurrence
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(one-way repeated measures ANOVA, effect of quartiles: f(3) =2.02, p = 0.1; electrode:quartile
interaction: f(3) = 1.29, p = 0.07. Mean Rao’s u = SD, quartile 1: u = 148.0 & 14.5; quartile 2: u=
149.1 + 10.4; quartile 3: u= 148.6 = 12.8; quartile 4: u= 148.3 £ 13.3). Further, we observed no
difference in mean phase angles across quartiles (Fig. 3.7b. Watson-Williams test: f(3) = 0.02, p
> 0.99). We also assessed mean early and late component amplitude by quartile (component
amplitudes calculated as in Materials and Methods: Quantification of hippocampal EPs). We
observed an effect of quartile specifically on the late component amplitude (one-way repeated
measures ANOVA, effect of quartiles: f(3) = 4.3, p = 0.008; electrode:quartile interaction: f{3) =
3.1, p = 0.03). No such effect was observed for the early component (one-way repeated measures
ANOVA, effect of quartiles: f{3) = 0.61, p = 0.6; electrode:quartile interaction: f{3) = 0.10, p >
0.9). The absence of concomitant changes in stimulation phase distribution and evoked
amplitude across quartiles supports that the observed phase-amplitude relationship was not

driven by ordering in the experimental session.
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Figure 3.7. Theta phase distribution of stimulation pulses did not change according to
order in the experimental session. Color indicates participant of origin. A) Rao’s spacing test
statistic u for stimulation phase angles in first, second, third, and fourth quartiles of the
experimental session. Each dot is one hippocampal electrode (n = 23). B) Mean stimulation
phase angle for each hippocampal electrode across quartiles. No significant differences are
found in either distribution uniformity or directionality according to order in the experimental
session.

Hippocampal peak versus trough EP amplitude differences were temporally
localized to components

To complement the analyses of component amplitudes, we also performed an exploratory
analysis of peak versus trough amplitude differences across all timepoints in the peri-stimulus
trial period. As in the analyses above, we compared amplitudes across stimulation and
stimulation-free trials in order to hone in on the stimulation-evoked response controlling for
expected amplitude differences due to phase in the absence of stimulation. As expected, both

stimulation and stimulation-free trials exhibited strong peak versus trough differences before t =
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0 (Fig. 3.8a, b). In the stimulation-free trials, the peak-trough difference drops off
asymmetrically about t = 0 (Fig.3.8b), likely related to the phase estimation method (which was
used for both stimulation and stimulation-free trials and involved truncating each trial at +50ms;
see Fig. 3.8b). Isolating the evoked response revealed that peak stimulation selectively enhanced
signal negativity during the identified EP components, with consistent peak versus trough
differences throughout the early component in particular (Fig. 3.8¢). Notably, following
stimulation, there were no peak versus trough differences until after approximately +40 ms,
indicating that effects of phase on the subsequent amplitude of the EP components were not due
to lingering differences in the ongoing oscillation irrespective of stimulation. These findings

suggest that the effects of stimulation phase were temporally selective to the EP components.
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Figure 3.8. Effect of peak versus trough stimulation on hippocampal isolated response
amplitude is temporally specific to components. The difference between peak and trough
amplitude at each timepoint is colorized and plotted on top of the grand average hippocampal
EP. Purple indicates greater negativity for peak stimulation trials, yellow indicates greater
negativity for trough stimulation. Error bars indicate £1 SEM of the peak — trough amplitude
difference (a.u.). Timepoints where p < 0.05 (uncorrected, two-tailed) for non-zero amplitude
difference between peak and trough are marked (*) for visualization. Component boundaries
are marked with vertical lines (early: red, late: green). Plotted for: A) Raw EPs (i.e., stimulation
trials). B) Stimulation-free trials only. C) Isolated evoked response (i.e., stimulation trials
minus stimulation-free trials).

Offline theta bout incidence does not impact periodicity of the evoked response

In humans and non-human primates, hippocampal theta oscillations occur in intermittent,
high-power bouts, typically lasting only a few theta cycles (Goyal et al., 2020). Bout incidence in
the hippocampus and broader hippocampal network has been associated with spatial navigation
(Kahana et al., 1999) and performance of non-spatial memory tasks (Raghavachari et al., 2001).
Given the relevance of theta bouts to hippocampal function, we investigated whether the
observed theta phase dependence of response amplitude was stronger in electrodes with greater
bout incidence. As estimates of theta power during the stimulation protocol would be
contaminated by the evoked response, we analyzed theta bout incidence during stimulation-free
rest just prior to the experimental session. We used this measure as a proxy for the proportion of

stimulation trials we expected to occur during periods of high theta power.

For each hippocampal electrode, we performed bout detection in the 3 — 8 Hz range during
continuous periods of stimulation-free rest using the BOSC toolbox (see Whitten el al., 2011;
Hughes et al., 2012). First, we computed power across the stimulation-free period using the
Morlet wavelet transform (w, = 6; 50 frequency samples spaced logarithmically from 1 — 60 Hz).

To isolate significant oscillations, we fit a 1/ background power spectrum for each electrode by
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performing robust linear regression on the time-averaged power spectrum in log-log space. Then,
for each sampled frequency, we identified timepoints where power exceeded the 95th percentile
of the estimated y’ probability distribution of the background spectrum for a minimum duration
of three cycles. We thereby obtained a theta bout-rate for each hippocampal electrode
corresponding to the proportion of the recording where high-power oscillations were present in

any of the 3 — 8 Hz frequency samples.

Across electrodes, detected bout incidence ranged from 27% to 73% of the recording (mean
incidence = SD = 48 £+ 13%). We quantified response amplitude theta-periodicity for each
electrode as the z-scored circular-linear correlation between hippocampal theta phase at
stimulation onset and component amplitude . Bout rate was not associated with response theta
periodicity in either the early (linear correlation: » = 0.27, p = 0.2) or late (» = 0.0030, p = 0.99)
components. While we were methodologically unable to quantify the effect of bouts on
individual trials, this finding suggests that resting bout incidence did not impact the
phase-dependence of the hippocampal evoked response.

Accounting for estimated phase latency between the stimulation site and
hippocampus does not produce consistent phase angles conferring maximal and

minimal EP amplitude
There is necessarily a conduction delay between the lateral temporal stimulation site and its

receipt in hippocampus. As functionally connected regions are frequently phase-synchronized
(see Fell & Axmacher, 2011), we hypothesized that this delay would translate to a consistent
theta phase lag between the stimulating electrodes and the hippocampus. This would produce a
consistent angle offset between hippocampal theta phase at the time of stimulation (i.e., at £ =0,

the timepoint which we used to characterize trial phase in the previous analyses) and the
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stimulation’s arrival at hippocampus.at the time of the relevant entorhinal-hippocampal

transmission.

Permutation testing (see Materials and Methods: Oscillatory synchronization between the
stimulation site and hippocampus) revealed significant phase locking between hippocampus
and the stimulation site (Mean z-score £ SD: z = 3.1 + 4.6; t-test of z-scores against 0: #22) =
3.2, p=0.004, Cohen’s d=0.7. Mean PLV £ SD: 0.18 + 0.1), indicating that individual
hippocampal electrodes had consistent phase-lags to the stimulation site. However, across
electrodes, the distribution of mean phase offsets was not significantly non-uniform (Fig. 3.9a.
Rao’s spacing test: u(22) = 144.9, p = 0.5). We noted a bimodal distribution of high-PLV phase
latencies across electrodes, with clusters centered approximately 180° apart. Consequently,
across electrodes with consistent phase-lags, stimulation delivered during the hippocampal peak

may have arrived at to hippocampus at different phase angles across electrodes.

To assess whether the variability in transmission delay across electrodes impacted the observed
relationship between theta phase and evoked response amplitude, we reanalyzed the relationship
between component amplitude and specific theta phase angles (see Figs. 3.3 and 3.4) after
accounting for the observed latency between the hippocampal electrode and the stimulation site.
For example, for a hippocampal electrode with an observed phase lag of 180°, stimulation
delivered at the hippocampal theta peak would arrive on average at the subsequent hippocampal
theta trough. However, after rebinning trials according to latency, we found no difference across
either peak versus trough (early: #(22) = 1.7, p = 0.1, Cohen’s d = 0.2; late: #(22) = 1.4; p=10.2,

Cohen’s d = 0.08) or rising versus falling (early: #22) = 1.1, p = 0.3, Cohen's d = 0.1; late: #22)
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=0.30,p=0.8, Cohen’s d = 0.01) component amplitudes. The rebinning procedure had no effect

on the unbinned, circular-linear analyses.

We observed clustering of phase latencies near 0° and 180° (Fig. 3.9a), a possible indicator of
volume conduction between the two sites. To investigate, we reanalyzed phase-locking between
hippocampus and the stimulation site after adopting a bipolar referencing scheme wherein data
were re-referenced to the adjacent, lateral contact on the depth electrode (rather than the average
of ipsilateral depth electrodes, as in all previous analyses). After re-referencing, the significant
phase-locking between hippocampus and the stimulation site persisted (Fig. 3.9b. Mean z-score
+ SD: z= 2.3 £3.8; t-test of z-scores against 0: #(22) =2.9, p = 0.009, Cohen's d = 0.6. Mean
PLV £ SD: 0.15 £ 0.1). The qualitative clustering of phase latencies near 0° and 180° were also

present in the re-referenced analysis.

After rebinning trials according to the latency estimated under bipolar referencing conditions, we
found a significant difference across rising versus falling late component amplitudes (early: #22)
=-0.57, p=0.6, Cohen's d=-0.06; late: #(22) = -2.35, p = 0.03, Cohen's d =-0.1), which
persisted following correction for the non-evoked oscillation (late: #22) =-2.50, p = 0.02,
Cohen’s d = -0.1. Abolition of the non-evoked oscillation was performed using the same
procedure as in Fig. 3.3; see Materials and Methods: Comparison of stimulation trials to
phase-matched stimulation-free trials). No differences were found across peak versus trough
trials for either the raw EP (early: #22) =-0.18, p = 0.9, Cohen’s d =-0.01; late: 1 =0.04, p > 0.9,
Cohen's d = 0.002) or the isolated response (early: #22) =-0.31, p = 0.8, Cohen's d = -0.04; late: ¢

=-0.33,p=0.7, Cohen's d =-0.02).
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Qualitatively, phase offsets from within the same participant were highly concentrated, indicating
low theta phase shift across hippocampal electrodes despite variable laminar depths and
septotemporal placement within individual subjects. While previous studies have reported
relatively small phase angle shifts across the human hippocampal long axis (Zhang & Jacobs,
2015) relative to the 180° pole-to-pole shift observed in rodents (Patel et al., 2012), this finding
implies that the recorded oscillation was also resilient to changes in recording depth. This may be

the result of recording from large interlaminar macroelectrodes (see Discussion).
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Figure 3.9. Distributions of phase offsets between lateral temporal and hippocampal theta
were uniform across electrodes. A) Distribution of theta phase offsets between lateral
temporal cortex and hippocampus under global average referencing scheme. Dashed line
indicates circular-mean phase angle across electrodes. Each line represents one hippocampal
electrode. Color indicates participant-of-origin for each electrode. Electrode line length
indicates phase-locking value. B) As A), under bipolar referencing scheme wherein data from
each electrode were referenced to the adjacent lateral contact on the same depth electrode.

Hippocampal EP timing did not predict amygdala late component latency

While phase-dependence of the hippocampal EP was observed most strongly during its early

component (27-113 ms), phase-dependence of the amygdala EP was strongest during its late
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component (94-256 ms). We hypothesized that the amygdala late effect may have been driven by
secondary transmission from hippocampus. To investigate, we analyzed whether the amygdala

late component preceded the hippocampal early component on a per-subject basis.

We analyzed data from all subjects with both amygdala and hippocampal electrodes (n =3
subjects). For each subject, we computed the phase-balanced, grand average EP across
electrodes for each of hippocampus and amygdala (as in Materials and Methods: Theta phase
estimation). We then identified component timing on a per-subject basis, using the same
procedure as described for the across-electrode dataset. For all subjects, the peak of the amygdala
N2 was preceded by the peak of the hippocampal N1 for the grand average EPs (per subject
timing of hippocampal N1, amygdala N2 peaks: [+34ms, +161ms], [+61ms, +130ms],

[+133ms]).

Next, we assessed whether the timing of the amygdala response tracked the timing of the
hippocampal early component across trials. For each subject, we computed the mean
hippocampal and amygdala EPs across electrodes for each trial. We estimated trialwise
component timing using the same procedure as described for the across-electrode dataset. We
then assessed the correlation between the timing of the hippocampal N1 peak and the amygdala
N2 peak. This analysis was restricted to trials which passed the exclusion criteria across all
relevant amygdala and hippocampal channels (see Materials and Methods: SEEG recording
and stimulation). No subjects showed a significant relationship between hippocampal and EP
component timing (per subject component timing correlations, subject 1: » =-0.0005, p > 0.9;

subject 2: » =0.007, p = 0.9; subject 3: = 0.04, p = 0.4).
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3.4 Discussion

We investigated whether the human hippocampus varies in receptivity to external stimulation
along with the local theta oscillation. Lateral temporal stimulation consistently evoked a
hippocampal response with distinct early and late negative components. These component
amplitudes were found to vary continuously with theta phase at stimulation onset. The
continuous relationship between phase at stimulation onset and EP amplitude showed temporal
specificity, with a notable increase during the early component. We additionally found that
stimulation at theta peak versus theta trough yielded maximal differences in evoked response
amplitude. This effect was most pronounced during the early negative component (27-113 ms
after stimulation onset), where it persisted even after corrections for non-evoked oscillatory
activity which emerged from the phase-sorting procedure. These findings suggest that human

hippocampal connectivity to network afferents varies across the local theta oscillation.

As data in this study were collected opportunistically from participants undergoing clinically
necessary invasive monitoring, hippocampal electrodes were implanted at variable laminar
depths that could not be known due to the relative imprecision of CT/MRI. Nonetheless, we
observed a consistent effect of phase angle on the recorded hippocampal response. The relatively
small phase offset we observed between hippocampal sites from a given participant supports that
the recorded oscillation was depth indifferent, perhaps owing to the large size and interlaminar
placement of the macroelectrodes. Further studies would be necessary to determine subfield and

layer-specific phase angles conferring maximum entorhinal input to the human hippocampus.

The observed effect of peak versus trough is likely specific to the synaptic distance and

conduction delay between the stimulation site and hippocampus. While stimulating electrodes
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were all located in lateral temporal cortex, their gyral locations varied according to clinical
constraints. Accordingly, while phase offsets between lateral temporal cortex and hippocampus
were non-uniform, there were pronounced differences in the offset angle between participants. It
is possible that differences in transmission latencies contributed to the observed variance in
peak-trough effects across participants. We hypothesize that stimulation targeting a different site
in the hippocampal network would produce a similarly theta-periodic hippocampal response,
albeit likely maximized at a different stimulation phase angle (i.e., not necessarily at the
observed hippocampal theta peak). Further, it is possible that the relationship of theta phase to
the evoked response amplitude varies with theta power, although we were methodologically
unable to assess theta power on a per-trial basis. Our exploratory analyses of theta power during
an oftline period did not find any relationship between power and the phase-amplitude
relationship (see Results: Offline theta bout incidence does not impact periodicity of the
evoked response), although quantifying power during a period other than stimulation is not
ideal. Future research could address this issue, potentially by cueing stimulation based on an

online assessment of theta power.

One limitation is that this study was performed in individuals with refractory epilepsy. Temporal
lobe epilepsy is associated with episodic memory impairments (Mayeux et al., 1980;
Helmstaedter & Kockelmann, 2006) thought to be caused by structural abnormalities as well as
interictal epileptiform activity in the hippocampus and hippocampal cortical network
(Helmstaedter & Kockelmann, 2006; Gelinas et al., 2016). Nonetheless, iIEEG recordings from
individuals with temporal lobe epilepsy have previously been used to study mechanisms for
hippocampal function (Lega et al., 2012; Long et al., 2014; Fell et al., 2011; Wixted et al., 2014).

To enhance the study’s generalizability, we rejected trials with recorded epileptiform activity and
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ensured during data collection that the stimulation protocol did not elicit afterdischarges or
spiking. It is still however unclear whether epilepsy-related changes to hippocampal structure
and network connectivity influenced our findings. This limitation partially motivated the
experiments described in Chapter 4, which investigate phase-dependence of hippocampal

function in healthy participants.

Phase dependence of the response to stimulation has, however, been demonstrated in
non-epilepsy model organisms. Previous studies have reported phase-dependent responses to
external stimulation across diverse neocortical areas. Direct electrical stimulation of sensory
cortices has been found to differentially induce long-term potentiation or depression depending
on local field potential phase (e.g., with beta- and gamma-dependence in rodent visual cortex
[Wespatat et al., 2004] and beta-dependence in primate sensorimotor cortex [Zanos et al., 2018]).
In humans, local oscillatory phase has been found to relate to the amplitude of the cortical
response evoked by transcranial magnetic stimulation (Kundu et al., 2014). These findings
support that oscillatory phase relates generally to local excitability. Thus, one part of our analysis
strategy was to assess whether any observed phase dependence was specific to (or specifically
enhanced in) hippocampus. We investigated the phase dependence of stimulation response in two
control regions: amygdala and orbitofrontal cortex. Like hippocampus, both regions have
anatomical (Shi & Cassell, 1997; Iwai et al., 1987; Morecraft et al., 1992) and functional (Roy et
al., 2009; Du et al., 2020) connectivity with the lateral temporal stimulation site. But while
amygdala is physically adjacent to hippocampus and densely connected with hippocampus and
entorhinal cortex (Saunders et al., 1988; Pikkarainen et al., 1999; see Chrobak et al., 2000) — and
might therefore be expected to show hippocampus-like phase dependence of input receptivity --

orbitofrontal cortex is more distant both in space and connectivity. Indeed, we observed
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significant theta phase dependence in the amygdala EP but no such effect in orbitofrontal cortex.
As was the case in hippocampus, the amygdala showed greater response amplitude when
stimulation was applied at theta peak relative to trough. The amygdala also showed greater
response amplitude to stimulation at theta rising phase relative to falling phase. Unlike
hippocampus, this effect was present exclusively in the late component. The presence of early
components in the amygdala and orbitofrontal EPs supports connectivity between these control
regions and the lateral temporal stimulation site. However, we note that the stimulation site was
chosen on the basis of its functional connectivity with hippocampus as measured via the
stimulation-evoked potential, and not based on connectivity with these other brain areas.
Performing network-targeted stimulation for each control region could provide stronger evidence

for the effect’s selectivity to hippocampus.

This study used direct electrical stimulation as a proxy for endogenous network signaling.
Follow-up studies are required to assess whether and how these changes in human hippocampal
connectivity due to theta phase relate to memory processing. Nonetheless, by demonstrating
phase dependence of input receptivity in the human hippocampus, this study suggests a
homology with the phase dependence previously characterized in rodent models in relation to

memory encoding and retrieval.



61

Chapter 4: Investigating memory performance as a
function of stimulation-entrained theta

4.1 Introduction

In Chapter 3, I described a set of experimental findings which demonstrate that the human
hippocampus undergoes theta-cyclic changes in its response to stimulation of its cortical
afferents. These results provide foundational support for the phase-dependent optimization of
encoding versus retrieval previously evidenced in rodents via behavioral testing (Siegle &
Wilson, 2014; see Chapter 1.3). In Chapter 4, I describe two experiments I performed in an
attempt to extend these findings from human hippocampal physiology to human hippocampal
memory function. Unlike the study described in Chapter 3, these experiments were carried out
in healthy young adults who were not undergoing clinical invasive monitoring, and therefore do
not have the same limitations with regard to generalization of findings from temporal lobe

epilepsy patients.

The experiments described in this chapter investigate whether causally manipulating theta phase
using noninvasive stimulation produces cyclic fluctuations in performance on specialized tasks
of associative memory encoding (Experiment 1) and retrieval (Experiment 2). The logic of these
experiments is that if theta-patterned rTMS is effective for entraining the hippocampal theta
oscillation, then the effectiveness of memory encoding and retrieval is expected to vary with the
phase of rTMS-entrained theta. Immediately following a train of theta-patterned rTMS, we
presented brief (< 20 ms) associative visual memoranda aligned to the phase of the entraining
stimulation. In Experiment 1, stimulation was delivered prior to presentation of a

briefly-presented encoding stimulus; in Experiment 2, stimulation was delivered prior to
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presentation of a briefly-presented retrieval cue. Based on the findings outlined in Chapter 3, we
hypothesized that stimulation would induce periodic fluctuations in memory performance, with
minimal and maximal performance occurring at a 180° interval. We further hypothesized that
opposite phase angles would relate to maximal performance for encoding (Experiment 1) versus

retrieval (Experiment 2).

As the human hippocampus cannot be stimulated directly with noninvasive methods, we
stimulated functionally connected cortical locations in order to indirectly influence hippocampal
activity, a strategy which was previously developed in our laboratory (Wang et. al, 2014).
Stimulation of the hippocampal network has been shown to produce cumulative and enduring
effects on hippocampal-dependent memory (Hebscher et al., 2021; Hermiller et. al, 2019;
Tambini et al., 2018) as well as hippocampal network connectivity (Wang et al., 2014; replicated
in Freedberg et al., 2019). Outside the hippocampal domain, network-targeted cortical TMS has
been demonstrated to alter activity in otherwise stimulation-inaccessible structures including
amygdala (Oathes et al., 2021), anterior cingulate cortex and caudate (Dowdle et al., 2018), and

ventromedial prefrontal cortex (Hanlon et. al, 2016; see also Bergmann et al., 2021).

The experiments described in this chapter use a theta-burst rTMS protocol in an attempt to
entrain the hippocampal theta oscillation. Theta-burst stimulation (TBS) — where high-frequency
bursts of stimulation pulses are delivered at theta-periodic intervals — was initially developed in
the context of direct electrical stimulation (Larson et al., 1986), where it was designed to closely
match the characteristics of the hippocampal local field potential (Larson et al., 1986; Nguyen &
Kandel, 1997; Staubli & Lynch, 1987). Direct electrical TBS has been used to induce synaptic

plasticity in hippocampus (e.g., Buzséki et al., 1987; Staubli & Lynch, 1987) as well as in
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numerous neocortical areas (including barrel somatosensory cortex [Hardingham et al., 2003],
auditory cortex [Hogsden et al., 2011]; and entorhinal cortex [Yun et al., 2002]; see Larson &
Munkécsy, 2015). In a 2004 study by Huang and colleagues, theta-burst rTMS was demonstrated
to induce long-lasting changes to excitability in primary motor cortex; since then, theta-burst
rTMS protocols have been widely adopted to induce enduring changes to network excitability

and connectivity (see Suppa et al., 2015; Demeter, 2016).

While most previous research on theta-burst rTMS has focused on the long-term or offline
aftereffects of stimulation, a recent study from our laboratory investigated the immediate effects
of theta-burst rTMS on hippocampus (Hermiller et al., 2020). Delivery of a single 2 s train of
hippocampal network-targeted stimulation just before the onset of visual memoranda was found
to enhance subsequent recollection memory, as well as fMRI correlates of hippocampal activity
during encoding and retrieval. This effect was selectively driven by theta-burst rTMS (and not by
stimulation delivered at a control frequency), suggesting that the immediate effects of theta-burst
rTMS on memory may be driven by frequency-specific power enhancement in the hippocampus
or broader hippocampal network (Fell et al., 2011). Single trains of theta-burst rTMS have also
been demonstrated to enhance semantic memory encoding for up to 15 s following stimulation of

dorsolateral prefrontal cortex (Demeter et al., 2016).

When delivered at a rhythm which is endogenously expressed at the stimulation site, rTMS has
been previously demonstrated to produce local phase entrainment (Thut et al., 2011; Klimesch et
al., 2003; Romei et al., 2016; Chung et al., 2018; see Chapter 1). However, no studies have

reported attempted phase entrainment of deep, otherwise inaccessible structures via
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network-targeted rTMS. The experiments described in this chapter therefore reflect a novel

application of noninvasive stimulation to manipulate the phase of TMS-inaccessible brain areas.

4.2 Materials and methods

Following a baseline fMRI session, subjects underwent an experimental session of
approximately 90 minutes during which they received theta-patterned rTMS while performing an

associative memory task.

r'TMS protocol
Stimulation was delivered on-line, i.e. interleaved with the behavioral task. rTMS was delivered

using a MagPro X100 and Cool-B65 coil (MagVenture, Alpharetta, GA) with a frameless

guidance system (Localite, Beuel DE).

Each rTMS trial comprised a 2 second train of 5 HZ theta burst stimulation (50 Hz biphasic
triplets delivered at 200 ms intervals [Huang et al., 2005]), delivered to one of two stimulation
sites (left-parietal in-network, or out-of-network vertex stimulation sites; see Materials and
Methods: Selection of stimulation targets). SHz was selected as the patterning theta frequency
based on previous work demonstrating a selective effect on hippocampal-dependent memory of
5Hz stimulation targeted to the hippocampal-cortical network (Hebscher et al., 2021; Hermiller
et al. 2020; Tambini et al., 2018). Stimulation sites were alternated every fourth block of the
experiment. The order of stimulation conditions was randomized and counterbalanced across

subjects.

Stimulation intensity was calibrated according to the resting motor threshold for the right
abductor pollicis brevis (i.e., with stimulation of the primary motor cortex ipsilateral to the

in-network stimulation site; as in Hermiller et. al, 2020). Stimulation intensity in the
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experimental protocol was set to 80% of resting motor threshold (see e.g. Huang & Rothwell,
2004). The same stimulation parameters were used for both in-network and out-of-network
stimulation sites.

Selection of stimulation targets

MRI data for TMS guidance and selection of in-network stimulation targets were acquired prior
to the main experimental session using a Siemens 3T Prima whole-body scanner with 64-channel
head-neck coil. Structural MRI was acquired with a T1 scan sequence. The MRI sequence
parameters and functional connectivity analyses were replicated from work and custom AFNI
scripts (Cox, 1996) previously published by the laboratory (for a full description, see Wang et. al
2014). fMRI data were used to generate individualized connectivity maps to a seed voxel in the
left hippocampus. The seed voxel was set for each participant as the voxel in the middle of the
hippocampal body with strong connectivity to the contralateral hippocampus, nearest the MNI
coordinate [-24, -18, -18]. We then identified TMS-accessible sites on the surface of the lateral
parietal cortex with clusters of high functional connectivity to this seed. We searched for
high-connectivity clusters within the angular and supramarginal gyri, searching preferentially for

clusters nearest the MNI coordinate [-47, -68, 36].

Out-of-network stimulation targets were selected as the coordinate on the interhemispheric
fissure nearest the anatomical vertex, i.e. the midpoint between nasion and inion along the
sagittal midline, corresponding to the location of electrode Cz in a 10-20 system. The anatomical
vertex was selected as a control location where stimulation was unlikely to directly affect the
hippocampal-cortical network or impact memory function (Bonnici et al., 2018; Freedberg et al.,

2019; Yazar et al., 2017; Hebscher et al., 2020, Hebscher et al., 2021).
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Visual stimuli

Each visual stimulus comprised a photographic image of a unique face on a black background
(Althoff & Cohen, 1999), surrounded by a red, green, or blue frame. Pseudorandom pairings of
faces and R/G/B color were created for each participant. Stimuli were balanced for sex,
frequency of R/G/B color pairings, and associated latency values (see Materials and Methods:
Experiment design overview) within groupings of 4 blocks, i.e. balanced within the 4

consecutive blocks at a single stimulation site (see Materials and Methods: rTMS protocol).

Experiment design overview

Both experiments made use of block design. Within each of 24 blocks, subjects studied and were
tested on nine unique face-color associations (i.e. a face surrounded by a red, green, or blue
frame). Faces were not repeated across blocks. Each face was therefore viewed only twice, once

in its encoding trial and once in its test trial.

In Experiment 1, rTMS was applied during study in order to manipulate network theta phase at
the onset of the encoding memorandum. In Experiment 2, rTMS was applied at test in order to
manipulate network theta phase at the onset of the retrieval cue. In both experiments, theta phase
at the onset of the visual stimulus was manipulated by presenting the stimulus at different

latencies relative to the end of the rTMS train.

Between the study and test phases, participants engaged in a short (30 s) distractor task, during
which they were instructed to inspect a unique series of abstract geometric images (see Voss &
Paller, 2009). Each distractor image was presented for 3 s. The distractor task was included in an

effort to reduce semantic rehearsal of face-color associations between study and test phases.
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Just prior to the main experiment session, participants underwent two full training blocks. The
stimulation site was alternated between blocks to reduce training effect in the main data, as well
as to familiarize participants with stimulation during the memory task (see Materials and
Methods: rTMS protocol). Task performance data from the training blocks were excluded from
all described analyses. Stimuli which appeared in the training set were excluded from the main

experiment.

Visual stimuli were presented via display monitor with 60Hz refresh rate. Stimulus presentation
and trial timing were controlled by custom NeuroBS Presentation scripts (Neurobehavioral

Systems, Berkeley, CA).

Experiment 1 design (rTMS delivered during study)

Each study trial in Experiment 1 (Fig. 4.1) began with presentation of a central crosshair on the
display monitor. This central crosshair remained on-screen until the visual stimulus was
presented. Participants were instructed to maintain blink-free fixation to the crosshair while it
was on-screen. This served the purposes of 1) ensuring that the participant did not miss the brief
visual stimulus by blinking; 2) ensuring that the encoding stimulus was presented within foveal
vision; and 3) reducing the likelihood of hippocampal theta phase reset due to saccade in the

period between stimulation and visual stimulus onset (Jutras et al., 2013; Kragel et al., 2020).
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a) Experiment 1: Study trial

16ms

1.5s fixation 2s rTMS 100-350 ms r- 1.5s fixation

NN
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b) Experiment 1: Test trial

. How confident?
Participant response

Figure 4.1. Study and test trial format in Experiment 1. A) Sample study trial. TMS was
performed prior to presentation of the encoding stimulus. B) Sample test trial.

After 1.5s of blink-free fixation, participants were delivered 2 s of theta-patterned stimulation
(see Materials and Methods: rTMS protocol). Stimulation was followed by some trial-specific
latency. This latency took one of six values (100 ms, 150 ms, 200 ms, 250 ms, 300 ms, or 350
ms), corresponding to 90° intervals on the extrapolated 5 Hz entraining oscillation (Fig. 4.2a).
The visual stimulus was then presented for one screen refresh period (< 17 ms) at the center of
the screen, i.e. centered at the location of the fixation crosshair. Following visual stimulus
presentation, the central fixation crosshair was displayed for a final 1.5 s. Between encoding
trials, participants underwent 5 s of stimulation-free rest, during which they were instructed to

blink and move their eyes freely.
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2000ms

200ms

Figure 4.2. Schematic of visual stimulus alignment to the theta-patterned rTMS train.
Theta-patterned stimulation (top; each line represents one biphasic stimulation pulse. ) was
applied in an effort to entrain 5 Hz theta activity in the hippocampal network. The visual
stimulus is presented at some latency after the final stimulation burst. Pictured: an Experiment
1 study trial with 200 ms latency, corresponding to visual stimulus presentation at the trough of
the 5 Hz entraining oscillation.

Following the brief distractor task (see Materials and Methods: Experiment design overview),
participants were tested on the face-color associations learned during the most recent study phase
(Fig 4.2b). Participants were presented a face stimulus and were asked to respond by
right-handed keyboard input with the position of the matching R/G/B square (Fig 4.2b). R/G/B
ordering at test was balanced within groupings of 4 blocks (as in Materials and Methods:
Visual stimuli). Participants were free to visually explore the face stimulus, which remained
onscreen until the participant responded. Face stimuli were presented in a randomized order
with regard to their order during study. Participants were then asked to provide a confidence
judgement. Confidence judgement ratings were queried with a 5-value Likert scale (1 = ‘Guess’,

5 = ‘Remember’).
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Experiment 2 design (rTMS delivered during test)

Each study trial in Experiment 2 (Fig. 4.3a) comprised a 4 s presentation of the visual stimulus,
during which participants were permitted to freely explore the memorandum. Study trials were

presented to an intertrial interval of 2 s.

Following the distractor task, participants were tested on the face-color associations learned in
the most recent study phase (Fig. 4.3b). After 1.5s of blink-free fixation, participants received 2 s
of theta-patterned stimulation followed by a trial-specific latency. The retrieval cue — comprising
only the face stimulus, without its associated R/G/B frame — was then presented for one screen
refresh period at the center of the screen. Following visual stimulus presentation, the central
fixation crosshair was displayed for an additional 1.5 s. Participants were then asked to select the
R/G/B square associated with that face stimulus. Unlike in Experiment 1, the face stimulus was
not on-screen during this query. Finally, participants then provided a confidence judgement for
their response. Between encoding trials, participants underwent up to 5 s of stimulation-free rest.
This rest period was set according to the participant’s response latencies such that there was a
minimum of 10 s between stimulation trains, matching the intertrain interval applied in

Experiment 1.
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a) Experiment 2: Study trial

b) 1.5s 2s rTMS
100-350ms 16ms

fixation % latency ?
TSN

Figure 4.3. Study and test trial format in Experiment 2. A) Sample study trial. B) Sample
test trial. rTMS was delivered prior to presentation of the retrieval cue.

Validation of visual stimulus timing

Timing data comprised: 1) visual stimulus timing via TTL outputs from the stimulus display
computer which were issued simultaneously with the visual stimulus draw command to the
display monitor, and 2) TMS pulse timing via stimulation artifact on a photosensor repurposed
for this function (Brain Vision LLC, Morrisville NC) which was adhered to the display monitor
(Fig. 4.4). Stimulus draw event markers and repurposed photosensor time series data were
collected via EEG amplifier (Brain Vision LLC, Morrisville NC) and recorded using BrainVision
PyCorder. Data were digitized to a sampling rate of 2000 Hz. Experiment timing and hardware
setup were otherwise the same as described for the main experiment. To ensure the stimulus was
onscreen during the desired frame, the NeuroBS draw command was issued half the display
screen refresh period (or approximately 8 ms) in advance of the desired draw frame. For
example, to present the visual stimulus at a latency of 150 ms, the intended draw command

latency was 142 ms after the final theta burst tetanus.
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Display monitor

Stimulus draw
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Stimulation artifact
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Figure 4.4. Setup for validation of visual stimulus timing relative to TMS. Custom
NeuroBS Presentation scripts on the experimental computer were used to trigger the
theta-patterned stimulation protocol via TTL output to the stimulator. The visual stimulus was
cued for display at some latency after the stimulation trigger (e.g., 2150 ms). The actual timing
of the visual stimulus was recorded via TTL output simultaneous with the draw command.
Actual timing of the stimulation was recorded as by analysis of stimulation artifact on a
photosensor adhered to the display monitor.

4.3 Results

Participants and in-network stimulation sites

Data were collected from 15 participants per experiment for a total of 30 participants. All
participants passed standard MRI and TMS safety screenings (Rossi et al., 2009). Study
protocols were approved by the Northwestern University Institutional Review Board. Subjects

provided written informed consent prior to participation.
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In-network stimulation targets were identified for each participant based on resting state fMRI
connectivity analyses (see Materials and Methods: Selection of stimulation targets). We
noted differences in stimulation site selection across Experiments 1 and 2. In-network target
selection was restricted as-intended to the inferior parietal lobule across all participants in
Experiment 2; however, stimulation was targeted anterior of the supramarginal gyrus in several

participants in Experiment 1 (Fig. 4.5; see Discussion).

Experiment 1 Experiment 2

# participants

Figure 4.5. Left parietal (in-network) stimulation locations across the participant cohort.
Group-level in-network stimulation locations plotted for Experiment 1 (left, n =15
participants) and Experiment 2 (right, n = 15 participants) on an MNI template (Holmes et al.,
1998). Color indicates the number of participants with overlapping stimulation sites to a 10mm
radius. In-network stimulation locations were selected via analysis of functional connectivity
with a hippocampal seed (see Materials and methods: rTMS protocol).

Visual stimuli were presented at desired latency from entraining stimulation

To verify that visual stimuli were presented at the desired lags relative to each rTMS train, we
collected timing validation data (see Materials and Methods: Validation of visual stimulus

timing) in a subset of n = 8 participants from Experiment 1.

Each biphasic stimulation pulse in the rTMS train evoked a highly stereotyped, monophasic

stimulation artifact on the repurposed photosensor. The entraining stimulation protocol produced
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a theta-patterned train of artifact (Fig. 4.6a), including gamma-frequency triplet bursts (Fig.
4.6b; see Materials and Methods: rTMS protocol). We identified the timepoint corresponding
to the peak of the first pulse artifact (see Fig. 4.6a) as the onset of each stimulation train. We
then compared the actual latency between stimulation onset and the visual stimulus draw
command (see Fig. 4.4) to the intended latency for each trial. We term the time difference

between observed and intended latency the trial’s discrepancy.

Validation data were observed for a total of 1726 trials. The mean absolute discrepancy was < 1
ms (SD: 0.8 ms; Fig. 4.6¢). In all but one observed trial, the absolute discrepancy was less than 3
ms, indicating that visual stimuli were presented within 6° of the intended phase in the SHz

entraining oscillation. In a single observed trial, discrepancy was approximately 31 ms.
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Figure 4.6. Visual stimuli were presented within 6° of desired phase on the entraining
oscillation. A) Stimulation artifact on the repurposed photosensor during a sample stimulation
train. Over the duration of the 2 s stimulation train, 11 gamma-frequency triplet bursts were
delivered. Red marker indicates the estimated onset of the stimulation train, at the peak of the
first pulse’s artifact. B) Enlarged panel from A), showing the stimulation artifact during a
single gamma-frequency triplet burst. C) Histogram of discrepancy (difference between actual
and desired visual stimulus onset time) across n = 1726 validation trials . Negative values
indicate that the visual stimulus was presented earlier than the desired phase angle. For
visualization purposes, one outlying trial with a discrepancy of 31 ms is not pictured.

Stimulation did not impact overall memory performance or recall hit rate when
delivered at either encoding or retrieval

Across stimulation and phase conditions, overall memory accuracy was significantly above
chance in both Experiment 1 and Experiment 2 (mean hit rate £ SD, experiment 1: 0.49 £0.1;

experiment 2: 0.62 £ 0.1. t-test of overall hit rates against chance, experiment 1: #(14) = 6.1, p <
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0.001, Cohen's d = 2; experiment 2: #(14) = 10.1, p <0.001, Cohen's d = 3). No effect of
stimulation site was observed on overall memory accuracy for either experiment (Fig. 4.7a.
Paired t-test of hit rates across following in-network versus out-of-network stimulation,
experiment 1: #(14) = -0.86, p = 0.4, Cohen's d = -0.2; experiment 2: #(14) = 1.0, p = 0.3,

Cohen’s d=10.2).

In the recent study from our laboratory supporting immediate effects of theta-burst rTMS on
hippocampal activity (Hermiller et al., 2020; see Introduction), the primary behavioral effect of
hippocampal-network targeted stimulation was to specifically enhance the proportion of hits
which were recalled versus merely familiar. We therefore assessed whether stimulation produced
similar effects in these experiments, despite differences in memoranda and task design compared
to the 2020 study (see Discussion). We calculated the proportion of correct responses that were
associated with a confidence judgement of 6 (‘Remember’) or lower. All participants used the
full range of confidence judgements. However, we observed no enhancement of recall hit rate by
in-network versus out-of-network stimulation (Fig. 4.7b) in either Experiment 1 (mean hit rate +
SD, in-network stimulation: 0.17 £ 0.1; out-of-network stimulation: 0.16 + 0.2. Paired t-test of
recall hit rates by stimulation site: #(14) = 0.16, p = 0.9, Cohen'’s d =0.03) or Experiment 2 (mean
hit rate £ SD, in-network stimulation: 0.27 £+ 0.2; out-of-network stimulation: 0.26 + 0.2. Paired

t-test of recall hit rates by stimulation site: #(14) = 0.56, p = 0.6, Cohen's d =0.07).
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Figure 4.7. No effect of stimulation site on overall memory accuracy or proportion of
recall hits. Dashed lines connect data from each participant for out-of-network (OUT) versus
in-network (IN) trials. A) Overall memory accuracy by stimulation condition in Experiment 1
(left) and Experiment 2 (right). Horizontal line indicates chance performance. B) Recall hit rate
(i.e., proportion of hits where the memorandum was remembered) by stimulation condition in
Experiment 1 (left) and Experiment 2 (right).

Effect of phase on memory accuracy was observed when stimulation was delivered
at encoding, but not retrieval

We next investigated the effect of stimulation phase on memory accuracy. Based on the a priori
hypothesis that stimulation targeted to the hippocampal network would induce minimal and
maximal performance at opposite phases on the entraining oscillation (see Chapter 3), we
compared performance across trials with jitters at 180° intervals (i.e., peak versus trough and
falling versus rising phases). To control for potential indirect effects of stimulation including
sensory entrainment, we specifically tested whether these effects were present following
in-network versus out-of-network stimulation. We restricted our initial analyses to only trials in

the first theta cycle after stimulation, which we hypothesized would produce the strongest effect
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of entrained phase on memory (due to entrainment decaying over time; Demeter et al., 2016;

Solomon et al., 2021).

In Experiment 1, we observed an effect of in-network stimulation phase on memory performance
specifically for rising versus falling trials (Fig. 4.8b. AHit rate + SD, rising: 0.01 + 0.1; falling:
-0.11 + 0.1. Paired t-test of Ahit rates: #(14) = 3.0, p = 0.009, Cohen’s d = 1). In contrast, no
effect was observed for peak versus trough trials (AHit rate = SD, peak: 0.0 + 0.2 ; trough: 0.0 +
0.2. Paired t-test of Ahit rates: #(14) = 0.14, p = 0.9, Cohen’s d =0.04). Ad-hoc analyses of
memory accuracy for each stimulation condition (Fig. 4.8a) suggested that the rising versus
falling effect was primarily driven by the out-of-network stimulation condition. We observed a
significant difference across rising and falling trials following out-of-network stimulation (Fig.
4.8a. Mean hit rate = SD, rising: 0.47 &+ 0.1; falling: 0.56 = 0.1. Paired t-test of rising versus
falling hit rate: #(14) = -2.9, p = 0.01, Cohen's d = -0.8) but not in-network stimulation (Fig.
4.8a. Mean hit rate = SD, rising: 0.49 £ 0.2; falling: 0.45 £ 0.2. Paired t-test: #(14) = 1.0, p = 0.3,

Cohen’s d=10.2).

In Experiment 2, we observed no effect of in-network stimulation on memory performance for
either rising versus falling (Fig. 4.8d. AHit rate + SD, rising: 0.03 + 0.1; falling: -0.0 £ 0.2.
Paired t-test of Ahit rates: #(14) = 1.0, p = 0.3, Cohen's d = 0.2) or peak versus trough trials
(AHit rate + SD, peak: 0.1 £+ 0.1; trough: 0.0 + 0.1. Paired t-test of Ahit rates: #(14)=-1.3,p=

0.2, Cohen’s d=-0.5.
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Figure 4.8. Hippocampal network-targeted entraining stimulation produces
phase-dependent memory effect during encoding. Dots indicate mean hit rate across
participants (n = 15 per experiment). Error patches indicate + 1 SEM across participants. Patch
color indicates extrapolated theta phase (see x-axis legend). A) Memory task performance in
Experiment 1, sorted according to extrapolated phase of the entraining theta-patterned
stimulation. Top: Following in-network stimulation. Bottom: Following out-of-network
stimulation. Horizontal line indicates chance performance. B) Difference in hit rate across
in-network and out-of-network stimulation. Horizontal line indicates no difference across
stimulation conditions. Asterisk indicates phase conditions with significant hit rate differences
across 180° intervals (** p <0.01). C, D) As in panels A) and B), for Experiment 2.
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Stimulation protocol did not produce cumulative effects on memory performance
The entraining rTMS protocol used in Experiments 1 and 2 resembles iTBS (see Introduction)

in terms of train length and intertrain interval. However, whereas facilitatory iTBS protocols
typically deliver 20 trains of 2 s TBS, our entraining stimulation was delivered in blocks of 9
trains, with a variable interval between blocks (driven by variable participant response latencies
as well as breaks between blocks). Modifying the number of trains delivered, intertrain interval,
and rest period duration between sessions for theta-burst protocols has previously been
demonstrated to diminish or reverse the original effect direction (Gamboa et al., 2010; Gamboa

et. al, 2011; Benali et al., 2011).

It was therefore unclear whether the entraining rTMS protocol may have led to cumulative
effects on network excitability, with consequent effects on task performance. To investigate, we
assessed task performance according to position in the experimental session. For each
participant, trials were divided into tertiles according to position in the stimulation session.
Tertiles comprised 4 blocks each of in-network and out-of-network stimulation trials. Accuracy
was then computed within each tertile. We observed no effect of experimental session order on
memory performance in either Experiment 1 or Experiment 2 (Fig 4.9a,d. One-way repeated
measures ANOVA (effect of tertiles), experiment 1: f{2)=0.12, p =0.9; experiment 2: f(2) =
0.07, p = 0.9. Participant:tertile interaction, experiment 1: f(2) = 0.24, p = 0.8; experiment 2: f{2)

=0.14, p = 0.9).

No effects were revealed by restricting the analysis to either in-network stimulation trials (Fig
4.9b,e. Effect of tertiles, experiment 1: f{2) = 0.76, p = 0.5; experiment 2: f2) = 0.03, p> 0.9.
Participant:tertile interaction, experiment 1: f{2) = 0.69, p = 0.5; experiment 2: f2) = 0.004, p >

0.99) or out-of-network stimulation trials (Fig. 4.9¢,f. Effect of tertiles, experiment 1: f{2) =



81
0.05, p > 0.9; experiment 2: f{2) = 0.04, p > 0.9. Participant:tertile interaction: experiment 1: £{2)
=0.08, p = 0.9; experiment 2: f(2) = 0.18, p = 0.8). These findings support that the entraining

rTMS protocol did not produce cumulative effects on task performance.
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Figure 4.9. No effect of position in the experimental session on memory performance.
Memory task performance presented as a function of position tertile in the experimental
session. Dots indicate mean hit rate across participants (n = 15 per experiment). Error patches
are drawn at £ 1 SEM. A-C) Task performance by tertile in Experiment 1: A) For all trials. B)
Restricted to in-network stimulation trials. C) Restricted to out-of-network stimulation trials.
D-F) As A-C), for Experiment 2. No effect of tertile on memory performance was observed in
either experiment.

Participant response latency predicts memory accuracy when stimulation was
delivered at retrieval, but not encoding

To assess how differences in task design may have contributed to differences in the effects of
stimulation-induced theta phase on memory accuracy across experiments, we analyzed
differences in participant response latencies and the relationships between trialwise response
latency and accuracy. Response latencies were measured in each trial from the presentation of
the R/G/B associates until the participant’s keypress. Participant response latencies were
significantly greater in Experiment 1 than Experiment 2 (mean response latency across

participants £ SD, experiment 1: p = 3404 + 1141 ms; experiment 2: p = 1584 + 442 ms; paired



82
t-test: #(14) =4.8, p <0.001). No differences were observed between response times following
in-network versus out-of-network stimulation in either experiment (paired t-test of mean
latencies following in-network versus out-of-network stimulation, experiment 1: #14) =-0.36, p

=0.7; experiment 2: #(14) =-0.12, p>0.9).

To analyze the relationships between response latency and accuracy, we divided trials into
quartiles according to response latency for each participant. Within each quartile, we then
computed each participant’s hit rate (Fig. 4.10a,d). We observed a marked negative relationship
between response latency and accuracy which was specific to Experiment 2 (Fig. 4.10d. r =
-0.54, p <0.001). This relationship was present for both in-network stimulation trials (Fig.
4.10e. Linear correlation: » =-0.47, p < 0.001) and out-of-network stimulation trials (Fig. 4.10f.
r=-0.52, p <0.001). No such significant linear relationships between response latency and
accuracy were observed for Experiment 1 (Fig. 4.10a-c. All trials: » =-0.22, p = 0.08;

in-network trials: »=-0.14, p = 0.3; out-of-network trials: »=-0.20, p = 0.1).
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Figure 4.10. Differences in the relationship between response time and performance
across Experiments 1 and 2. Each circle represents mean memory performance in that
quartile for one participant (n = 15 per experiment). Linear regression (blue) plotted alongside
95% prediction intervals (red). Asterisk indicates a significant linear relationship between
performance and response time (**p < 0.001). Horizontal line indicates chance memory
performance. A) Memory task performance across all trials in Experiment 1. B-C) Memory
task performance in Experiment 1 following in-network (B) or out-of-network (C) stimulation,
sorted according to response time. D-F) As in panels A-C), for Experiment 2.

4.4 Discussion

The experiments described in this chapter investigated whether hippocampal memory function
varies with the phase of theta-patterned rTMS targeted to functionally connected cortical sites.
We hypothesized that if network-targeted stimulation successfully entrained hippocampal theta
phase, then memory encoding and retrieval performance would vary continuously with the phase
of the entrained oscillation. Based on the findings outlined in Chapter 3, we hypothesized that
opposite phases in the entrained oscillation would relate to optimal encoding versus retrieval

performance.

After controlling for indirect effects of stimulation, we observed an effect of phase exclusively

when stimulation was delivered at encoding, with significant differences in subsequent memory
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accuracy for memoranda encoded at the ostensible falling versus rising theta phases. However,
no effect of phase was observed when stimulation was delivered at retrieval. Further, ad hoc
testing revealed that the effect observed at encoding was primarily driven by differences in

performance induced by the control stimulation, rather than the network-targeted entrainment.

Several factors may have contributed to these unexpected results. We note that disparities in the
locations of in-network stimulation sites may have reduced the efficacy of our network-targeted
oscillatory entrainment. In particular, we observe that in a subset of participants in Experiment 1,
the ostensible in-network stimulation was delivered to the postcentral gyrus (Fig. 4.5), anterior of
the anatomical targets where stimulation has been previously demonstrated to impact
hippocampal function (Cash et al., 2022). We speculate that the more disparate site selection in
Experiment 1 was driven by experimenter error. However, site selection error is unlikely to
account for the lack of phase effect at retrieval, as stimulation was appropriately restricted to the

inferior parietal lobule for all participants in Experiment 2.

These experiments reflected a novel attempt to use noninvasive stimulation to manipulate the
oscillatory phase of deep structures. However, it is unclear whether network-targeted stimulation
successfully entrained the hippocampal theta phase in either experiment. In previous
investigations of phase entrainment at the cortical target, stimulation has been found to enhance
oscillatory power at the stimulated frequency (see Chapter 1.2). We therefore expected that
successful phase entrainment of hippocampal theta would coincide with enhancement of
hippocampal theta power. As hippocampal theta power in the prestimulus period is associated
with improved subsequent memory (Fell et al., 2011), we anticipated that in-network stimulation

would enhance overall (i.e., phase-indifferent) memory accuracy. However, in-network
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stimulation did not impact overall accuracy relative to out-of-network control stimulation in

either experiment.

A previous study from our laboratory observed enhancement of recall hits — but not of overall
memory accuracy — by single trains of network-targeted, theta-burst rTMS delivered before
memorandum presentation (Hermiller et al., 2020). In contrast, we observed no effects of
stimulation site on recall hit rate. It is unclear to what extent differences in the memory task
across that study and the experiments described in this chapter (including visual stimulus
duration; control stimulation locations; memorandum type; and confidence judgement reporting)
contributed to this difference, in addition to the off-target stimulation noted above. Nevertheless,
these findings suggest that single trains of theta-burst, network-targeted stimulation failed to

consistently entrain the phase of the hippocampal theta oscillation.

Without evidence for successful phase entrainment by network-targeted stimulation, it is difficult
to draw conclusions about the role of theta phase in human hippocampal memory. These
experiments demonstrate the need for alternative approaches, including alternative causal
manipulations of hippocampal theta phase, to investigate the impact of theta phase-dependent

connectivity changes (Chapter 3) on memory performance.
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Chapter 5: Discussion

5.1 Conclusions

Hippocampal-dependent memory is thought to be supported by distinct connectivity states, with
strong input to the hippocampus benefitting encoding and weak input benefitting retrieval.
Previous research in rodent models suggests that the hippocampal theta oscillation orchestrates
the transition between these states, with opposite phase angles predicting minimal versus
maximal input; however, it is unclear whether a homologous phase-dependence exists in
humans. In this dissertation, I presented two lines of research investigating this question: first, by
assessing whether human hippocampal connectivity varies with theta phase; and second, by

assessing whether human hippocampal-dependent memory varies with theta phase.

In the study described in Chapter 3, we used intracranial stimulation to probe hippocampal
connectivity with network afferents over the course of the theta oscillation. We found a
significant continuous relationship between hippocampal theta phase at stimulation onset and the
amplitude of the evoked hippocampal response. Maximal differences in evoked response
amplitude were obtained when stimulation was delivered across a consistent 180° interval on the
local theta oscillation. These findings demonstrate that the human hippocampus undergoes
theta-locked changes in network connectivity, supporting a homology with the phase-dependence

of memory performance previously observed in animal models.

In the studies described in Chapter 4, we investigated the relationship between human
hippocampal theta phase and memory performance. We attempted to phase-entrain the
hippocampus via rTMS targeted to functionally connected cortical locations; however, we were

unable to verify the efficacy of this method. In particular, there was no effect of
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hippocampal-network targeted stimulation versus out-of-network stimulation on overall memory
accuracy or recollection accuracy, suggesting a failure to enhance hippocampal theta power.
Although we observed an effect of phase on memory encoding, with significant accuracy
differences across the ostensible rising versus falling phases, it is unlikely that this effect was
caused specifically by hippocampal phase entrainment. Understanding the role of
phase-dependent connectivity changes in memory therefore remains a crucial avenue for

research into human hippocampal function.

5.2 Future directions

Local theta phase and hippocampal network connectivity
In Chapter 1, I described how the theta oscillation varies throughout the hippocampus,

undergoing phase shifts both across hippocampal layers and down the long axis. Previous studies
of hippocampal phase-dependent connectivity have suggested that hippocampal connectivity
relates to phase as recorded at some particular hippocampal depth — commonly, that entorhinal
input is maximized at theta trough, as measured near the CA1 fissure (e.g., Hasselmo, 2002).
Studies which target different hippocampal layers (and positions on the long axis) have reported
different specific phase angles relating to minimal and maximal connectivity; but as theta phase
shift is consistent between layers (Lubenov & Siapas, 2009), these findings have been interpreted
as merely layer-shifted versions of the nominal, fissural model (e.g., Siegle & Wilson, 2014;

Hyman et al., 2003; Douchamps et al., 2013).

In Chapter 3, we observed changes in hippocampal connectivity related to the phase of the local
theta oscillation (that is, the theta oscillation as recorded from an interlaminar macroelectrode).

Hippocampal electrodes varied across and within subjects in both laminar depth and position on
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the long axis. Despite this variable placement — and concomitant variable theta phase across
electrodes — we observed consistent changes in local connectivity according to specific local
theta phase angles. I hypothesize that changes in hippocampal connectivity related to the theta
oscillation may 1) coincide with local, rather than unitary theta phase; and 2) occur locally, rather
than globally across the hippocampus. In other words, hippocampal network connectivity
changes may occur slicewise down the septotemporal axis (according to e.g. fissural theta phase
within that coronal slice), rather than globally across the hippocampus according to phase at

some particular location.

Previous work has demonstrated functional specialization along the long axis, with septal versus
temporal hippocampus variously associated for example with non-spatial versus spatial memory,
emotionally-valenced versus non-valenced learning, and large- versus small-scale spatial
representations (see Poppenk et al., 2013; Strange et al., 2014). Connectivity changes according
to local theta phase may be one mechanism contributing to this segregation of function. Septal
versus temporal hippocampus segments receive projections from distinct portions of entorhinal
cortex, with a smooth mapping of entorhinal to hippocampal space (Canto et al., 2008; see
Strange et al., 2014). The proposed model of slicewise connectivity change may therefore relate
to a smooth connectivity gradient across the entorhinal cortex, where input from dorsolateral
versus ventromedial entorhinal cortex (using gradient directions in rodent) is enhanced at a given

timepoint.

This model may help explain the consistent relationship between fissural theta phase and
connectivity observed in animal studies, despite differences in long-axis recording locations. In

addition to the findings described in Chapter 3 related to local theta phase, the 2014 study by
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Siegle & Wilson demonstrated that disruptive optogenetic stimulation produced dissociable
effects on encoding versus retrieval according to local theta phase. While this finding is not
consistent with the extant model of global hippocampal connectivity changes — which predicts
different phase angles associated with encoding versus retrieval, according to the local phase
offset to some reference location — it may be explained by the proposed slicewise
phase-dependence. Research assessing this model might characterize the phase angles associated
with some putatively segregated hippocampal function. If connectivity changes occur globally
across the hippocampus, then the same timepoint is likely to be associated with e.g. spatial and
nonspatial encoding. In contrast, if connectivity changes occur locally, then different timepoints
are likely to be associated with spatial versus nonspatial encoding, according to the magnitude of

long axis phase shift (such that septal and temporal fissural theta are respectively at trough).

Hippocampal-dependent memory and theta phase

Why did we attempt to entrain hippocampal theta noninvasively in our investigation of theta
phase and memory? Noninvasive entrainment of the theta oscillation primarily appealed as an
opportunity to investigate phase-dependent memory in the healthy hippocampus. Invasive
recordings are obtained opportunistically in patients undergoing clinical monitoring and
treatment for neurologic disease or injury. Participants in the study described in Chapter 3 were
undergoing monitoring for suspected temporal lobe epilepsy, which is associated with episodic
memory impairment (Mayeux et al., 1980; Helmstaedter & Kockelmann, 2006) as well as
changes to hippocampal structure and function (Helmstaedter & Kockelmann, 2006; Gelinas et
al., 2016). It is unclear whether disease-related changes to the hippocampus might impact the
relationship between hippocampal network connectivity and memory function. In addition, the

logistical constraints of working with patients undergoing invasive monitoring — including a
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small subject pool, limited duration of the experiment session, and variable placement of
recording and stimulating electrodes — may restrict the length and design complexity of studies

using invasive rather than noninvasive methods.

Despite these limitations, future research may use invasive methods to characterize the
relationship between endogenous theta phase and memory. In the study described in Chapter 3,
stimulation pulses were delivered without regard for theta phase; I performed post hoc sorting
according to phase at stimulation onset to analyze the effect of phase on hippocampal network
connectivity. Analogously, future work could investigate memory performance according to theta
phase at stimulus presentation (or, perhaps more relevantly, according to the timing of the

hippocampal evoked response).

Invasive stimulation may also prove an important tool to carry out causal manipulations of theta
phase during task performance. Recent work by Solomon and colleagues demonstrated that
direct electrical theta burst stimulation of the human medial temporal lobe rapidly evokes theta
oscillations in widespread brain regions. Oscillations were preferentially induced at the
frequency of stimulation, and decayed within only a few theta cycles of the end of stimulation
(Solomon et al., 2021), supporting that the effect was related to phase-entrainment of the
endogenous theta rhythm. Numerous studies in animal models have demonstrated the
effectiveness of direct electrical stimulation of hippocampal afferents to induce hippocampal
theta oscillations (with theta-patterned stimulation, as in McNaughton et al., 2006; Shirvalkar et
al., 2010) as well as to modify hippocampal theta phase (by inducing phase-reset with

single-pulse stimulation; Williams & Givens, 2003). Further research would be necessary to



determine whether and how to optimally apply direct electrical stimulation to consistently

modify hippocampal theta phase.
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