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Abstract of the Dissertation

Characterization of hippocampal subregional
cross-frequency associations, and the effect of Deep

Brain Stimulation on memory performance in Humans

by

Natalia Tchemodanov
Doctor of Philosophy in Biomedical Engineering

University of California, Los Angeles, 2016

Professor Itzhak Fried, Co-Chair

Professor Dario L. Ringach, Co-Chair

Deep brain stimulation (DBS) of the Medial Temporal Lobe (MTL) in humans has offered

promise for improving hippocampal-dependent learning and memory, yet little is known

about how it modulates the electrophysiological mechanisms associated with hippocampal

communication. Here, we explore the role of theta-gamma coupling, a putative entorhinal-

hippocampal organizing mechanism, in successful memory formation, while human subjects

implanted with intracranial electrodes engage in hippocampal-dependent memory tasks. Our

results suggest that entorhinal area DBS, previously shown to be associated with memory

enhancement, also results in substantial coupling of theta and gamma oscillations within the

hippocampus, suggesting a possible mechanism for stimulation related memory enhancement.

Further, we address hippocampal cross-frequency dynamics during encoding and retrieval at

the level of hippocampal subfields, showing that CA1 theta high-gamma coupling increases

preferentially during encoding of subsequently recollected objects, while both CA1 and CA2-

3-DG exhibit memory specific cross-frequency coupling changes during retrieval. Finally, we

perform a multi-task analysis to assess how generalizable is the effect of DBS across multiple

entorhinal stimulation targets, memory modalities, and stimulation protocols; our results

show that stimulation of entorhinal white matter enhances declarative memory encoding.
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CHAPTER 1

Introduction

1.1 Motivation

Deep brain stimulation (DBS) of the Medial Temporal Lobe (MTL) in humans has offered

promise for improving hippocampal-dependent learning and memory, yet little is known

about how stimulation of different targets in the MTL affects memory, as well how this stim-

ulation modulates the electrophysiological mechanisms associated with hippocampal com-

munication as well as successful encoding and retrieval.

In the current work, we explore the role of theta-gamma coupling, a putative entorhinal-

hippocampal organizing mechanism, in successful memory encoding and retrieval, while hu-

man subjects implanted with intracranial electrodes engage in a hippocampal-dependent

memory task. Additionally, we assess the effect of DBS delivered to the entorhinal area

on hippocampal theta-gamma coupling mechanisms. Finally, we perform a comprehensive

multi-task analysis to assess how generalizable is the effect of DBS across multiple entorhinal

stimulation targets, memory modalities, and stimulation protocols.

1.1.1 Cross-frequency coupling during encoding and retrieval

Decades of research have implicated the hippocampus and associated structures in the me-

dial temporal lobe (MTL) as central to mediating the processes which support memory

encoding and retrieval [1, 2]. Communication between various subfields in the hippocam-

pus, as well as with the entorhinal cortex are thought to support this function by forming

neural ensembles that represent objects in memory, and by mediating their selective reac-
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tivation during retrieval. An important research topic that remains open is the search for

a candidate mechanism that could be suited for such an organizational role. The coupling

of gamma power (30-125 Hz) to the phase of the theta band (3-8 Hz), known as theta-

gamma cross-frequency coupling has emerged as a potential organizing mechanism facilitat-

ing hippocampal-entorhinal communication; Recent evidence suggests hippocampal subfields

and the entorhinal cortex may communicate via theta-gamma coupling in a complex way to

support successful encoding and retrieval of memories [3–7].

1.1.2 Perturbing the circuit: electrical stimulation of the hippocampal-entorhinal

network

Recently, Deep Brain Stimulation (DBS) of the MTL has been explored as a mechanism for

potentiating neural correlates of learning and memory. Animal studies suggest that targeted

stimulation of the entorhinal area may result in improved entorhinal-hippocampal commu-

nication, as well as in an enhancement of various processes traditionally associated with

successful learning and memory [8–13]. Recently, stimulation of the human Entorhinal area

was reported to enhance spatial learning [14], though what exactly was the neurophysio-

logical effect of this stimulation on the hippocampual-entorhinal system remains an open

question.

1.2 Outline of thesis topics.

In Chapter 2 of this thesis, we address hippocampal cross-frequency dynamics during encod-

ing and retrieval at the level of individual subfields, as patients perform a hippocampally-

driven object recognition task. Briefly, we will show that CA1 theta gamma coupling in-

creases preferentially during encoding of subsequently recollected objects, as well examine

evidence of memory specific CA1 and CA2-3-DG cross-frequency coupling changes during

retrieval.

In Chapter 3 we will leverage the finding published earlier in our lab [14], which showed a
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memory benefit for locations learned during deep brain stimulation (DBS) of the entorhinal

white matter area compared to locations learned without stimulation. Here, we look at

electrophysiological effects of entorhinal area stimulation; our results suggest that DBS of

the human entorhinal area that enhances memory also results in substantial coupling of theta

and gamma oscillations within the hippocampus, suggesting a possible neurophysiological

mechanism for stimulation related memory enhancement.

In Chapter 4 we will focus on generalizing the behavioral correlates of DBS adminis-

tered to the human entorhinal area, by pooling data from multiple hippocampal-dependent

memory studies in which entorhinal DBS was administered with a variety of stimulation

protocols, as well as to electrode targets localized post hoc to either white or grey matter

locations of the entorhinal area. Briefly we show that stimulation of entorhinal white matter

enhances declarative memory encoding, an effect that is robust across all of the other factors

under consideration.

Together, this work aims to investigate the memory-supporting role of theta-gamma cou-

pling in individual human hippocampal subfields, as well as assess whether this mechanism

is readily modulated by entorhinal deep brain stimulation. A long-term goal of this work is

to develop a closed-loop system for using entorhinal stimulation to improve memory perfor-

mance by responding in real time to brain states related to memory. This requires identifying

a neural mechanism that is relevant to memory performance and that also can be modulated

by entorhinal stimulation. This work presents a first step towards this overarching goal.
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CHAPTER 2

Hippocampal subregional cross-frequency coupling

during encoding and retrieval

2.1 Introduction

In this chapter we will explore the role of cross-frequency (theta-gamma) coupling in encoding

and retrieval processes. Hippocampal subfields are thought to support episodic memory

by forming neural ensembles that represent objects in memory, and by mediating their

selective reactivation during retrieval. Interactions between hippocampal subfields are crucial

to orchestrate this process. The coupling between theta phase and amplitude of gamma has

emerged as a potential mechanism that may play this organizational role: recent evidence

suggests hippocampal subfields may communicate via theta-gamma coupling in a complex

way to support memory [5–7,15]. In particular, literature suggests that theta coupled to the

lower band of gamma (30 - 50Hz) may be specifically activated at retrieval; This is supported

by recordings from the human medial temporal lobe, as well as rodent CA3 and CA1 region

during the stages of memory tasks when successful memory retrieval was thought to occur

[5, 6, 16]. The slow gamma oscillations in the CA3 region, and in particular CA3 —CA1

synchronization, have been shown to be central to memory retrieval processes [17, 18]. On

the other hand, hippocampal theta oscillations also couple to the high gamma power band (75

- 125 Hz.) at a different preferred theta phase (as compared to the preferred phase of theta-

low gamma coupling) [19], and have been shown to be associated with encoding success [20].

High-gamma oscillations in the CA1 subregion have been shown to reflect sensory input

from medial entorhinal cortex (MEC), and display stronger theta-gamma coupling during

4



behavioral stages where sensory input is associated with memory formation [15, 21, 22]. A

theory proposed by Colgin et al. suggests that CA3-driven synchronization of gamma activity

in the hippocampus may be mediated by theta-low gamma coupling, and put it in a state

optimal for memory retrieval, whereas MEC-CA1 input-driven theta-high gamma coupling

may optimize sensory input into the hippocampus and be associated with successful memory

encoding, suggesting that the coupling of theta to two different gamma bands at different

phases may be a mechanism by which encoding and retrieval are functionally dissociated

[4]. Human studies provide a greater opportunity to control for the onset of encoding and

retrieval epochs, however no analysis of theta-gamma coupling targeting individual human

hippocampal subfields has been done to date; In the current study we utilize a hippocampal-

dependent Object Recognition task, with an encoding stage followed by a recognition-driven

retrieval stage. This design allows to directly assess epochs when encoding and retrieval of

memories of objects occurs, as well as assess memory quality. The first question we aim to

address with the current study is whether theta gamma coupling is functionally dissociated

during encoding and retrieval states. In particular, we hypothesize that if theta-high gamma

coupling (THG) does in fact facilitate encoding and not retrieval, it will be significantly

increased during encoding as compared to retrieval. Converesely, we hypothesize, that theta-

low gamma coupling (TLG) will be enhanced during retrieval as compared to encoding.

Secondly, we would like to address the growing evidence that theta-gamma coupling affects

encoding or retrieval success in a subregion-specific way. We hypothesize that THG will be

selectively enhanced in CA1 during encoding of subsequently recollected objects, while TLG

coupling will be observed in both CA3 and CA1 subregions, and will be selectively enhanced

during correct retrieval.
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2.2 Methods

2.2.1 Subjects

Sixteen adult neurosurgery patients, implanted with 8-12 intra-cranial depth electrodes for

7-10 days for pharmacoresistant epilepsy monitoring at the UCLA Ronald Reagan Medi-

cal Center were the subjects of the study. Placement of the electrodes was determined by

clinical criteria, and activity was monitored to determine feasibility of, and to target subse-

quent surgical resection. After data preprocessing and behavioral analysis, twelve patients

remained, as 4 were eliminated from the study due to presence of epileptic discharges in the

data, or floor (ceiling) performance on behavioral task. All patients provided informed con-

sent to participate in the study, which was hitherto reviewed and approved by the Medical

Institutional Review Board at UCLA.

Clinical characteristics. Prior to electrode placement patients underwent Neuropsycho-

logical testing, which included the calculation of Verbal IQ and Digit span (attention) (Wech-

sler Adult Intelligence Scale); Verbal Memory (long-delay free-recall portion of the California

Verbal Learning Test, and the logical memory portion of the Wechsler Memory Scale); Vi-

sual Memory (30-second delayed version of the Rey-Osterrieth Complex Figure Test), and

Executive Function (Trail Making Test, Part B.) [23–27]. Participant age ranged from

20-48, (mean: 30.17±9.63 SD); 7/12 participants were female, and 9/12 were right-handed.

Participant neuropsychiatric scores are summarized in Table 2.5.

Seizure Activity. The electrophysiological profile of seizures varied from patient to pa-

tient. Table 2.6 details electrode locations in the subregions of the hippocampus, as well

as clinically - determined seizure onset zones. We assessed the possible impact of aber-

rant electrophysiological activity in our by – patient analysis by eliminating trials in which

epileptiform oscillatory activity was detected (trial removal occurred in 9/12 patients).
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2.2.2 Electrophysiology

Electrodes. Each of the 9-12 electrodes (figure 2.1) is composed of a hollow cannula containing

macro iEEG contacts along its shaft, and as a microelectrode bundle, which is fed through

the cannula, and emerges from the tip of the implanted intracranial electrode. This setup

allows to simultaneously record depth iEEG signal on the macro contacts, as well as localized

Local Field Potentials (LFPs) and single neurons (units) from microelectrodes implanted in

awake, behaving human participants. Each of 8—12 microelectrode bundles contains nine

40-µm platinum-iridium microwires (8 extracellular recording electrodes, and 1 reference),

resulting in 64 – 96 microelectrode recordings localized in various deep orbito- and pre-frontal,

cingulate, mediotemporal, and other regions, including individual hippocampal subfields.

Microelectrode LFP and single unit recordings from electrodes localized to the hippocampus

were the focus of this study.

Recording. During the study the subjects sat in bed and completed the task on a laptop

computer, with each session lasting 30—60 minutes. Electrophysiological data from micro-

electrodes is recorded and analog filtered between 0.3Hz and 7.5kHz using a 128-channel

Neuroport recording system sampled at 30kHz, (Blackrock Microsystems, Salt Lake City,

UT). The Object Recognition behavioral task was presented via a custom-written MATLAB

script, which utilized the psychophysics toolbox [28] to present stimuli, and send event trig-

gers signifying button presses as well as image onsets/offsets over a serial connection to the

data acquisition system to be recorded on the same clock as neural data for event-related

parsing of neural data. For further details on recording methods used see [29–34].
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Figure 2.1: Depth electrode human neurophysiology set-up

a) micro- and macro- electrode recordings are collected from an awake, behaving human

subject interacting with a behavioral paradigm via a laptop b)Example MRI showing 7-12

depth probes implanted into deep cortical regions c)A Fried-Benke probe, including 7 macro

contacts along the shaft, as well as 9-lead microelectrode bundle protruding from tip.

2.2.3 Localizations

Image processing methods We utilized the BrainLab stereotactic and localization software

(http://brainlab.com) [35,36], as well as FSL FLIRT (FMRIB’s Linear Regression Tool) [37,

38] to co-register the post-operative high-resolution CT to the pre-operative whole brain

MRI; To delineate hippocampal subfieds and other medial temporal regions, automated

segmentation was performed via the ASHS [39,40] software, utilizing boundaries determined
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from MRI visible landmarks correlating to underlying cellular histology [41, 42]; FSL FAST

software was used to separate grey matter, white matter, and cerebrospinal fluid (CSF) [43].

Sample electrode localizations are shown in Figure 2.2.

Figure 2.2: Example of microelectrode localizations to hippocampal subre-

gions and MTL landmarks

a)Micro-electrodes (blue cross) mapped on CT scan (bottom) co-registered to CA1 subfield

(green) mapped on high-resolution MRI (top). b) Analogous procedure mapping micro-

electrodes (yellow cross) to CA2-3-DG combined subfield (blue).

Previously, similar methods have been used for analysis of structural or functional disso-

ciations in subregions of the human mediotemporal lobe [44–46].

Classifications The above procedure resulted in classification of each hippocampal micro-

electrode bundle as ‘CA1’, ’CA2/3/DG’,’Subiculum’,’Other’. ‘White matter’ electrodes, as

well ’Subiculum’ and those with ‘Other’ hippocampal subregion classification were excluded

from further analysis.
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2.2.4 Task

The task was divided into 1-6 blocks, with each block consisting of Encoding, Distractor,

and Retrieval stages.

Encoding stage. A set of 30 - 50 images of objects are presented for 4 seconds. Each

image is preceded by a fixation dot, which lasts for 4.5±0.5 seconds with a pseudo-randomly

generated jitter period of ±0.5 sec. The patient is prompted to respond whether a specific

object is larger or smaller than a shoebox, and to report their choice by pushing the appro-

priate button when the object appears (Figure 2.3a). The number of stimuli in the Encoding

task depends on individual memory of patient, and was be altered prior to each individual

block in order to make the task appropriately challenging.

Distractor stage. During the 30-second distractor task, the patient is shown a series of

digits for 0.6 seconds each, and is prompted to press buttons corresponding to odd or even

numbers (Figure 2.3b).

Retrieval stage. Each encoded image is associated with a lure (a different object of

the same type) as well as a foil (a visually dissimilar object from a related but different

category). All lures, foils and encoded images are shuffled and presented in a forced-choice

quiz, which instructs the patient to assess how sure he or she is whether an image is old

or new (1—Definitely new, 2—Likely new, 3—Maybe new, 4—Maybe old, 5—Likely old,

6—Definitely old) (Figure 2.3c).

The initial four subjects (444—450) completed a slightly different version of the paradigm,

where they were not prompted to provide a size judgment (bigger/smaller than a shoebox)

during the Encoding stage, hence for these subjects object encoding occurred in an incidental

fashion.
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Figure 2.3: One block of the object recognition task

a) During the Encoding stage 20-50 images of objects were shown for 4 sec. b) During the

Distractor stage, subjects were instructed to push the left (right) key when they see an odd

(even) number. Numbers were shown for 0.6 seconds each. c) During the retrieval stage the

subjects were presented all of the items present in the encoding stages as well as an equal

number of both, lures (semantically similar objects), and foils (unrelated objects), which

they ranked as old or new by selecting numbers 1-6.

2.2.5 Preprocessing

After data acquisition, the raw electrophysiological data was preprocessed utilizing the Pa-

tient Data Manager, a database and MATLAB code pipeline developed in our lab to auto-

mate data processing and parse datasets into a trial-based analysis framework.
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Motion artifact rejection: Each set of 8 channels corresponding to a specific brain region

is analyzed together for presence of high-amplitude artifact. Due to low trial counts we

retain trials where such signal is present, however generate a masking vector that may

be used to eliminate those bad regions during analysis. Any sample that is more than

6 interquartile ranges removed from the median is designated a potential artifact. Then,

potential artifacts that are simultaneously detected on at least half of the leads are attributed

to movement, and recorded as artifacts. The temporal locations of these artifacts are stored

in a separate masking vector, which contains islands of masking values (NaNs), whose indices

corresponding to location of artifacts in the continuous data signal. This masking vector can

be multiplied with the continuous signal in order to remove noisy regions.

Filtering: Continuous 30 kHz data was filtered with a coarse low-pass 300Hz corner

frequency least squares finite impulse response (FIR) filter consisting of 300 tabs, and deci-

mated to a sampling rate of 1 kHz. This coarsely-filtered downsampled signal, was further

high-passed at 1Hz to remove any DC drift, generating a clean lfp signal. A filter bank of

bandpass signals at relevant EEG bands was generated by filtering the lfp signal through a

series of least-squares FIR filters for which the filter order was computed as three times the

rounded ratio between the lower frequency band and the sampling rate. Filter implemen-

tation was similar to eegfilt.m function in the EEGLAB toolbox [47]. EEG bands include

Theta (3—8 Hz.), Alpha (9—15 Hz.), Beta (16—29 Hz.), low Gamma (30—45 Hz.), and

high Gamma (75—125 Hz.). An instance of the motion artifact mask with adjustments for

filter widths was created for each EEG bands. This was done in order to account for the

filtering step, in which convolution of the coarse signal with a filter is expected to widen

the noisy regions by the number of tabs present in the filter. In order to avoid introducing

phase distortion, filtering was performed in a bidirectional manner via the filtfilt.m matlab

function [47].
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2.2.6 Behavioral analysis

For each session, the object stimuli are separated into three behavioral categories based on

patient responses during Retrieval (quiz) stage. The RECOLLECTED category consists of

images in which the patient correctly identified the target image, while correctly rejecting

its lure. The MISSED category contains all images in which the patient made a mistake

regardless of the lure, and the FAMILIAR category contains stimuli for which the patient

correctly identified the target image as a previously seen image, but also incorrectly accepted

the lure.

Measuring D′: D′ is a measurement that emerges as a result of modeling each subject’s

internal response (i.e,’familiarity’) distribution for retrieval targets (signal), as well as re-

trieval lures (noise). D′ measures the separation between the signal (target) and noise (lure)

distribution means, compared against the standard deviation of the signal plus noise distri-

butions. For normally distributed signal and noise distributions with mean and standard

deviations µS , σS , and µN , σN respectively, D′ is defined as:

D′ = µS−µN√
1
2(σ2

S +σ2
N )
,

and an estimate of D′ is calculated from hit rate and false-alarm rate as: D′ =Zhitrate−

Zfalsealarmrate, where the function Zp, p ∈ ([0,1])) is the inverse of the cumulative distri-

bution function of the Gaussian distribution (hence it is a difference in their two z−scores).

We also computed the subsequent retrieval target Hit Rate for each encoding image as

Pr(′yes′|target), as well as a certainty metric, obtained from button press responses during

the quiz, and which took on the values of 1—(not very certain); 2—(somewhat certain),

and 3—(very certain). To investigate a possible priming effect resulting from quiz lure

stimuli appearing prior to target stimuli and therefore priming the memory, we computed an

isPrimed measurement for each trial, which allowed us to assess whether order of presentation

of target images and their lures may have affected performance (see 2.3.1).
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2.2.7 LFP dataset construction

LFP datasets were created as follows: for each target image belonging to either ’RECOL-

LECTED’ or ’MISSED’ behavioral category, the LFP trace recorded during its encoding

was placed either into the RECOLLECTEDenc or MISSEDenc dataset. Likewise, the LFP

traces collected during the retrieval of its corresponding target and lure was placed into the

RECOLLECTEDretr or MISSEDretr) dataset. The rationale was that the same ’well-formed’

memories were analyzed during encoding as the ones accessed during retrieval.

2.2.8 Computing Phase-Amplitude Coupling with the Modulation Index MI

To compute hippocampal cross-frequency coupling during recollected, or missed trials, we

measured the Modulation Index (MI) between the phase component of a low-frequency (e.g.

theta) band Φθ, and the amplitude component of a high-frequency (e.g. gamma) band Aγhigh
during 0—4 seconds after Encoding image onset, utilizing a previously published method

[48]. For example, to determine MI for N trials of the MISSEDenc dataset, a trial-by-time

matrix pre-filtered at the theta (3–8 Hz) range, {Xθ[t]}1:N , was converted into a complex-

valued signal with the Hilbert transform. Note that a pad of 2 seconds was used on either

side of each trial prior to the filtering as well as computing the Hilbert transform. Further,

trials were truncated to time regions [t0 : tend] corresponding to 0—4sec. after image onset

(and hence removing the pre-filtering pad), and re-shaped into a 1−by−N · [tend− t0] vector

of concatenated trials. Then the phase angle time series of this complex-valued signal was

measured, resulting in the instantaneous phase of the low-frequency band, Φθ. Similarly,

padded lfp trials pre-filted at the high-frequency (e.g. high-gamma) (75—125 Hz) range

{Xγhigh[t]}1:N were converted via the Hilbert transform to complex-valued form, and then

truncated to time regions [t0 : tend] and vectorized; the complex modulus (aboslute value)

was used to compute the instantaneous high-frequency amplitude signal Aγhigh. To measure

strength of coupling between the theta phase Φθ and gamma amplitude Aγhigh, those two

signals were combined into an analytic complex-valued signal via Euler’s formula, and then
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the vector mean was computed, with the raw modulation index measured as the resultant

vector length:

MIraw =
n∑
t=1
|Aγhigh · eiΦθ |, (2.1)

while the preferred phase is measured as the resultant vector’s angle.

Surrogate Analysis: potential autocorrelations in the signal were accounted for by gener-

ating 2000 surrogate Modulation Indices, {MIsurr}1:2000, in which the amplitude component

is shifted with respect to the phase component by a pseudorandomly generated lag value

at least 300 msec. in duration. A normalized MI index MInorm is generated by z-scoring

against the normal distribution fitted to {MIsurr}1:2000.

2.2.9 Statistical Analysis

We used Generalized Estimating Equations (GEE) [49], to model the effect of function (En-

coding/Retrieval), memory condition (Recollected/Missed), and/or subregion (CA1/CA2-

3-DG) on the theta-gamma coupling MI outcome variable. GEE is used to estimate pa-

rameters of a Generalizes Linear Model in a scenario where unknown correlations between

observations (in our case, individual microelectrodes recorded from the same hippocampus)

exist, hence allowing to investigate the relationships between clustered response data and

outcome measures when the observations have been conducted via a within-subject repeated

measures design.

2.3 Results

2.3.1 behavior

The mean target hit rate (rate of correctly identifying target images as OLD), was 0.74±0.09,

whereas false-alarm rate (rate of incorrectly identifying lure images as OLD) was 0.22±0.11.

We utilized the D’ metric to assess recognition memory, and quantify the separation between

the signal (target hits) and noise (lure false alarms) distributions. The D′ indices ranged
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from 0.87–2.42, (D′mean = 1.51±0.53). Figure 2.4 depicts ROC curves for each patient’s D′

scores (Figure 2.7a), including the mean ROC curve, where the ordinate line indicates no

sense of familiarity (chance performance). All 12 patients demonstrated ROC curves with

D′ scores that were well deflected from the ordinate, showing they were engaged in the task.

At the floor of behavior (poor recognition), a critical D′crit = 0.68 threshold was defined

(Figure 2.7b). If the hit and false alarm distributions are modeled as gaussians with respect

to some internal response variable (ie. familiarity), D′crit was such that these distributions

were overlapped to the extent that their point of separation is within one quartile of either

mean. This resulted in elimination of one subject from the orignial 16 (already excluded

from the 12 subjects undergoing analysis). At the ceiling of performance, we eliminated any

subjects in which less than 8 ’MISSED’ trials were detected. Across the 12 subjects, the

mean D’ value was 1.51±0.53. These results are summarized in Table 2.1

16



(a) ROC curves (all subjects) (b) D′ score histogram
Figure 2.4: Estimated D′ ROC curves and D′ histogram for all subjects

a)Curves estimated from inverse of gaussian cdf of hit rate and false alarm rate. Each color

represents an individual subject. Dashed curve represents mean D′. Dots plotted at actual

hit and false alarm rates for each patient. b)Dashed line D′crit = 0.68 is a critical threshold at

which target and lure separation is critically impaired. Each square represents one subject,

color-matched to curves in a.

We addressed the possibility that subjects may use different recognition strategies de-

pending on whether the target or lure first appears on the quiz, which may create inherent

bias during the quiz due to the order in which the target-lure images are presented (for

instance, recollection strategy may differ if a lure image is presented first in the retrieval

quiz, hence ‘priming’ the subsequently appearing target, as compared to the scenario when a

target appears first). Further, this phenomenon may vary across quintiles. Effects of position

quintile, and priming on D’ were assessed with a 2-way repeated measures ANOVA (posi-

tion quintile, priming). In contrast to [50, 51] no effects were found for priming (F=2.019,

p=0.183,MS=3.57,SS=3.57), quintile (F=1.22,p=0.314,MS=1.1,SS=2.125), or for their in-

teraction (F=0.89,p=0.445,MS=1.04,SS=2.67).
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Behavioral metrics during object recognition

Subject

No.

Number of

stimuli

Hit rate False

Alarm rate

No. in memory condition Dprime

(Target) (Lure) Recall Miss Familiar

444 100 0.73 0.07 68 24 4 2.08

445 80 0.74 0.38 20 21 38 0.98

447 80 0.88 0.10 51 8 18 2.42

450 116 0.77 0.33 56 27 33 1.18

452 150 0.52 0.15 62 71 16 1.10

454 190 0.7 0.36 69 57 63 0.87

456 130 0.85 0.12 99 19 12 2.25

460 200 0.77 0.15 139 46 15 1.80

461 98 0.67 0.19 56 32 10 1.31

465 250 0.73 0.13 156 67 26 1.73

466 169 0.81 0.33 86 31 51 1.32

467 149 0.71 0.31 70 43 36 1.06

Average: 0.74±0.09 0.22±0.11 1.51±0.53

Table 2.1: Behavior
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2.3.2 Prevalence of Stimulus-locked power increases

We then used our localization technique to assign hippocampal subregions to each hippocam-

pal recording site (20 hippocampal regions total). Electrodes in 9 hippocampi (7 right and 2

left) were localized to the CA1 subregion and yielded a total of 61 microwire CA1 recording

sites. Electrodes in 11 hippocampi (5 right and 6 left) were localized to the CA2-3-DG

combined subregion, and yielded a total of 71 microwire recording sites.

First, the prevalence of stimulus-locked Theta (3—8hz), Low-Gamma (30—50hz), and

High-Gamma (70—125hz) power increases on CA1 and CA2-3-DG electrodes independent

of cross-frequency coupling was quantified for both encoding and retrieval blocks. Repre-

sentative trial-locked power oscillations prevalent on encoding and retrieval electrodes are

shown in Figure 2.6. The counts of electrodes demonstrating significant event-locked power

oscillations or theta-gamma coupling (regardless of memory condition) were quantified sep-

arately for encoding and retrieval. The filter-hilbert method (section 2.2.5) was utilized to

isolate the power time series for each electrode. For encoding, we compared mean power in

the 0.3 to 1.3 second window after the onset of each encoding trial to a corresponding -2 to

-1 second baseline (fixation) window. For retrieval, we compared mean power in the 0.3 to

0.7 second window after the onset of each encoding trial to a corresponding -0.750 to -0.050

second baseline (inter-trial period) window. In both cases, paired t-tests and false-discovery

rate (fdr) adjustment for multiple comparisons were utilized to quantify power increases on

an electrode-by-electrode basis and to count fractions of electrodes displaying significance,

with ratios modeled as binomial trials (95% CIs computed with Clopper Pearson method).

Overall, the most striking trend is in the relative low counts of CA1 electrodes displaying

evoked theta power increase during both encoding and retrieval (15%; 23%) as compared to

CA2-3-DG electrodes (54%; 49%). Additionally, there is a significant increase in CA1 elec-

trodes displaying high-gamma evoked power increases during encoding (30%) as compared
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to retrieval (13%) (Figure 2.5, red asterisk), and the absence of this effect in CA2-3-DG

electrodes(29%; 28%). Finally, chance level of electrodes display evoked power increase

from baseline in the low-gamma band in both regions and both conditions(CA1:7%, 3% ;

CA2-3-DG:0%, 1%).These data are summarized in figure 2.5 and table 2.2.

(a) % CA1 electrodes showing evoked

power responses

(b) % CA2-3-DG electrodes showing

evoked power responses

Figure 2.5: Percent electrodes showing significant evoked theta, low-gamma,

high-gamma power increases from baseline during Encoding or Retrieval in

CA1 and CA2-3-DG

Red dotted line depicts chance fraction of electrodes; counts have been fdr-corrected.
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Figure 2.6: Sample electrodes showing significant evoked power increases

during Encoding and Retrieval

For each plot, image onset is at t0 = 0. Trials have been sorted by memory condition.

Yellow color indicates increase in normalized power (arbitrary units). Bottom panels display

averaged responses for each memory type. Encoding trials within each condition are shown

sorted by response time (white line) to size judgement question (is object bigger/smaller than

a shoebox?). Retrieval trials have been sorted by reaction time (each trial ends upon memory

judgement). Red boxes depict time windows during which average power was compared to

baseline period (black box)]. Asterisks show false-discovery rate (fdr) adjusted p-value

2.3.3 Prevalence of Phase-Amplitude coupling irrespective of memory

We likewise quantified CA1 and CA2/3/DG electrodes that display functionally-relevant

cross-frequency coupling (figure 2.7). Briefly, we computed Theta Low-Gamma phase-
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amplitude coupling (TLG cfc) and Theta High-Gamma phase-amplitude coupling (THG

cfc) on all CA1 and CA2/3/DG electrodes during Encoding and Retrieval (across all stim-

uli) utilizing the normalized modulation index (MInorm) described by Canolty et. al. (see

section 3.2.5). We found that out of CA1 electrodes approximately 50% were significantly

coupled in the THG cfc condition during both encoding and retrieval, as compared to ap-

proximately 25% for CA2-3-DG. Theta low-gamma coupling in CA1 was seen on 34% of

electrodes during encoding, but displayed a modest increase to 52% during retrieval. Ta-

ble 2.2 summarizes these data.

Note that all normalized MI index measurements (p-vals associated with z-scores) were

fdr-adjusted before being considered significant. These data are summarized in and

(a) % coupled CA1 electrodes (b) % coupled CA2-3-DG electrodes
Figure 2.7: Percent electrodes showing significant Theta-Gamma coupling

(THG and TLG) during Encoding or Retrieval in CA1 and CA2-3-DG

red dotted line –chance fraction of electrodes; counts have been fdr-corrected
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Electrode counts showing significant Power increases and Theta-Gamma Coupling

during Encoding and Retrieval on electrodes localized to CA1 and CA2-3-DG

Sub- No. No. No. Encoding Power* Encoding PAC*

field Micros Hippo-

campi

Subj. theta low

gamma

high

gamma

TLG THG

CA1 61 9 8 0.15 0.07 0.3 0.34 0.54

(7 Right, 9/61el. 4/61el. 18/61el. 21/61el. 33/61el.

2 Left) 3/9reg. 2/9reg. 3/9reg. 4/9reg. 6/9reg.

CA2- 71 11 9 0.55 0.00 0.28 0.17 0.25

3-DG (5 Right, 39/71el. 0/71el 20/71el. 12/71el. 18/71el

6 Left) 6/11reg. 0/11reg. 3/11reg. 5/11reg. 6/11reg.

Sub- No. No. No. Retrieval Power* Retrieval PAC*

field Micros Hippo-

campi

Subj. theta low

gamma

high

gamma

TLG THG

CA1 61 9 8 0.23 0.03 0.13 0.52 0.54

(7 Right, 14/61el. 2/61el. 8/61el. 32/61el. 33/61el.

2 Left) 3/9reg. 1/9reg. 1/9reg. 6/9reg. 7/9reg.

CA2- 71 11 9 0.49 0.01 0.28 0.15 0.37

3-DG (5 Right, 35/71el. 1/71el. 20/71el. 12/71el. 26/71el.

6 Left) 8/11reg. 1/11reg. 5/11reg. 5/11reg. 8/11reg.

Table 2.2: Prevalence of event-related power increases and theta gamma

coupling (THG, TLG) on CA1 and CA2-3-DG electrodes

*fdr corrected
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2.3.4 No evidence of an Encoding-Retrieval functional dissociation in theta-

gamma coupling.

We sought to assess whether there is an encoding-retrieval functional dissociation between

phase-amplitude coupling in CA1 and CA23DG irrespective of quality of encoded memory.

We hypothesized that if, indeed, the CFC of theta with high gamma is upregulated specifi-

cally during the process of encoding, (and comparatively, the PAC of theta with low gamma

is upregulated specifically during retrieval) then we would expect that electrodes displaying

significant coupling during encoding would become quieted during retrieval and vice-versa.

If we then plot modulation indices measured during encoding vs. retieval for each electrode,

all the data points should fall well above (below) the diagonal. Instead, we saw a linear

relationship (Figure 2.8) between theta gamma coupling (both TLG and THG) measured

during encoding vs. retrieval, suggesting that the same electrodes that become coupled

during encoding also become similarly coupled during retrieval.

Figure 2.8: Cross-Frequency coupling during Encoding vs. Retrieval on CA1

and CA2-3-DG electrodes

Each point represents MInorm,encoding and MInorm,retrieval for one electrode. Dotted lines

represent threshold of MI significance (MI > 1.96)
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To quantify this relationship, taking into account potential correlations in data between

adjacent electrodes we constructed two Generalized Estimating Equations models, with ei-

ther THG or TLG as the dependent variable, the subregion (CA1, CA2-3-DG) and function

(Encoding, Retrieval) as factors, and subject ID as a within-subject variable. We hypothe-

sized that a significance in the subregion∗function interaction term would provide evidence

for functional dissociation between encoding and retrieval in CA1 vs. CA2-3-DG.

There was a significant main effect of subregion (CA1, CA2-3-DG) on THG coupling

(B = -2.27, Std. Error = 1.05, p = 0.03), however no significance in either the ‘function’

factor (B = -0.267, Std. Error = 0.33, p = 0.417), or the ‘subregion*function’ interaction

term (B = -0.244, Std. Error = 0.52,p = 0.64). This effect is not observed in the TLG

model, demonstrating no significance for either main effect or their interaction. Together,

this dataset suggests that while CA1 demonstrates stronger THG coupling than CA2-3-DG,

neither region demonstrates significant encoding-retrieval differences in either THG or TLG,

and hence provides no evidence of theta-gamma coupling-related functional dissociation dur-

ing encoding and retrieval.

2.3.5 CA1 theta gamma coupling increases preferentially during encoding of

subsequently recollected objects.

Electrodes identified in section 2.3.4 as displaying significant THG or TLG coupling across

either Encoding or Retrieval (further called ‘PAC’ electrodes) were selected to investi-

gate whether successfully encoded (retrieved) memories also demonstrate stronger Phase-

Amplitude coupling. For the Encoding stage, cross-frequency coupling was separately as-

sessed during original viewing of subsequently ‘Recollected’ (quiz targets correctly identified

and lures correctly rejected; RECOLLECTEDenc dataset) and subsequently ‘Missed’ objects

(on subsequent quiz mistake occurred on target; any response on lure; MISSEDenc dataset)

as is described in 2.2.7– 3.2.5.

We next wanted to ask whether theta gamma coupling became stronger or more common
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preferentially during successful encoding of objects. We hypothesized that on PAC electrodes

localized to the CA1 subregion, THG coupling will increase during successful encoding. We

addressed this question from two perspectives. First, we wanted to simply see if more

CA1 electrodes became recruited for successful coupling during viewing of subsequently-

recollected objects. This would indicate that THG coupling may become more common

across CA1. We then looked at whether theta-gamma coupling strength changed, suggesting

coupling becomes stronger locally in specific CA1 electrodes.

More CA1 electrodes recruited for coupling during encoding of subsequently recollected

objects: We assessed the percentages of electrodes demonstrating significant coupling during

the encoding stage of each memory condition (figure 2.9a,c), finding that in CA1 signifi-

cantly more PAC electrodes displayed enhanced THG and TLG coupling during encoding of

RECOLLECTED vs. MISSED trials (THG: 90.6% vs. 56.3% of total PAC electrodes; TLG:

57.1% vs. 19% of total PAC electrodes; red asterisk on figure 2.9a,c). This memory-specific

effect was especially pronounced in CA1 during THG coupling, with over 90% of all PAC

electrodes becoming significantly coupled during the RECOLLECTEDenc condition. In CA2-

3-DG, no significant difference was observed between the percentage of RECOLLECTEDenc

(55%) and MISSEDenc (45%) electrodes engaged in either type of theta high-gamma cou-

pling. For all percentages, counts were modeled as binomial trials; 95% CIs calculated via

Clopper-Pearson method. Data summarized in Table 2.4.
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Figure 2.9: Cross-Frequency coupling in CA1 and CA2-3-DG during encoding

of subsequently recollected and forgotten trials

CA1 electrodes show difference in THG coupling strength during encoding of subsequently
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recollected objects: In addition to electrode ratios, we modeled the effect of memory con-

dition and hippocampal subregion on coupling strength. We hypothesized that CA1 will

show enhancements in coupling strength during the RECOLLECTED condition. Two Gen-

eralized Estimating Equations (GEE) models with either THG or TLG cross frequency

coupling strength as the dependent variable, the ‘subregion’ (CA1, CA2-3-DG) and ‘mem-

ory condition’ (RECOLLECTED, MISSED) as factors, and electrodes as a within-subject

variable were constructed. For the THG model we saw a significant effect in the interaction

term (B= -2.45; Std. Error = 1.109; p = 0.027) indicating a region-specific difference in

coupling strength between the missed and recollected conditions; The estimated marginal

means, (Figure ??b,d), and 95% CIs of the interaction term show that MI strength on CA1

electrodes during the RECOLLECTEDenc group was significantly elevated above threshold

MIthreshold = 1.96. This was not observed for the Missed group, or for either group on

CA2-3-DG electrodes, suggesting a memory-specific upregulation in THG cross-frequency

coupling strength specifically in the CA1. These data and model parameters are summa-

rized in Table 2.3.

2.3.6 CA1 and CA2-3-DG show memory-specific cross-frequency coupling changes

during retrieval.

For the Retrieval stage, cross-frequency coupling on PAC electrodes was computed during

the viewing of quiz images (both targets and lures) corresponding to objects in the MISSED

and RECOLLECTED categories. This trial division allowed to compare the signals recorded

during retrieval of the same RECOLLECTED and MISSED objects as we assessed in encod-

ing. We hypothesized that TLG coupling will become more pronounced in both CA1 and

CA2-3-DG during successful retrieval.

Memory-specific increase in % coupled CA1 and CA2-3-DG electrodes during success-

ful retrieval: We saw that more CA2-3-DG electrodes demonstrated significant TLG cou-

pling during retrieval of successfully recollected vs missed category, as measured by counts

of significantly coupled PAC electrodes (53.85% RECOLLECTED vs. 23.08% MISSED),
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which supported the first part of our hypothesis. Conversely, while we did observe rela-

tively high percentages of CA1 electrodes participating in TLG coupling during retrieval

(74.2% RECOLLECTED and 65% MISSED), we did not observe any significant memory

differences,refuting the second part of our hypothesis. However, we also saw a significant

memory-specific difference in % CA1 electrodes (87.5% vs. 40.6%) engaged in THG coupling

during retrieval of trials in the RECOLLECTED condition. This effect was not expected,

and was similar to the effect measured on CA1 electrodes during encoding. These results

are summarized in Figure 2.10 (a,c) and Table 2.4.

Memory-specific enhancement in THG coupling strength in CA1 electrodes: We also mod-

eled the effect of memory condition and hippocampal subregion on MI strength during re-

trieval. We hypothesized that both hippocampal subregions show enhancements in theta

low-gamma coupling MI during the RECOLLECTED condition. Two Generalized Estimat-

ing Equations (GEE) models with either THG or TLG cross frequency coupling strength

were constructed as described in the previous section. Our hypothesis was not supported,

as we did not see significant effects in the interaction term of the TLG model. (B= 0.058;

Std. Error = 1.321; p =0.965). However, we once again saw a memory-specific significant

effect in the interaction term of the THG model, similar to that of encoding (B= -2.252; Std.

Error = 1.05; p = 0.032). MI strength on CA1 electrodes during the RECOLLECTEDenc

group was significantly elevated above threshold MIthreshold = 1.96, as shown by the esti-

mated marginal means, (Figure 2.10 (b,d), and 95% CIs of the interaction term, suggesting

a memory-specific upregulation in THG cross-frequency coupling strength specifically in the

CA1 during retrieval as well. These data and model parameters are summarized in Table 2.3.
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Figure 2.10: Cross-Frequency coupling in CA1 and CA2-3-DG during retrieval

of recollected and missed trials
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Parameter estimates for GEE models of memory-related theta gamma coupling strength

Std. 95% Wald CI Wald

Parameter B Error (Lower) (Upper) Chi-

square

df Sig.

dependent variable: THG MInorm during encoding

CA1/CA23DG 2.066 0.89 0.32 3.81 5.392 1 0.02

M/R -0.18 0.51 -1.18 0.82 0.18 1 0.721

CA1/CA23DG*M/R -2.45 1.109 -4.62 -0.28 4.89 1 0.027

dependent variable: TLG MInorm during encoding

CA1/CA23DG -0.106 1.5813 -3.206 2.993 0.005 1 0.946

M/R -1.759 0.4427 -2.627 -0.891 15.781 1 0.00

CA1/CA23DG*M/R -1.115 1.6326 -4.315 2.084 0.467 1 0.494

dependent variable: THG MInorm during retrieval

CA1/CA23DG 3.470 1.2548 1.010 5.929 7.646 1 .006

M/R -.700 .4564 -1.594 .195 2.349 1 .125

CA1/CA23DG*M/R -2.252 1.0494 -4.309 -.195 4.605 1 .032

dependent variable: TLG MInorm during retrieval

CA1/CA23DG .217 1.3615 -2.451 2.886 .025 1 .873

M/R -1.421 .5194 -2.439 -.403 7.479 1 .006

CA1/CA23DG*M/R .058 1.3206 -2.530 2.647 .002 1 .965

Table 2.3: Parameter estimates for GEE models of memory-related theta

gamma coupling during Encoding and Retrieval

Factors: ’Subregion’ (CA1/CA2-3-DG),’Memory Success’ (M/R —Miss; Recall);Within-

subject variable: ’Electrode’
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Electrodes displaying memory-related theta-gamma coupling.

CA1 CA2-3-DG

THG–Encoding.

R M R M

Percentage of PAC electrodes: 90.625 56.25 55 45

CIlower 74.9773 37.6626 31.5278 23.0578

CIupper 98.0233 73.6362 76.9422 68.4722

TLG–Encoding.

R M R M

Percentage of PAC electrodes: 57.1429 19.0476 50 25

CIlower 34.0206 5.4464 21.0945 5.4861

CIupper 78.1803 41.9066 78.9055 57.1858

THG–Retrieval.

R M R M

Percentage of PAC electrodes: 87.5 40.625 32 24

CIlower 71.0052 23.6984 14.9495 9.3564

CIupper 96.4869 59.3551 53.5001 45.1288

TLG–Retrieval.

R M R M

Percentage of PAC electrodes: 74.1935 64.5161 53.8462 23.0769

CIlower 55.3866 45.3696 25.1345 5.0381

CIupper 88.1436 80.7733 80.7768 53.8132

Table 2.4: Percentages of PAC electrodes demonstrating significant cou-

pling.

All values are percentages of electrodes that are significantly coupled (MI > 1.96); Ratios

modeled as binomial trials; Confidence Intervals are 95% CIs w/ Clopper Pearson method.
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2.4 Discussion

We first asked whether theta gamma coupling is functionally dissociated during encoding

and retrieval states, as has been suggested by recent literature [4]. We hypothesized that

if theta-high gamma coupling (THG) does in fact facilitate encoding and not retrieval, it

will be significantly increased during encoding as compared to retrieval. Our electrode-by-

electrode analysis, assessing whether electrodes that are coupled during encoding become

quietened during retrieval showed a linear relationship between theta gamma coupling (both

TLG and THG), suggesting that the same electrodes that become coupled during encoding

are also similarly coupled during retrieval, which did not support our original hypothesis.

While we did see a significant subregional difference in theta high-gamma coupling strength,

this particular object recognition dataset showed no evidence for functional dissociation be-

tween encoding and retrieval. Potentially, such a dissociation would provide evidence of the

hippocampal state being primed for either encoding or retrieval by synchronizing subfields

to facilitate either entorhinally-driven processes associated with sensory processing and en-

coding, or, (in the case of TLG) CA3-driven gamma power synchronization associated with

retrieval. However, it is possible that encoding and retrieval both depend on strengthened

simultaneous communication with EC as well as CA2-3-DG subregion –something that may

be expected from a task that presents visually-rich stimuli during both encoding and retrieval

stages.

Secondly, we sought to address the growing evidence that theta-gamma coupling affects

encoding or retrieval success in a subregion-specific way. We saw that for encoding, wide

prevalence of both, THG and TLG coupling in CA1 is crucial for memory success; During

trials which are subsequently missed, a drastically fewer percentage of electrodes is in a

significantly coupled state for either coupling type. In addition to being more common

across electrodes, THG coupling strength also becomes significantly stronger: a significantly

higher THG MI index specifically in CA1 is associated with subsequent memory. Stronger

MI could result from either more frequent theta-phase locked gamma power bursts, stronger
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phase-locked gamma power, or higher gamma specificity.

During retrieval, we hypothesized that TLG coupling will become more pronounced dur-

ing successful trials in both of our subregions, suggesting CA3-driven hippocampal synchro-

nization utilizing the TLG mechanism. Indeed, significantly more CA2-3-DG electrodes

demonstrated significant TLG coupling during retrieval of objects belonging to the success-

fully recollected vs missed category, as measured by counts of significantly coupled PAC

electrodes. However, this finding did not extend to CA1, where TLG coupling showed no

differences in memory conditions. This would suggests a role for TLG coupling in CA2-3-DG

supporting retrieval success, however this does not support its role as a CA3-CA1 synchro-

nizing mechanism associated with correct retrieval. Finally, we found that CA1 specifically

engages in memory-specific THG coupling during retrieval. This perhaps surprising result

suggests that CA1 THG is important for memory success in both retrieval as well as encod-

ing, at least in our visually-rich stimulus-driven object recognition task.

Some limitations to these data include potential encoding interference during retrieval.

While the encoding part of the task is well-isolated, retrieval may reflect a mixture of en-

coding and retrieval processes. Hence, the target, lure, and foil stimuli presented during the

quiz would strengthen input from EC, and initiate simultaneous retrieval/encoding during

the retrieval portion of our task. This could explain the enhanced role of memory-specific

THG coupling in CA1 during encoding as well as retrieval. Further, the retrieval data set

is susceptible to bias associated with a failure in encoding that may precede any retrieval;

it is unclear whether a stimulus was attributed to the ’MISS’ set due to an encoding failure

or a retrieval failure, and hence, some subset of failed retrieval trials for which we assessed

memory-specific THG coupling may have originated because of a failure in encoding, and

not retrieval. This particular bias is not easily controlled for with the current task design,

and further tasks need to be designed to probe this difference.
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Neuropsychiatric scores of the 16 participants

Subject

No.

Verbal IQ Digit

Span

Verbal Memory Visual

Memory

Executive

Function

Standard

Score

Percentile WMS Per-

centile

CVLT

Percentile

Percentile Percentile

444 109 25.3 15.9 29.7 4.2 2.3

445 96 18.4 11.5 6.3 2.3 −

447 113 10 66 79 34.5 91

450 98 91 63 49 50 32

452 108 16 50 69 2 46

454 85 47 25 < 1b < 1 < 1

456 99 8.1 1.1 68 < 1 63

460 114 37 16a 7 9 16

461 102 16 47 42 53 63

465 118 37 63 84 14 16

466 97 9 16 2 8 2

467 .. .. .. .. .. ..

aVerbal Paired Associates Delayed Recall; bRey Auditory Verbal Learning

Test score

Table 2.5: Neuropsychiatric Scores
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Subject demographics and seizure data.

Subj.

No.

Age Gender Handed-

ness

Localizations Seizure

within

2 hrs.

Seizure Onset Zone

Left Right

444 24 F R - RAH no Extra-temporal

445 37 M L LMH RMH no Left orbitofrontal

447 34 F R - RAH no Right temporal

450 48 M R LMH RMH yes Unknown (subclin-

ical)

452 20 M R LAH RMH no Extra-temporal

454 45 M L - RMH no Left medial tempo-

ral

456 34 F R LMH RMH,

RAH

no Right medial tem-

poral

460 27 F R LMH RMH no Right medial tem-

poral

461 20 M R - RMH yes Left medial tempo-

ral

465 30 F R LMH - no Right temporal

466 21 F R LMH RAH no Left anterior

mesial temporal

467 22 F L RAH LAH no Superior to supra-

marginal gyrus,

extended to occip.

lobe

Table 2.6: Demographics, hippocampal localizations, and seizure info.
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CHAPTER 3

Cross-frequency-coupling in hippocampal iEEG during

virtual navigation in trials with and without

stimulation of entorhinal white matter

3.1 Introduction

Although the exact role of oscillatory activity in cognition remains unclear, it is thought

to represent rhythmic changes in cortical excitability [52] that may result in either minimal

or maximal neuronal processing and communication. Intracranial recording of local field

potentials (LFPs) in humans have yielded important insights. LFP oscillations specifically

within the theta or 3 to 8 Hz frequency in humans [53–55] seem to play an important

role in human memory and the strength of their amplitude measured in the human medial

temporal lobe (MTL) has been shown to predict the success of learning [53,54,56,57]. Theta

resetting, or the phase locking of the theta rhythm with incoming sensory stimuli, has been

proposed as one mechanism by which the hippocampus may enhance the encoding of new

incoming sensory information and thus enhance memory [58, 59]. Theta resetting has been

shown in both rodents and humans during cognitive tasks [16,59–61]. Electrical oscillations

in recordings of the hippocampal local field potential (LFP) have been stipulated to carry

information pertaining to encoding and retrieval processes in different frequency bands, which

also display cross-frequency associations. Evidence suggests that coupling between the phase

of theta (4–8 Hz) and the amplitude of gamma (>30 Hz) oscillations, termed phase-amplitude

cross frequency coupling (CFC), may be important for hippocampal-dependent memory. The

presence of phase-synchronized low-frequency oscillations and cross frequency coupling have

37



been shown to be associated with enhanced Long-Term Potentiation (LTP) and spike-timing

dependent plasticity (STDP).

Recently, we showed, using a spatial navigation task, a memory benefit for locations

learned during deep brain stimulation (DBS) of the entorhinal white matter area compared to

locations learned without stimulation. Stimulation of both the fornix and perforant pathways

induces resetting of the theta oscillation in the rodent hippocampus [12]. Interestingly,

theta activity that predicts recall success is strongly linked to the gamma oscillation (30–100

Hz; [56]). The phase of theta oscillations and their relationship to the amplitude of gamma

oscillations in monkeys and humans have been related to memory performance [16,62]. This

has been termed a type of phase-amplitude cross frequency coupling (CFC) and is though

to assist with entrainment of internal cognitive processes with external stimuli or events,

a process crucial for successful memory formation. Hence, theta-gamma coupling may be

a key mechanism by which entorhinal cortex organizes entorhinal communication. In the

current study, we aim to test whether hippocampal theta phase and gamma amplitude CFC

is enhanced during DBS of the entorhinal area in patients implanted with depth electrodes.

3.2 Methods

3.2.1 Participants

The participants were four neurosurgical patients (all right-handed, 3 female, 20–52 years old,

mean age=35.4) with pharmacoresistant epilepsy who were implanted with intracranial depth

electrodes for 7–10 days to determine the seizure-onset zone for possible surgical resection.

Electrodes were implanted stereotactically using magnetic resonance imaging (MRI) and

digital subtraction angiography (DSA) guidance [29, 31]. Electrodes (Adtech, Racine, WI)

included platinum contacts for EEG recording and stimulation. Electrode placements were

determined solely based on clinical criteria. EEG activity was recorded and analyzed from

hippocampal electrodes ipsilateral to entorhinal electrodes. No electrode that was used in

this study fell within a determined seizure-onset zone. All subjects volunteered for the study
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by providing informed consent according to a protocol approved by the UCLA Medical

Institutional Review Board.

3.2.2 Stimulation

Stimulation was current regulated, charge-balanced, with biphasic rectangular pulses set be-

low the after-discharge threshold (based on pretesting; ranged from 1.0mA –2.0mA). Sub-

jects were blind to stimulation condition and no subject reported noticing any effect of

stimulation. Electrode contacts were stimulated through interface with a Grass C-12 stim-

ulator, Telefactor relay box, and Stellate recording system. Stimulation was bipolar (0.059

cm2 surface area, 1.5 mm apart) with a cycle of 5 sec on and 5 sec off at 50 Hz and 300 µsec

pulse length. Current ranged from 0.5 –2 mA with stimulation ranging between 2.5–10.1

µC/cm2 per phase, which was well below the safe maximum used for chronic (30µC/cm2

per ph) and acute (57µC/cm2 per ph) stimulation [63, 64]. The impedance of electrodes

measured between 1–4 kΩ. Previous human studies using stimulation parameters of up to

3.0V, 450µs pulse width and 130Hz, have shown to be safe and well tolerated in patients

with epilepsy with depth electrodes in the temporal lobe [65]. A neurologist was present

during all sessions to monitor the subject at bedside and view real—time EEG for seizures.

No seizures were elicited during stimulation in the current study; similar stimulation levels

have been used in clinical studies for seizure control in epilepsy [66].

3.2.3 Behavioral Tasks

Subjects completed a spatial learning task that consisted of navigation through a virtual

environment and delivery of passengers to stores (see [14] for further details). The exper-

imental session consisted of alternating blocks of spatial learning and control conditions.

Subjects learned to navigate to six stores in a virtual environment; each store was repeated

in each of the four blocks (24 total navigation trials). Learning the location of stores under

stimulation and no stimulation alternated, and whether learning the first location occurred
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under stimulation or not was counterbalanced across subjects. Each store occurred equally

often in stimulation and non-stimulation conditions across subjects. During “stimulation”

store trials, stimulation was given throughout the entire trial in 5–sec on/off trains; trial

duration varied depending on the time needed for the subject to locate the store (Average

trial time = 14.76 ± 1.84 sec). (Figure 3.1).

3.2.4 Electrode Localization

Prior to implantation with depth electrodes, subjects were scanned with a Siemens Trio head-

only 3 Tesla MRI scanner. For full details on scanning parameters and electrode localization

method, see [14]. Stimulation was given using the two most distal contacts of each electrode

(Figure 3.2). For entorhinal electrodes the most distal contact was within the entorhinal

white matter or alvear bundle/perforant path.

3.2.5 Electrophysiological Analysis

In four subjects with electrodes in the entorhinal cortex and ipsilateral hippocampus, in-

tracranial electroencephalogram (iEEG) data (sampling frequency 200 Hz; frequency band-

pass 1–70 Hz) from the hippocampus were analyzed.

Filters for theta-gamma CFC analysis: to assess theta-gamma coupling in a-priori pre-

defined frequency bands, iEEG data was filtered for theta (3–8 Hz), alpha (9–14 Hz), beta

(15–35Hz), gamma (36–100 Hz), and high gamma (70–80 Hz) utilizing a least squares finite

impulse response (FIR) filter (eegfilt.m function in the EEGLAB toolbox [47]), and then

normalizing each frequency band time series. In order to avoid introducing phase distortion,

filtering was performed in a bidirectional manner via the filtfilt.m matlab function [47].

Dataset construction: The Stim dataset was constructed by selecting 5-sec. epochs cen-

tered on the stimulation onsets for each trial. The Non-stim dataset was constructed by

selecting from the nonstimulation trials epochs temporally matched to those in the stim-

ulation trials. Filtering and hilbert-transforms were done on whole records prior to epoch
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Figure 3.1: Navigation Paradigm and stimulation scheme

a) Top down view of an example virtual city that was used showing stores and buildings.

Arrows show behavioral measurement of excess path length. Shorter excess path length

(yellow) equals better performance. Red outlined stores show example stores in which stim-

ulation is turned on during navigation. b) Stimuli presented during store—matching task

and c) direction—pressing control tasks. d) Experimental paradigm consisted of alternating

blocks of navigation and control (Ctl) tasks. Red shows stimulated trials. During block 4

(retention) no stimulation is given on any trial.
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Figure 3.2: An example macro contact localized to Entorhinal white matter

a) b)

selection to avoid edge artifacts.

Computing Phase-Amplitude Coupling Cross frequency coupling (CFC) analyses was com-

pleted based on previously published methods [48]. To compute hippocampal cross-frequency

coupling during stim and non-stim trials, we measured the Modulation Index (MI) between

the phase component of a low-frequency (e.g. theta) band Φθ, and the amplitude component

of a high-frequency (e.g. gamma) band Aγhigh during -2.5—2.5 second epochs surrounding

each stimulation onset. For trial-by-trial analysis, all ephocs in a trial were concatenated

prior to computing theta-gamma coupling. For example, to determine MI in 1 stimulation

trial containing N = 10 epochs, an LFP signal pre-filtered at the theta (3–8 Hz) range was

converted into a complex-valued signal with the Hilbert transform. All epochs were trun-

cated to time regions [t−2.5 : t2.5] surrounding each stimulation onset and re-shaped into a

1− by−N · [t−2.5− t2.5] vector of concatenated epochs for each trial. Then the phase angle

time series of this complex-valued signal was measured, resulting in the instantaneous phase

of the low-frequency band, Φθ. Similarly, the lfp pre-filted at the high-gamma frequency

(75—125 Hz) range was used to compute the instantaneous high-frequency amplitude sig-

nal Aγhigh consisting of the amplitude (absolute value) of the vector of hilbert-transformed

and concatenated epochs. To measure strength of coupling between the theta phase Φθ and
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gamma amplitude Aγhigh, those two signals were combined into an analytic complex-valued

signal via Euler’s formula, and then the vector mean was computed, with the raw modulation

index measured as the resultant vector length:

MIraw =
n∑
t=1
|Aγhigh · eiΦθ |, (3.1)

while the preferred phase is measured as the resultant vector’s angle.

Surrogate Analysis: potential autocorrelations in the signal were accounted for by gen-

erating 2000 surrogate Modulation Indices, {MIsurr}1:2000, in which the gamma component

is shifted with respect to the phase component by a pseudorandomly generated lag value

and wrapped. A normalized MI index MInorm is generated by z-scoring against the normal

distribution fitted to {MIsurr}1:2000.

Computing normalized-power comodulograms: To create ’stim’ and ’non-stim’ power co-

herence comodulograms, first, a set of band-pass filtered signals was created by filtering the

lfp signal with an FIR filter centered at all frequencies between 10 and 80Hz, in 2 Hz incre-

ments, with ± 2Hz. surrounding each increment (hence each bandpass is 5 hz wide), and

then normalizing each bandpass by subtracting the mean and dividing by standard deviation

of entire record. Data is filtered with two-way least-squares FIR filtering, utilizing the eegfilt

matlab function. Normalization is necessary to compare different frequency bands without

the 1/f bias. The Hilbert transform is applied to each normalized, band-pass filtered signal

in the set to create complex-valued analytic signals, from which the normalized power at each

frequency increment was calculated by computing the square of the absolute value of the

analytic signal set. Then, data is filtered between 3 and 8 hz to extract theta activity [67],

and its phase was computed using the hilbert transform. Theta troughs were localized by

finding all time points at which theta reaches a local minima. One-second signal segments

centered on these theta troughs were averaged to visualize an averaged, trough-locked theta

trace (figure 3.3, bottom panel). 1-sec epochs centered on each theta trough were likewise

excised from the normalized power and averaged within each frequency band to compute

the theta-trough locked trace of mean instantaneous power across frequencies between 10 Hz
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and 80 Hz. The comodulograms for stim and nonstim datasets were visualized on the same

scale, with the averaged, trough-centered theta trace on the x-axis, and the theta-trough

centered instantaneous averaged power at various frequencies on the y-axis as showing in

figure 3.3.

Figure 3.3: Comodulograms for stimulation versus non stimulation conditions

3.3 Results

We calculated the amount of hippocampal cross frequency coupling between the theta (i.e.

3–8 Hz) and gamma (i.e. 30–80 Hz) frequencies. Across all patients and trials, We found

a significantly higher CFC during stimulation compared to non-stimulation trials (stim >

non-stim, p = 0.019). As well as a significant effect of stimulation on gamma amplitude

coupling to the phase of a range of low-frequencies (F (2,27) = 9.04, p= 0.003; 2-way anova

(frequency bands for phase, stim/nonstim trials)), with stimulation optimally enhancing

CFC when the phase of coupling was in the low theta range (Figure 3.4). Figure 3.3 shows

an example patient’s phase-locked modulation of power (comodulogram) from a hippocampal

electrode recording during non-stimulation trials of spatial navigation. Our non-stimulation

results showing power modulated gamma activity that is time-locked to the theta wave is
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similar to that of others [48]. Although we do see significant theta-gamma phase-amplitude

coupling during both non-stimulation (p < 0.05) and stimulation (p < 0.05) trials, there is

significantly more theta-gamma CFC during DBS (Figure 3.3; stim > non-stim, p = 0.019,

wilcoxon rank-sum).

Figure 3.4: Example patient’s phase-locked modulation of power from a hip-

pocampal electrode

Shown is the modulation index as a function of frequency for phase. Blue and black curves

indicate conditions with no stimulation and with stimulation respectively. Error bars corre-

spond to the standard error of the mean.

Our behavioral results from this study have been previously published (see [14]). In sum,

performance on each learning trial was measured by calculating the subjects’ latency and

excess path length; shorter latency and excess path length corresponded to better perfor-

mance. On the retention block (block 4), when memory for the store location was tested

without stimulation, there was a significant benefit (shorter latency and excess path length)

for those locations which had been previously learned during stimulation of the entorhi-

nal region compared to locations which had been learned without stimulation (N = 18
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trials; stim > nonstim, latency: t(17) = −2.85, p < 0.05, corrected; excess path length:

t(17) = −3.28, p < 0.05, corrected; Cohen’s d = 1.74). In contrast to the striking effects

seen with stimulation of the entorhinal region, direct hippocampal stimulation resulted in

no effect on the spatial learning task performance (N = 18 trials; stim > nonstim, latency:

t(17) = 0.06, p=n.s., Fig. 3D; excess path length: t(17) = 0.0161, p=n.s., Fig. 3B).

3.4 Discussion

Presently, we found a significant increase in theta-gamma CFC during both stimulated and

non-stimulated spatial learning with a significantly higher CFC during stimulated compared

to non-stimulated trials. These results suggest that DBS of the human entorhinal area that

enhances memory results in substantial coupling of theta and gamma oscillations within the

hippocampus, suggesting a possible neurophysiological mechanism for stimulation related

memory enhancement. These results also support the idea that hippocampal theta-gamma

coupling is associated with optimal learning in humans.

Altogether, intracranial studies in humans affording simultaneous LFP and single neu-

ron recordings have begun to link potential mechanisms by which the theta and gamma

oscillations together with single neuron activity may support successful episodic memory.

Altogether, insight into how external stimulation, single neurons, and oscillatory activity

work together to support the successful encoding and recall of individual memories is un-

known and an important question partially addressed in given study.
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CHAPTER 4

Perturbing the entorhinal-hippocampal system with

electrical stimulation: Stimulation of entorhinal white

matter enhances declarative memory encoding

The medial temporal lobe (MTL), which includes the hippocampus and adjacent entorhinal,

perirhinal, and parahippocampal cortices, plays a critical role in the formation of declarative

memories. Deep brain stimulation (DBS) in humans has shown potential promise for im-

proving hippocampal-dependent memory, yet little is known about how stimulating different

targets within the MTL affects behavior. Here, we investigated whether DBS of entorhinal

white matter vs. adjacent gray matter has differential effects on memory performance in

humans. High-resolution magnetic resonance imaging (MRI) and automated image segmen-

tation methods were used to localize stimulating electrodes to entorhinal white matter or

adjacent MTL gray matter. Our results indicate that stimulation of entorhinal white mat-

ter can enhance declarative memory encoding, while stimulation of neurons in nearby gray

matter is ineffective in improving MTL memory function.

4.1 Introduction

The ability to remember new facts and experienced events depends on the hippocampus and

associated structures in the medial temporal lobe (MTL), including entorhinal, perirhinal

and parahippocampal cortices [1, 2]. In rodents, electrical stimulation of the afferent input

to the hippocampus from the entorhinal cortex (i.e., perforant path) has been shown to

produce long-term potentiation and acetylcholine release both of which are associated with
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improved memory [8–13]. Direct stimulation of the perforant pathway in rodents has also

been shown to improve spatial memory and hippocampal neurogenesis [68, 69]. In humans,

the perforant pathway is located within the alvear bundle [70] (MTL adjacent white matter

area); although human memory studies have not specifically targeted the alvear bundle for

stimulation, a few have examined stimulation’s effect on the larger MTL region and arrived

at contradictory results [14, 71, 72]. In the current study we sought to directly determine

whether DBS of this entorhinal white matter vs. the adjacent MTL gray matter, during

learning, could account for these differential effects on memory performance. Our results

support the hypothesis that stimulation location is key; entorhinal white matter stimulation

improved subsequent memory while adjacent gray matter MTL stimulation had no significant

effect. This spatially minute distinction could have great clinical relevance for the treatment

of memory disorders.

Our data came from a variety of hippocampal-dependent memory tasks (verbal free re-

call, object recognition, face recognition, face-name association, spatial navigation), and

employed both macro- and micro-stimulation, giving us a unique opportunity to examine

the robustness and generalizability of the performance effect across task type and stimula-

tion protocol. For all memory tasks in this study, DBS was provided during the learning

phase for half of the trials in a within-subjects design. Electrodes were localized using auto-

mated segmentation software applied to high-resolution MRI and CT scans. A subsequent

memory performance index was computed across all tasks and grouped by location of stim-

ulating electrode to determine the presence of regional differences in stimulation’s effects on

hippocampal-dependent memory.

4.2 methods

4.2.1 Participants

The study subjects were 22 participants (mean age SD: 34.86 12.28 years, Range: 20–63

years, 8 female, 17 right handed) with pharmacoresistant epilepsy who had been implanted
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with intracranial depth electrodes for 7–14 days during which intracranial electroencephalo-

graphic (iEEG) activity was monitored to determine epileptogenic zone and guide possible

surgical resection. Pre-determined clinical criteria guided placement of the 10–12 electrodes

(Adtech), which were implanted stereotactically, with the aid of digital subtraction angiog-

raphy and magnetic resonance imaging (MRI) [29, 31]. Neuropsychological test scores were

determined for subjects including tests of memory and executive function. For each subject,

Verbal intelligence quotient (IQ) and digit span (i.e., attention) were calculated using the

Wechsler Adult Intelligence Scale [27], verbal memory using the logical memory portion of

the Wechsler Memory Scale (WMS; [26]) and long-delay free-recall portion of the California

Verbal Learning Test (CVLT; [25]), visual memory using the 30-s delayed version of the

Rey-Osterrieth Complex Figure Test [23], and executive function using the Trail Making

Test, Part B [24]. All research was carried out at the UCLA Ronald Reagan Medical Center.

Before participating in the study, all subjects provided written informed consent on a study

protocol approved by the UCLA Institutional Review Board.

4.2.2 Stimulation Parameters

A board-certified neurologist was present for each stimulation session to monitor the clinical

iEEG recordings for after-discharges and ensure patient safety. Subjects failed to consciously

notice any effects of stimulation, and were unaware of which trials within each behavioral

paradigm were stimulated. Stimulation of epileptogenic areas was avoided when possible,

no sessions were administered within 2 hours of a seizure and no seizures were elicited as a

result of stimulation. Details of each macro- and micro-stimulation protocols are outlined

below.

4.2.2.1 Macro-Stimulation

Charge-balanced and current-regulated biphasic rectangular pulses were set below an after-

discharge threshold, identified through pretesting with a neurologist, and ranged from 0.4
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to 6.0 mA (mean ± SD: 1.508 ± 1.457 mA). A Grass C-12 stimulator and Telefactor relay

box (both Astro-Med) or a CereStim R96 Macro-stimulator (BlackRock Microsystems), were

used to stimulate the electrode contacts. Bipolar electrodes were spaced 1.5mm apart (sur-

face area, 0.059 cm2) and electrical stimulation was delivered at 50 Hz and with a 300-µsec

pulse width. Stimulation ranged between 2 and 30 µC of charge per square centimeter per

phase, which is below the safe maximum level (30 and 57 µC, respectively, for long- and

short-term stimulation [63,64], and electrode impedance ranged from 0.3 to 17.0 kΩ) (mean

± SD: 7.04 ± 5.16 kΩ). Upper limits of stimulation at 3.0 V, with a pulse width of 450

µsec and a frequency of 130 Hz, have been considered safe and well-tolerated by previous

patients with epilepsy who have temporal lobe-located depth electrode implants [65], and

similar types of stimulation have been used as a method for controlling epileptic seizures [66].

4.2.2.2 Micro-Stimulation

A Blackrock R96 stimulator (BlackRock Microsystems) was used to deliver current regulated

micro-stimulation, directed through a 100-µm Platinum-Iridium micro-wire (Figure 4.1, red

crosshair). As a safety measure, the impedance was checked prior to each session and deter-

mined to be between 10 and 50 kW (mean ± SD: 27.10 ± 19.21 kΩ). Each stimulation pulse

had current amplitude of 150 µA, a width of 200 µs, and an interpulse interval of 100 µs.

A theta-burst stimulation protocol was used (i.e., 4 pulses at 100 Hz, occurring every 200

msec). Each individual pulse delivered a charge of 9.32 µC/cm2 with a charge density well

below the safety upper limit of 100–150 µC/cm2 (for a review, see [73]). For each paradigm,

the stimulation preceded each stimulus by 1–3 s and was applied for a 1–3 s duration (i.e.,

5 pulse trains/s of 4 pulses/train).

4.2.3 Electrode Localization

A high-resolution post-operative computed tomography (CT) scan (Figure 4.2) was co-

registered to a pre-operative whole brain magnetic resonance imaging (MRI) and high-
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Figure 4.1: Examples of co-registration and automated segmentation methods

for electrode localization

(Micro Stim = 100µm micro-electrode, Micro Record = 40µm micro-electrode, Sub = subicu-

lum, EC = entorhinal cortex, PRC = perirhinal cortex, FG = fusiform gyrus) Example sub-

ject electrode locations (macro-electrodes and micro-electrodes) overlaid onto the original

high-resolution (A, C) and segmented MRI (B, D). Macro-stimulation was delivered to the

two macro-electrode contacts and micro-stimulation to the 100-µm micro-electrode. Example

automatic segmentations of MTL subregions are shown with delineated hippocampal (CA1,

CA3-DG, subiculum) and cortical areas (entorhinal, perirhinal, and fusiform). Bottom is an

example bipolar macro-electrode placement within the entorhinal white matter region; top

is an example micro- and macro-electrode placement within nearby gray matter regions.
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resolution MRI (Figure 4.1) using BrainLab stereotactic and localization software (www.brainlab.com;

[35,36]) and FSL FLIRT (FMRIB’s Linear Registration Tool [37,38]). Medial temporal lobe

regions (entorhinal, perirhinal, parahippocampal, and hippocampal subfields CA23DG [CA2,

CA3, dentate gyrus], CA1, and subiculum) were delineated using the Automatic Segmenta-

tion of Hippocampal Subfields (ASHS [39, 40]) software using boundaries determined from

MRI visible landmarks that correlate with underlying cellular histology [41,42]. White mat-

ter and cerebral spinal fluid areas were outlined using FSL FAST software [43]. Together,

similar methods have been previously used to localize micro-electrodes and investigate struc-

tural and functional dissociations within human medial temporal lobe subregions [44–46].

Each electrode contained macro-electrodes, spaced at 1.5 mm intervals along the shaft (most

distal 2 contacts were used for macro-stimulation), a single 100−µm micro-electrode (used

for micro-stimulation) at the distal tip 3 mm from the most distal macro-contact, and a

bundle of seven 40-µm micro-electrodes (not used for stimulation) 5 mm from the most dis-

tal macro-contact. Macro- and micro-electrode contacts were identified and outlined on the

post-operative CT scan. To determine whether each micro- or macro-electrode fell within

white or gray matter, the high-resolution MRI, with ASHS and FAST segmentation results,

was overlaid with the co-registered electrode. At minimum, if the more distal of the two

stimulating macro-electrodes fell within a white matter region, it was classified as “white.”

The co-registered CT electrode locations and high-resolution MRIs of example subjects are

shown in Figure 4.1 and Figure 4.2. For the placement of each stimulated electrode, see

Table 4.7, which includes both the localization result for each electrode as well as the cor-

responding clinical label. It is important to include both pieces of information, due to the

fact that clinically targeted electrode placements are subject to variability.

4.2.4 Behavioral Paradigms

Participants completed at least one of the following five behavioral tasks that were designed

to probe hippocampal dependent memory. All tasks shared the same basic structure where

each began with a learning (encoding) period, followed by a 30-second distraction task, and
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Figure 4.2: Co-registered MRI and CT scans

Shown are example co-registrations of high-resolution MRIs overlaid onto corresponding

high-resolution CTs. Two example subjects are shown. (A) A subject with electrodes in

entorhinal white matter. (B) A subject with electrodes in adjacent MTL gray matter. Macro

electrodes are shown as red dots, while micro-electrode locations are presented as red cross-

hairs.

then a test (retrieval) period. For each paradigm, the number of learned stimuli was pre-

determined based on neuropsychological testing and/or pre-testing sessions so as to prevent

a ceiling or floor effect. Electrical stimulation was provided prior to the onset of stimulus

presentation during half of all encoding trials in a randomized fashion within each patient

using a within-subject design. The distractor task was identical for each paradigm (except the

Spatial Memory task), which included a 30-second odd/even task in which numbers were

presented quickly, at 0.6-.75 second intervals, and participants were instructed to classify

them as odd or even by using 1 of 2 key presses. For the spatial memory task, two distractor

tasks were used. In the first distractor task, subjects were shown left or right arrows on

the computer screen and instructed to press 1 of 2 corresponding buttons on a joystick.

The second distractor task involved perceptual matching —the subject was presented with

a target store image and asked to select the matching store by pressing a corresponding

button. For each experimental session, a board-certified neurologist was present to look for
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after-discharges in iEEG activity and monitor the patient at bedside. The specifics of each

behavioral paradigm are detailed below and example stimuli from each task are shown in

figures below.

4.2.4.1 Verbal Free Recall Task

Subjects were instructed to learn a list of 10–20 words that were randomly presented in

audio and visual format on a computer screen. Each word was presented for 2 s with inter-

trial fixation periods of 4 s. Words were drawn from clusters six and seven of the Toglia and

Battig (1978) [74] word norms and were all 4–8 letter nouns that were rated as highly familiar

(range 5.5–7 on a 1–7 scale), moderate to high on concreteness and imagery (range 4.5–6

on a 1–7 scale), and moderate in pleasantness (range 2.5–5.5 on a 1–7 scale). Stimulation

was applied for a duration of 1–3 s, beginning 1–3 s prior to a randomly selected half of

stimuli and terminating before stimulus onset. Following each set of learned words, subjects

completed the odd/even distractor task and were then prompted to verbally recall as many

words as they could remember during a 30–54 s period (exact duration of retrieval period was

dependent on the number of words presented during encoding: number of words multiplied

by 3 s). Memory performance for a particular condition (e.g. stimulated or not stimulated)

was calculated as the proportion of presented words from that condition that were recalled

(Figure 4.3).

4.2.4.2 Object Recognition task

This task was identical to the task described in chapters 2 and 3 of this thesis.

During the encoding stage, subjects were presented with a series of 30–46 images depicting

everyday objects that were downloaded from Google Image Search and the Hemera Object

Database [75]. A performance measure (discrimination index [DI], described below) was

used to rate each image, based on the mean behavioral results of nineteen undergraduate

students from the UCLA Psychology Department Subject Pool; the top and bottom 10% of
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Figure 4.3: Verbal free recall task

During the encoding stage, subjects were shown a list of words, one at a time, and interleaved

with fixation periods. Half of the words were selected at random to receive stimulation,

denoted above by double, red, dotted lines. In the example above, “apple” and “tango” were

considered stimulated words because stimulation was applied during the fixation period

prior to word onset. (B) After encoding, subjects were asked to do a 30 s distractor task.

Randomly selected single digit numbers were rapidly presented, and subjects had to press

the left or right arrow to indicate whether each number was odd or even. (C) Subjects were

given time (number of words multiplied by 3 s) to list any words they could remember from

the encoding stage.
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rated words were removed from the stimulus database to achieve suitable task difficulty level.

To promote task engagement, subjects were instructed to determine whether each presented

object was “bigger or smaller than a shoebox” and to answer by key press. Images were

shown for 4 s and interleaved with jittered fixation periods of 4–4.6 s. Macro-stimulation

was applied for the contiguous 3 s prior to a randomly selected half of stimuli, and micro-

stimulation was applied for a duration of 1–3 s, beginning 1–3 s prior to a randomly selected

half of stimuli and terminating before stimulus onset. Subjects then completed the odd/even

distractor task. For each image shown during encoding, three images were shown, in random

order, during the retrieval stage. These included the original image (“Target”), a very similar

image (“Lure”), and a dissimilar image from the same object category (“Foil”). Subjects were

given up to 10 s to rate each image (average response time = 1.95 s; SD = .44 s) on a six-

point confidence scale, where “1,” “2,” and “3” indicated that the image was “new” (not seen

during encoding) and “4,” “5,” and “6” indicated that the image was “old” (already viewed).

Ratings of “1” and “6” indicated high confidence (“definitely”), “2” and “5” indicated medium

confidence (“probably”), and “3” and “4” indicated low confidence (“maybe”). Performance

on this task was measured by the DI [76], which was calculated for each condition.

4.2.4.3 Face Recognition task

Subjects were instructed to learn a series of images of non-famous people presented serially

on a computer screen for 4 seconds each, preceded by a jittered interval of 4.5 seconds (± .5

sec). This was followed by the odd/even distractor task. For the retrieval phase, a random-

ized shuffled image set of previously seen photographs (target images) and similar-looking

photographs (lure images) were presented, during which subjects rated their familiarity on

a continuous scale from -100 (unfamiliar) to 100 (familiar). The DI was calculated for both

stimulated and non-stimulated conditions, identical to that computed in the object recogni-

tion task (Figure 4.5).
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Figure 4.4: Object recognition task

(A) During the encoding stage, subjects were shown a series of objects, interleaved with

fixation periods. To promote task-engagement, subjects were asked to indicate whether each

item was “bigger or smaller than a shoebox”. Half of the images were selected at random

to receive stimulation, denoted above by double, red, dotted lines. In the example above,

the bicycle and the fish were considered stimulated images because stimulation was applied

during the fixation period prior to image onset. (B) After encoding, subjects were asked

to do a 30 second distractor task. (C) For each image shown during the encoding stage,

three images were shown, in random order, during the retrieval stage. These included the

original image (“Target”), a very similar image (“Lure”), and a dissimilar image from the

same object category (“Foil”). Subjects were given up to 60 s to rate the image on a six-point

confidence scale, where “1” indicated the image was “new” (not seen during encoding) and

“6” indicated the image was “old” (i.e., already viewed).
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Figure 4.5: Face recognition task

A) During the encoding stage, subjects were shown a series of images of novel people, one at

a time, and interleaved with fixation periods. Half of the images were selected at random to

receive stimulation, denoted above by double, red, dotted lines. (B) After encoding, subjects

were asked to do a 30 s distractor task. (C) For the retrieval stage, a shuffled image set

of previously seen photographs (“Targets”) and similar-looking photographs (“Lures”) were

presented for 4 seconds each, and subjects were given up to 16 seconds to rate whether the

images were “new” or “old” and assessed their confidence.
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4.2.4.4 Face-Name Associative Memory task.

Subjects were presented with a series of either 16 or 32 (depending on individual subjects’

pre-testing and neuropsychological memory scores) novel face-name pairs and instructed to

learn each pairing. Each face-name pair was shown for 4 s, interleaved with fixation periods

of the same duration. Stimulation was applied for either 1 or 3 s, beginning 3 s prior to a

randomly selected half of stimuli. Following the odd/even distractor task, each image shown

during the encoding stage was presented again, in random order. Subjects were given 4 s

to recall the name associated with each image. For patients with especially poor memory,

the first letter of the name was presented as a cue; across the 10 stimulated brain regions

for this task, 5 sessions were cued for 2 patients across 4 brain regions during recall. After

the retrieval phase, the experiment began again with the encoding phase, using the same set

of images (with the same subset of images receiving stimulation) to give subjects another

opportunity to learn the associations. In total, subjects saw each set of images six times.

Memory performance was calculated as the percentage of correctly identified names, averaged

across all six blocks, for stimulated and non-stimulated trials (Figure 4.6).

59



Figure 4.6: Face-name associative memory task

(A) During the encoding stage, subjects were shown a series of images of novel face-name

pairs, one at a time, and interleaved with fixation periods. Half of the images were selected

at random to receive stimulation, denoted above by double, dotted lines. (B) After encoding,

subjects were asked to do a 30 s distractor task. (C) Each image shown during the encoding

stage was presented again, in random order. Subjects were given 4 s to recall the name

associated to each image. In some cases, subjects were cued with the first letter of the name.

4.2.4.5 Spatial Memory task

During the encoding stage, subjects navigated around a virtual town, acting as taxi drivers.

After locating a passenger, the subject was instructed to drop the passenger off at a particular

store in town. Half of the stores were randomly selected for stimulation, such that stimulation
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was applied in a 5 s on/off manner while the subject was navigating to these stores. After

encoding, subjects were asked to complete the two distractor tasks, described above. The

navigation/distractor task block was repeated three times, with stimulation applied to the

same subset of stores. During the fourth navigation block, no stimulation was applied,

allowing for measurement of spatial memory retrieval. Spatial memory performance was

measured as “excess path length”, calculated by subtracting the length of the ideal path to

target store location from the length of the actual path to the store for each trial. Shorter

excess path length indicated better performance by the subject. For further details on this

task, see previous study ( [14], Figure 4.7).

4.2.5 Statistical analysis

In order to compare the effects of white and gray matter stimulation on behavior across

experimental paradigms, each task-specific average memory performance score for stimu-

lated and non-stimulated conditions was first converted to an average percent difference

score for each subject testing session. To compute the average percent difference score, non-

stimulation scores were subtracted from stimulation scores (except for in spatial memory

tasks where stimulation scores were subtracted from non-stimulation scores since lower ex-

cess path length indicates better memory performance), then divided by the averaged value

between non-stimulation and stimulation and converted to a percentage. These percentage

difference score calculations allow for positive values to indicate better memory performance

with stimulation across all tasks. Percent difference scores were averaged across experimental

paradigms for a given stimulation electrode location for each individual subject, resulting in

a single value for each electrode location. In other words, this yielded a final, cross-paradigm

difference score per subject, per stimulation electrode location, denoted as the performance

index.

We used non-parametric Wilcoxon rank-sum test to compare distributions of linear vari-

ables (performance indices) and Wilcoxon sign-rank test to assess whether the medians of

the distributions were significantly different from zero. To determine the contribution of
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Figure 4.7: Spatial memory task

(A) During the encoding stage, subjects navigated around a virtual town, acting as taxi-

drivers. After locating a passenger, the subject was instructed to drop the passenger off at

a particular store in town. Left: a passenger-eye view of one store; right: a top-down map

of the town. Half of the stores were randomly selected for stimulation, indicated by a red

double dotted line. (B) After encoding, subjects were asked to do two distractor tasks. Top:

subjects pressed arrow keys matching directions presented on screen. Bottom: subjects

selected which of two store images matched a template image presented on screen. The

navigation/distractor block was repeated three times. During the fourth navigation block,

no stimulation was applied, allowing measurement of spatial memory retrieval in the absence

of stimulation. (C) Performance was measured as “excess path length”. See Methods.
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multiple variables to the performance index, we also performed an ordinary least squares

regression in which performance index was modeled as a function of different categorical

variables. These predictors included stimulation site (white/gray matter), stimulation type

(micro/macro), hemispheric location (left/right), and whether or not anti-epileptic drugs

were being administered at the time of stimulation.

4.3 Results

4.3.1 White matter stimulation, but not grey-matter stimulation enhanced

memory

Twenty-four subjects with intracranial depth electrodes implanted for clinical epilepsy evalu-

ation participated in the study. Demographics and neuropsychological test scores are shown

in Tables 4.5,4.6, and 4.1. Amongst the 24 subjects in the study, a total of 41 electrode sites

were used to deliver electrical stimulation. Based on the results of an automated localiza-

tion procedure, twenty electrode locations (five in left hemisphere) were determined to be in

white matter and 21 in gray matter (11 in left hemisphere) (Figure 4.1 and Tables 4.3,4.4).

Performance index scores were calculated, per electrode, by taking the percentage dif-

ference of performance scores in stimulated vs. non-stimulated trials and averaging these

across experimental tasks. We found that change in memory performance with white mat-

ter stimulation was significantly better than with gray matter stimulation (Figure 4.8; p

= .006, Z = 2.73, Two-sided non-parametric Wilcoxon Rank-sum test). Specifically, white

matter stimulation significantly improved memory (Figure 4.8; median, [25th,75th percentile]

= 21.53, [2.12, 50.72]; p = .009, Wilcoxon Signed-rank test, Nwhite = 20) while gray matter

stimulation showed no statistically significant memory effect (Figure 4.8; median, [25th,75th

percentile] = -4.71, [-19.78, 6.68]; p = .24, Wilcoxon Signed-rank test, Ngray = 21). Per-

formance indices from individual paradigms resulted in qualitatively similar results (Figure

4.9).
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Figure 4.8: White and gray matter distributions by performance index

(A) Performance index is a percentage difference score calculated for stimulated vs. non-

stimulated trials, averaged across memory tasks for a given electrode region. Positive perfor-

mance index indicates memory for stimulated trials was better than non-stimulated trials.

Entorhinal white matter stimulation (blue) during learning resulted in improved performance

(significantly positive); nearby MTL gray matter stimulation (red) showed no significant ef-

fect. (B) Distribution of memory performance index scores for each individual electrode

region separated by location: white (blue) and gray (red) matter. Vertical dashed lines

indicate median values.

In order to test the main hypothesis while accounting for other variables that could

play a role in performance index, we used ordinary least squares linear regression to predict

percentage difference scores from electrode location (white/gray), as well as stimulation type

(micro/macro), hemispheric location (left/right), and whether or not anti-epileptic drugs

(AEDs) were being administered at the time of stimulation (see Table 4.2). Corroborating

the previous nonparametric tests, electrode placement in white or gray matter significantly

predicted percent difference scores, while hemispheric location, stimulation type, and the

presence of AEDs showed an insignificant correlation to this performance index (Table 4.2).
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Paradigm Hemisphere(s)

Stimulated

Mean Age Handedness

Verbal Free Recall R: 3 / L: 2 /

Both: 2

32.57

(SD=17.17)

5 right-handed, 1

ambidextrous

Object Recognition R: 1 / L: 2 /

Both: 1

33 (SD=12.53) 2 right-handed

Face Recognition R: 7 / L: 4 /

Both: 1

36 (SD=12.21) 9 right-handed, 1

ambidextrous

Face-Name R: 2 / L: 0 /

Both: 3

36 (SD=13.44) 4 right-handed

Spatial Memory R: 4 / L: 1 /

Both: 1

32.67 (SD=9.50) 5 right-handed, 1

ambidextrous

TOTAL R: 17 / L: 9 /

Both: 8

34.75

(SD=12.72)

18 right-handed,

3 ambidextrous

Table 4.1: Stimualted hemisphere for different subjects

Shown is the number of participants in each task who received stimulation on the right only

(R), left only (L), or in each hemisphere (in different experimental sessions) (Both). Note

some brain regions were stimulated for more than one behavioral task, and therefore the total

number of hemisphere(s) stimulated does not match the sum of hemisphere(s) stimulated in

each individual task.
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Figure 4.9: Distributions of performance index, divided by task

Shown is the distribution of performance index divided by behavioral task for electrodes in

medial temporal (A) white and (B) gray matter. Performance index is a percentage differ-

ence score calculated for stimulated compared to non-stimulated trials for a given electrode

region, and, for this figure only, not averaged across memory tasks. Positive performance

index indicates memory for stimulated trials was better than non-stimulated trials. Negative

performance index indicates memory for non-stimulated trials was better than stimulated

trials.
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White/Gray Left/Right Macro/Micro AEDs/no

β t p β t p β t p β t p

All Electrodesa -.477 -3.137 .003 d .022 .145 .886 d .371 2.335 .025d .031 .199 .843d

All Electrodesb -.457 -3.013 .005 d .023 .150 .881 d .393 2.475 .018d .049 .319 .752d

Non-epileptogenic

electrodesc -.572 -3.305 .003 d .025 .144 .887 d .412 2.200 .037d .004 .023 .982d

Table 4.2: Ordinary least square regression

The results of using ordinary least squares linear regression to predict percentage difference

scores from electrode location (white/gray), hemispheric location (left/right), stimulation

type (micro/macro), and anti-epileptic drugs (AEDs); a Using ‘discrimination index’ as the

performance measure for object and face recognition tasks, R2 = .293, F(4, 35) = 3.619,

p = .014; b Using ‘fraction recalled’ (“n Recollected” ‖ “n Trials”) as the performance

measure for object and face recognition tasks, R2 = .295, F(4, 35) = 3.658, p = .014; c

Using ‘discrimination index’ as the performance measure, excluding electrodes that were

determined to be in epileptic regions, R2 = .282, F(4, 26) = 3.941, p = .012.; d A Bonferroni

correction was applied to our alpha level as a result of running multiple linear regression

tests on the same data, so coefficients were considered significant at a level of α = 0.05,

when p < .0167 (that is α/n, where n is the number of tests performed).
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4.3.2 Hemisphere of stimulation has no effect on memory

To further test the results within each control condition, we examined whether differences in

stimulation hemisphere (left vs. right) or stimulation type (micro vs. macro) could account

for the observation that stimulation divergently improved or impaired memory.

There was no statistically significant difference between memory performance scores with

left or right MTL stimulation, (Figure 4.10; p = .09, Z = -1.7, Two-sided non-parametric

Wilcoxon Rank-sum test) and neither left nor right MTL stimulation had an overall effect

on memory performance when calculated across both white and gray matter stimulation;

however right MTL stimulation had a trend toward performance increase (Left: median,

[25th,75th percentile] = -3.25, [-16.43, 5.77]; p = .47, Nleft = 16; Right: median, [25th,75th

percentile] = 19.05, [-6.11, 36.74]; p = 0.06, Wilcoxon Sign-rank test, Nright = 25). This trend

is difficult to interpret, as the number of stimulating electrodes differs between hemispheres,

with a bias towards the right MTL (see Table 4.3 and 4.4), particularly for the spatially-

oriented tasks, face-name associative memory and spatial memory. Future studies will be

better able to evaluate lateralization of stimulation effects on different types of memory.

4.3.3 Stimulation type (macro vs. micro) has no effect on memory

Similarly, there was no statistically significant difference between memory performance scores

for micro- and macro-stimulation (Figure 4.11; p = .08, Z = 1.76, Two-sided non-parametric

Wilcoxon Rank-sum test) and no effect of micro- or macro-stimulation on memory perfor-

mance, calculated separately, but there was a trend toward macro-stimulation improving

performance (Macro: median, [25th,75th percentile] = 17.50, -6.77, 68.58); p = .10, Nmacro
= 20; Micro: median, [25th,75th percentile] = 0.00, [-16.04, 19.59]; p = 1.0, Wilcoxon Sign-

rank test, Nmicro = 21). To determine whether there was a bias in electrode placement

(white/gray matter) by either stimulation type (macro/micro) or hemispheric location (left-

/right), we applied two separate Chi-Square Tests of Independence to the data. There was

no significant relationship between either set of variables (white/gray, micro/macro, (χ2(1)
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Figure 4.10: Distributions of performance index, divided by stimulated cere-

bral hemisphere

(A) There was no statistically significant difference in memory performance index for items

that were given left medial temporal stimulation (green) and items that were given right

medial temporal stimulation (purple) during learning. (B) Shown are the distributions of

memory performance index scores for each individual electrode, divided by whether they

were located in the left (green) or right (purple) medial temporal lobe.
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Figure 4.11: Distributions of performance index, divided by type of stimulat-

ing electrode

(A) There was no statistically significant difference in memory performance index for items

that were given macro-stimulation (yellow) and items that were given micro-stimulation

(brown) during learning. (B) Shown are the distributions of memory performance index

scores for each individual electrode region, divided by whether they were given macro- or

micro-stimulation.

= 2.97, p = .085; white/gray, left/right, χ2(1) = .266, p = .606, Chi-Square Test of Indepen-

dence). Overall, these results support our finding that the divergent effects of stimulation

are due to location of stimulating electrodes in entorhinal white matter vs. nearby gray

matter areas, rather than the side or type of stimulation involved.

We separately recalculated two follow up ordinary least squares linear regression tests,

first using only the subset of electrodes that were placed outside of the clinically-determined

epileptogenic zones, and again, using the full data set but replacing the behavioral measure

“discrimination index” with “fraction recollected” (“n Recollected” — “n Trials”) for the

object and face recognition tasks. Both tests yielded statistically similar results to the first

(Table 4.2). A Bonferroni correction was applied to our alpha level as a result of running

multiple linear regression tests on the same data, so coefficients were considered significant at

a level of α = 0.05, when p < .0167 (that is α/n, where n is the number of tests performed);

however, stimulation of white vs. gray matter was the only statistically significant predictor
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of performance index, regardless of whether the Bonferroni correction was applied or not.

4.4 Discussion

Our results demonstrate that precise targeting of DBS to entorhinal white matter in humans

during learning improves hippocampal-dependent memory across a range of tasks. In con-

trast, stimulation of nearby gray matter is ineffective in improving MTL memory function.

Thus, stimulation sites that differ by mere millimeters can have quite distinctive effects on

memory.

Earlier studies of intracranial MTL stimulation in humans have yielded mixed results. A

few of these studies, involving electrical stimulation of MTL gray matter, showed a disruptive

[71, 72, 77, 78] or no effect on memory [14]. Other studies involving electrical stimulation of

the fornix white matter showed memory enhancement [79,80] and an increase in both glucose

metabolism and source-localized scalp EEG activation of the temporal lobes [81], suggesting

that stimulation of hippocampal white matter afferents may have a beneficial effect. The

results here also suggest that our previous finding of enhanced spatial memory by stimulation

of the entorhinal region during learning [14] may be due to activation of white matter inputs

to the hippocampus.

Though the specific mechanisms contributing to this memory effect remain unclear, pre-

vious rodent studies have shown that stimulation of the perforant path can potentiate neural

mechanisms of learning and memory [8–13]. Recent imaging studies in humans confirmed

that perforant pathway fibers are quite densely bundled within an area similar to our lo-

calized entorhinal white matter electrodes, from which they divide and disperse to various

hippocampal subregions [82,83]. By focusing stimulation on this region, these fibers can be

best targeted; Conversely, adjacent gray matter stimulation may have a neutral or disrup-

tive effect on encoding, either affecting fewer perforant fibers or introducing an overwhelming

amount of noise to regions thought responsible for containing the sparsely-encoded memory

trace [1, 2, 84].
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One strength of the present study was the use of multiple tasks to measure declarative

memory. Given the critical role of the hippocampus in declarative memory across domains,

our procedure provides evidence for the generality of the benefits of entorhinal white matter

stimulation. However, learning of different types of information may be differentially im-

proved depending on the location of the stimulating electrode in entorhinal white matter.

Several previous studies suggest that processing of spatial and non-spatial information relies

on different MTL cortical subregions and hemispheres [85–88]. Thus, characterization of the

effects of stimulation at anterior vs. posterior and left vs. right MTL structures during spa-

tial and non-spatial memory tasks will be an important focus for future large-sample studies.

Yet another question for future studies is whether DBS is more effectively applied bilaterally

than unilaterally. Some studies have shown significant memory effects with bilateral stimu-

lation [68,79]; however, the present study confirms our previous findings [14] that unilateral

stimulation may be sufficient to modulate memory. The efficacy of unilateral vs. bilateral

stimulation has yet to be tested directly. Finally, the effect of stimulation type (macro

vs. micro) approached significance in our results, with macro-stimulation trending towards

having a greater effect on memory performance than micro-stimulation, so this distinction

merits further investigation.

Recent results from clinical DBS studies, aimed at treating essential tremor and de-

pression, emphasize the importance of electrode placement for maximal therapeutic effi-

cacy [88, 89]. Since gray and white matter regions within the human MTL are so close in

proximity (i.e., within millimeters), neuroimaging, using combined high-resolution magnetic

resonance imaging and high-resolution DTI methods to improve electrode localization, will

likely be optimal for targeting or analysis in future studies. Altogether, our findings sug-

gest that, in humans, direct DBS manipulation of entorhinal white matter, not adjacent

gray matter, offers a unique opportunity to improve learning and memory performance with

clinical relevance to the development of therapeutic treatments for severe and debilitating

memory disorders.
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Macro-stimulation Micro-stimulation

Subj. Left Right Left Right

Entorhinal Entorhinal Entorhinal Entorhinal

W G W G W G W G Seizure Onset Area

1 X Left Medial Temporal

2 X Extra-Temporal

3 X Left Medial Temporal

4 X X Left Medial Temporal

5 X Left Lateral Temporal

6 X Left Lateral Frontal

7 X X Extra-Temporal

8 X Left Medial Temporal

9 X Unknown

10 X X Bilateral Temporal

11 X X X X Extra-Temporal

12 X X X Right Medial Temporal

Table 4.3: Stimulation types across subjects 1 - 12

Shown are white (W) or gray (G) matter placements of entorhinal depth macro- and micro-

electrodes for all subjects and epileptogenic onset areas determined by clinical evaluation.

A red X denotes an electrode that fell within an area that was later determined to be

epileptogenic. To determine whether there was a bias in electrode placement (white/gray

matter) by either stimulation type (macro/micro) or hemispheric location (left/right), we

applied two separate Chi-Square Tests of Independence to the data
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Macro-stimulation Micro-stimulation

Subject Left Right Left Right

Entorhinal Entorhinal Entorhinal Entorhinal

W G W G W G W G Seizure Onset Area

13 X X X Left Medial Temporal

14 X X X Unknown

15 X Right Medial Temporal

16 X Extra-Temporal

17 X X Right Medial Temporal

18 X Right Medial Temporal

19 X X Left Medial Temporal

20 X X Extra-Temporal

21 X X Extra-Temporal

22 X Left Anterior Temporal

23 X Unknown

24 X X L/R Medial Temporal

Table 4.4: Stimulation types across subjects 13 - 24

Shown are white (W) or gray (G) matter placements of entorhinal depth macro- and micro-

electrodes for all subjects and epileptogenic onset areas determined by clinical evaluation.

A red X denotes an electrode that fell within an area that was later determined to be

epileptogenic. To determine whether there was a bias in electrode placement (white/gray

matter) by either stimulation type (macro/micro) or hemispheric location (left/right), we

applied two separate Chi-Square Tests of Independence to the data
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Neuropsychiatric scores of participants 1-12

Subject

No.

Verbal IQ Digit

Span

Verbal Memory Visual

Memory

Executive

Function

Standard

Score

Percentile WMS Per-

centile

CVLT

Percentile

Percentile Percentile

1 102 91 84 84 24 90

2 - 2 25 1 1 1

3 77 16 5 16 1 1

4 81 16 1 2 1 58

5 113 75 50 69 63 6

6 103 21 84 69 34 27

7 109 25.3 15.9 29.7 4.2 2.3

8 112 91 37 1 <1 75

9 98 91 63 49 50 32

10 90a 16 63b 21c <1 27

11 108 16 50 69 2 46

12 98 16 63 1 5 5

Table 4.5: Clinical Characteristics,subjects 1-12.

Verbal and digit span (i.e., attention) were calculated with the use of the Wechsler Adult

Intelligence Scale, verbal memory by means of the logical memory portion of the Wech-

sler Memory Scale (WMS) and the long-delay free-recall portion of the California Verbal

Learning Test (CVLT), visual memory with the use of the 30-second delayed version of the

Rey–Osterrieth Complex Figure Test 7, and executive function by means of the Trail Making

Test, Part B 30. a Full Scale IQ; b Verbal Paired Associates Delayed Recall; c Rey Auditory

Verbal Learning Test score; d Above average, no score; e Spanish Neuropsychological Exam

Equivalent Version.
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Neuropsychiatric scores of participants 13-24

Subject

No.

Verbal IQ Digit

Span

Verbal Memory Visual

Memory

Executive

Function

Standard

Score

Percentile WMS Per-

centile

CVLT

Percentile

Percentile Percentile

13 85 47 25 <1c <1 <1

14 108 14 73 84 - 84

15 99 8.1 1.1 68 <1 63

16 105 37 63 50 7 63

17 125 37 63 50 96 >50d

18 114 37 16b 7 9 16

19 102 16 47 42 53 63

20 83 <1 61 8 22 -

21 105 21.1 21.2 84.1 18 0.1

22 95 9 16 2 8 21

23 105 42 16 7 8 24

24 105 99.9 5 2 <2 87

Table 4.6: Clinical Characteristics, subjects 13-24.

Verbal and digit span (i.e., attention) were calculated with the use of the Wechsler Adult

Intelligence Scale, verbal memory by means of the logical memory portion of the Wech-

sler Memory Scale (WMS) and the long-delay free-recall portion of the California Verbal

Learning Test (CVLT), visual memory with the use of the 30-second delayed version of the

Rey–Osterrieth Complex Figure Test 7, and executive function by means of the Trail Making

Test, Part B 30. a Full Scale IQ; b Verbal Paired Associates Delayed Recall; c Rey Auditory

Verbal Learning Test score; d Above average, no score; e Spanish Neuropsychological Exam

Equivalent Version.
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Subject Electrode Label Electrode Type Localization (Contact 1) Localization (Contact 2)

1 REC Macro CA1 CA1

4 REC Macro Perirhinal Cortex Fusiform Gyrus

4 LEC Macro Perirhinal Cortex Perirhinal Cortex

7 LEC Macro Entorhinal Cortex Perirhinal Cortex

10 REC Macro Perirhinal Cortex Perirhinal Cortex

11 REC Micro Entorhinal Cortex N/A

11 LEC Macro Perirhinal Cortex Perirhinal Cortex

11 REC Macro Perirhinal Cortex Fusiform Gyrus

12 REC Macro Perirhinal Cortex Fusiform Gyrus

12 LEC Macro Perirhinal Cortex Fusiform Gyrus

13 REC Macro Hippocampus (Subiculum) Hippocampus (Subiculum)

13 LEC Micro Entorhinal Cortex N/A

14 LEC Macro Perirhinal Cortex Perirhinal Cortex

16 LEC Micro Entorhinal Cortex N/A

17 REC Micro Entorhinal Cortex N/A

17 LEC Micro Entorhinal Cortex N/A

18 REC Micro Hippocampus (Subiculum) N/A

21 LEC Micro Entorhinal Cortex N/A

21 LEC Macro Perirhinal Cortex Perirhinal Cortex

23 LEC Micro Entorhinal Cortex N/A

24 REC Macro Perirhinal Cortex Perirhinal Cortex

Table 4.7: Electrode localizations

Shown are gray matter electrode localizations of subjects with the 15 micro- or macro-

electrodes that fell within medial temporal subregions. Electrode labels include right and

left entorhinal cortices (REC,LEC). For each stimulated macro-electrode pair (contact 1 is

more distal than contact 2) or micro-electrode, contacts were actually localized to entorhinal

cortex (more inferior medial placements), perirhinal cortex (more lateral inferior placement),

or hippocampal subiculum (more superior placement). Micro-electrode contacts (both stim-

ulating and reference electrode) are localized to the same region (contact 1) and therefore

localization of contact 2 is not applicable (N/A).
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