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Abstract

General anesthesia is a drug-induced, reversible behavioral state characterized by hypnosis (loss of
consciousness), amnesia (loss of memory), analgesia (loss of pain perception), akinesia (loss of
movement), and hemodynamic stability (stability and control of the cardiovascular, respiratory, and
autonomic nervous systems). Each year, more than 25 million patients receive general anesthesia in the
United States. Anesthesia-related morbidity is a significant medical problem, including nausea, vomiting,
respiratory distress, post-operative cognitive dysfunction, and post-operative recall. To eliminate
anesthesia-related morbidity, the brain systems involved in producing general anesthesia must be
identified and characterized, and methods must be devised to monitor those brain systems and guide drug
administration. A priority for anesthesia research is to identify the brain networks responsible for the
characteristic electroencephalography (EEG) signals of anesthesia in relation to sensory, cognitive,
memory, and pain systems.

In this thesis, we recorded simultaneous intracranial and surface EEG, and single unit data in patients with
intractable epilepsy who had been previously implanted with clinical and/or research electrodes. The aims
of this research were to characterize the neural signals of anesthesia in a regionally and temporally precise
way that is relevant to clinical anesthesia, and to identify dynamic neuronal networks that underlie these
signals. We demonstrated region-specific, frequency-band-specific changes in neural recordings at loss of
consciousness. We related these findings to theories of how anesthetic drugs may impart their behavioral
effects.
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Chapter 1: Introduction

What is General Anesthesia?

General anesthesia is a drug-induced, reversible behavioral state characterized by hypnosis (loss

of consciousness), amnesia (loss of memory), analgesia (loss of pain perception), akinesia (loss

of movement), and hemodynamic stability (stability and control of the cardiovascular,

respiratory, and autonomic nervous systems). Each year, more than 25 million patients receive

general anesthesia in the United States. The systems- and network-level mechanisms of general

anesthesia are a subject of current scientific investigation. Anesthesia-related morbidity is a

significant medical problem: approximately 1 in 500 patients experience postoperative recall

(POR) of events during surgery, up to 41% of elderly patients experience post-operative

cognitive dysfunction (POCD), with long-term deficits found in 13% of such patients. Patients

also frequently experience cardiorespiratory depression, perioperative nausea, and perioperative

vomiting. To eliminate anesthesia-related morbidity, the brain systems involved in producing

general anesthesia must be identified and characterized, and methods must be devised to monitor

those brain systems and guide drug administration. Beyond the clinical importance of anesthesia

research, general anesthesia provides an opportunity to study neural activity associated with

conscious and unconscious states and advance scientific knowledge of neural processing.

Clinically, the state of general anesthesia is achieved using a combination of drugs that

each have different effects in ensuring hypnosis, amnesia, analgesia, and akinesia during the

perioperative and operative period. These include anesthetic premedications (e.g., opiods such as

fentanyl and benzodiazepines such as midazolam), induction agents (e.g., propofol, sodium

thiopental, etomidate, ketamine, and sevoflurane), maintenance agents (e.g., nitrous oxide,

propofol, and the volatile general anesthetics), analgesics (opiods such as fentanyl), muscle
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relaxants (e.g., succinylcholine, pancuronium), and other medications to treat side effects or

prevent complications (e.g., antihypertensives, antibiotics). Post-operatively, medications may be

given to reverse the state of general anesthesia (e.g., anticholinesterases to reverse muscle

relaxation).

Molecular Mechanisms of Anesthesia

The molecular mechanisms of general anesthesia - in particular, the effects of induction and

maintenance agents - have been controversial for the past century. In 1899, Meyer and Overton

discovered that anesthetic potency scaled with the lipid solubility of the anesthetic agent (Dilger,

2001). This result drove the early hypothesis that anesthetic agents act within lipid bilayers of

neuronal membranes. Meyer and Overton's result relating potency and lipid solubility has since

been confirmed over four orders of magnitude of lipid solubility for diverse inhaled anesthetic

agents including halothane, argon, xenon, nitrogen, and nitrous oxide.

In the 1990's, this early theory of anesthesia's mechanism was revised following of two

discoveries: first, that volatile anesthetics are stereo-selective (Skolnick and Moody, 2001), and

second, that the physical changes in lipid bilayers caused by volatile anesthetics can be

mimicked by a 1 degree Celsius temperature change (Franks and Lieb, 1994). These two results

suggested that the molecular mechanism of general anesthesia has more structural specificity

than the mere presence an anesthetic agent within the lipid bilayer.

It is now known that anesthetic drugs act on a wide range of molecular targets in the

neuronal membrane, despite causing similar changes in brain activity as measured by

electroencephalogram (EEG). These molecular targets include GABA ion channels, presynaptic

glutamate release mechanisms, and nicotinic acetylcholine channels Evidence for anesthetic
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action at various receptor sites has been obtained from radioligand labeling studies and

recombinant genetic studies specific for receptor subunits, e.g., GABAA (Moody and Skolnick,

2001).This receptor-specific molecular mechanism can be reconciled with Meyer and Overton's

early results by considering that an anesthetic agent's polarity, rather than its lipid solubility,

predicts potency (Dilger, 2001).

Cellular Mechanisms of Anesthesia

Various general anesthetics have been shown to intervene at cellular level by all of the following

methods: 1) enhancing the activity of inhibitory neurons, 2) reducing the activity of excitatory

neurons, 3) reducing neurotransmitter release from the presynaptic cell, and 4) interfering with

the generation or propagation of action potentials.

Numerous anesthetic agents have been shown to act at the GABAA receptor, altering the

time course, but not amplitude, of inhibitory currents. The mechanisms for this effect include

slowing receptor deactivation and desensitization (with propofol), stabilizing the "pre-open"

receptor state (also with propofol), and increasing the duration of inhibitory post-synaptic

currents (with the volatile agents) (Antkowiak, 1999). The effect of the volatile agents has been

shown to be dose-dependent, potentiating GABA-evoked currents at low concentrations (e.g., 3

uM) while decreasing GABA-evoked currents at high concentrations (e.g., 30-300 uM)

(Antkowiak, 1999). Effects of the volatile agents on GABA-evoked currents are not well

understood; enflurane and sevoflurane can actually block GABAA activity at clinical dosages

(Pearce, 2001).

In in-vitro cortical preparations, numerous anesthetic agents reduce the mean firing rate

of neurons, and there is evidence that this effect is mediated by GABAA receptors. Reduction in
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firing rate is blocked in-vitro by bicuculline; in-vivo, anesthetic dosage requirements to achieve

loss of consciousness are increased when bicuculline or picrotoxin are delivered. The specific

reduction in neuronal firing rate, with respect to burst rate and intra-burst frequency, varies by

anesthetic agent, suggesting that the various agents act on GABAA receptors in different ways

(Antkowiak, 1999).

Anesthetic agents may also have an effect on excitatory neurons: glutamate antagonists

increase the potency of volatile agents in rats. However, it is likely that the principle mechanism

of most volatile and injected agents is not glutamatergic. The known NMDA receptor antagonist

ketamine produces a "dissociative" anesthetic state that is qualitatively different from the state

produced by almost all other volatile and inhaled anesthetic agents. Volatile agents have also

been shown to reduce excitatory currents at nicotinic ACh channels (Pearce, 2001).

Besides affecting inhibitory and excitatory currents post-synaptically, the volatile agents

halothane, isoflurane, and enflurane have been shown to reduce calcium-mediated glutamate

release from the nerve terminal by reducing the activity of Plasma Membrane Ca2+-ATPase

(PMCA) in a dose-dependent manner (Hemmings, 2001). Volatile agents have also been shown

to produce Na+ current blockage by way of inactivation hyperpolarization shifts in the sodium

channel. It is controversial whether such a Na* current blockage affects the propagation of action

potentials or acts mainly in the pre-synaptic terminals, dendrites, somas, and initial segments of

the neuron; most evidence suggests the latter.

Systems-level Mechanisms of Anesthesia

Currently, the mechanism by which cellular changes during general anesthesia induce the

behavioral states of hypnosis, amnesia, and akinesia are not fully understood. The mechanisms of

akinesa at the level of the spinal cord and neuromuscular junction, induced by muscle relaxants,
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have been more thoroughly described, as have the mechanisms of analgesia induced by the

opioids delivered in the clinical setting. (Egar et al., 1965; Prys-Roberts, 1987; Woodbridge,

1957).

Both propofol and the volatile anesthetics have been shown to globally reduce glucose

metabolism and cerebral blood flow as measured in positron emission tomography (PET). In

these studies, dramatic reduction has been observed across the whole brain with small regional

differences in the cortex, midbrain, and thalamus (Alkire et al., 1995;Alkire et al., 1997;Alkire,

1998;Alkire et al., 1999;Alkire et al., 2000; Veselis et al., 1997).

The neurons of the thalamus mediating arousal and nocioception have been identified as

loci for the effects of general anesthetics, as well as the cortex, thalamic relay neurons, and

diffuse thalamic projection neurons (Antognini et al., 2000). Functional magnetic resonance

imaging has also been applied to studying the effects of anesthetic induction, showing reduced

auditory cortex activity with increased anesthetic depth, however with primary auditory cortex

remaining active after loss of consciousness (Hall et al., 2000). A recent study reported the

effects of general anesthesia on intracranial neural data recorded from the thalamus and frontal

cortex, and demonstrated that frontal EEG activity is predictive of loss of consciousness while

thalamic LFP activity is predictive of movement. In the rat, one study found that septal-

hippocampal activity in the gamma (30-50 Hz) band predicted movement following general

anesthesia. In rats, reduction in theta (4-12 Hz) oscillations in the hippocampus were associated

with anesthesia (Angel, 1991). These studies provide some evidence for the region-specific

effects of anesthesia, but imaging studies have not shown direct functional changes in sensory,

nociceptive, associational, or cognitive systems as a result of anesthesia.
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The results of some fMRI studies, using both observational and stimulus-driven

paradigms, present an interpretation challenge, because the inhaled anesthetics are vasodilators,

"washing out" the blood oxygen level dependent (BOLD) signal (Logothetis et al., 1999). The

recent study by Purdon et al. (2009) used an anesthetic induction with propofol, which is a

minimal vasodilator, and maintained an adequate airway throughout the study.

Staging of Anesthesic Depth using EEG

The characteristic stages of general anesthesia were first reported by Guedel in 1937 (Calverley,

1989). . The stages described in current clinical practice are the same as those reported by

Kiersey in 1951 (Figure 1). Each stage is associated with characteristic EEG patterns as well as

clinically observable behaviors. Almost all general anesthetic agents produce these stereotyped

stages.

Stage 1, the induction or analgesic stage, occurs at low doses. Anesthetics typically

increase EEG beta power (12-20 Hz). The patient experiences dizziness, decreased sensitivity to

touch and pain, increased sense of hearing, and increased response to auditory stimuli. Blood

pressure is normal and pulse is irregular.

Stage 2, the excitement or paradoxical excitation stage, occurs as dose increases. Beta

power in the EEG is replaced by increased alpha power (8-12 Hz) that shifts anteriorly. The

patient may experience muscular activity and delirium. Pulse is irregular and fast, and blood

pressure is high.

Stage 3, the surgical or operative stage, occurs as yet higher doses. Bispectral coupling

between low and high frequencies is observed in the EEG, and gamma-band coherence (26-70
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Hz) increases. Pulse is steady and slow, and blood pressure is normal. Airway management is

required.

Stage 4, the deepest level of anesthesia, is observed at the highest anesthetic doses

delivered clinically. Characteristic EEG activity of this stage includes burst suppression patterns,

isoelectricity, and spindles. The spindles of stage 4 EEG have characterized been shown to have

different properties from those in Stage 2 sleep, however they have not been studied in the same

subject. In this stage, pulse is weak and thready, and blood pressure is low. The risk for POCD

induced by hypoxia is at greatest risk in Stage 4. (Stanski, 2000).

The functional significance of the anesthesia-related EEG patterns at each stage is not

known. A priority for anesthesia research is to identify the brain networks responsible for these

signals in relation to sensory, cognitive, memory, and pain systems, and also to better

characterize the onset of the EEG stages and their behavioral correlates for improved anesthetic

monitoring.
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Figure 1. Stages of anesthesia EEG reported in Kiersey, 1951.

Clinical Monitoring of Anesthetic Depth

In clinical practice, depth of anesthesia is primarily monitored using easily observed behavioral

and physiological indicators rather than electronic monitoring systems. These indicators include

loss of response to verbal and tactile stimuli, heart rate, blood pressure, pupil size, and lash

reflex. Loss of response to noxious stimuli has been quantified experimentally in terms of

pharmacological EC50 points, and such points are used as a guideline for anesthetic dosage. One

such reference point is the Minimum Alveloar concentration (MAC), the concentration at which

50% of patients can be expected to be unconscious ( Eger et al., 1965; Quasha et al., 1980;

Stanski, 2000).

The EEG has been the primary neurophysiological recording used to measure and

characterize neural activity related to anesthetic induction. EEG-based anesthesia monitors exist,
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such as the Bispectral Index (BIS). Such monitors reduce a number of EEG-based characteristics

to a single parameter that can be used by anesthesiologists to guide drug delivery. (Rampil,

1998). While early studies showed that monitors like the BIS could improve patient recovery

time and reduce quantity of delivered drugs, in practice the observation of behavioral and

physiological variables is typically used as the main indicator of anesthetic depth (John et al.,

2001). Furthermore, the recent B-Unaware clinical trial demonstrated that standard anesthesia

monitors are ineffective in reducing post-operative recall compared with a standardized inhaled

anesthetic protocol. Improvements in EEG-based monitoring have the potential to reduce

anesthetic morbidity; it has been shown that reduced post-operative pain and decreased recovery

time may be achieved by selecting an appropriate anesthetic dose (Ghoneim and Block, 1997).

Relationship with Sleep, Coma, and Epilepsy

The behavioral state of anesthesia has both similarities and differences with other behavioral

states associated with loss of consciousness: sleep, coma, and portions of the epileptic seizure. It

is well known that the state of general anesthesia differs functionally from these other behavioral

states. Despite the differences between anesthesia and other unconscious states, burst

suppression patterns are similarly observed in coma, epilepsy, and anesthesia, and EEG spindles

are observed in both Stage 2 sleep and anesthesia (Antkowiak, 1999). The comparison of EEG

patterns in sleep and anesthesia, in particular as recorded from a variety of regions, would be

informative about the neural dynamics underlying unconscious states in both settings. A

comparison of burst suppression patterns in anesthesia and coma may be informative to assess

the integrity of cortical function during hypoxic coma and other neurological disorders.

Aims of the thesis
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The goal of this thesis was to establish neural correlates of anesthesia that can be used for

improved anesthetic monitoring and drug administration. Furthermore, the goal was to increase

scientific understanding of the neural activity underlying the state of general anesthesia in

relation to sensory, cognitive, memory, and pain systems. Epilepsy patients who have been

previously implanted with intracranial electrodes present an advantageous opportunity to record

neural activity from the deep structures of the brain, in a way that is regionally distributed,

temporally precise, and relevant to clinical practice. This thesis constitutes two analyses

performed on a set of data that we obtained from 14 such patients.

In the first analysis, we characterized the properties and dynamics of electrophysiological signals

during anesthetic induction as obtained in surface recordings and intracranial EEG signals. We

performed spectral analysis to quantify and analyze the frequency content, amplitude, onset, and

cessation of the stage-specific signals and compared these metrics across subjects and electrode

channels. In particular, we determined the alpha frequency, and functional neuroanatomical

regions and networks where the characteristic alpha signals of anesthesia could be observed. We

also tested the hypothesis that the spectral characteristics of the signals were correlated with the

stimulus parameters of the experiment - including auditory stimuli - and/or with the subjects'

behavioral responses. We assessed whether activity before and after loss of consciousness in

regions such as auditory cortex, the hippocampus, the parietal lobe, and others may be related to

the separable components of anesthesia including analgesia, amnesia, and unconsciousness.

In the second analysis, we performed coherence analysis to identify distributed networks of

neuronal activity across the medial temporal lobe, cingulate gyrus, temporal cortex, frontal

cortex, and white matter tracts. In particular, we related the results to previously reported

characteristics of alpha coherence in anesthesia.
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Chapter 2: Intracranial correlates of anteriorization during propofol
general anesthesia

Abstract

More than 25 million Americans receive general anesthesia (GA) each year and stereotyped

signatures of general anesthesia in the electroencephalogram (EEG) have been known since the

1930's. One such signature is a change in the distribution of alpha (8-13 Hz) power in the

electroencephalogram from a posterior distribution in the awake state to an anterior distribution

in the unconscious state. The intracranial correlates of this effect observed in EEG are not well

understood.

This study examined neural recordings from 14 patients who had been previously implanted with

intracranial depth electrodes, some of whom also had EEG surface electrodes, while those

patients were induced with propofol general anesthesia. We show that anteriorization of alpha

power during general anesthesia is associated with two distinct phenomena.

The first phenomenon is a disruption of traditional waking alpha oscillations which include the

occipital, sensorimotor, and auditory alpha rhythms. We demonstrate that two of the rhythms -

sensorimotor and auditory - are related to task in the data set and are disrupted at loss of

consciousness. The second phenomenon is of the onset of de novo alpha oscillations in frontal

and midline structures including the cingulate cortex, hippocampus, and frontal white matter. We

provide evidence of distinct generators for hippocampal and frontal alpha rhythms during general

anesthesia.

Introduction



Each year, more than 25 million patients receive general anesthesia (GA) in the United States.

General anesthesia is a drug-induced, reversible behavioral state that includes five separable

components: loss of consciousness, amnesia, loss of pain perception, loss of movement, and

hemodynamic stability. While mechanisms of general anesthetics are well understood at a

cellular and molecular level, the brain systems and circuits underlying these five separable

components of anesthesia are not fully characterized (Brown, Lydic, & Schiff, 2010).

Elucidating the effects of general anesthetics in functional brain regions - such as those regions

underlying perception, cognition, and memory - is an important step toward improved anesthetic

monitoring. Anesthesia-related morbidity is a significant medical problem: approximately 1 in

500 patients experience postoperative recall (POR) of events during surgery (Liu, Thorp,

Graham, & Aitkenhead, 1991), up to 41% of elderly patients experience post-operative cognitive

dysfunction (POCD), with long-term deficits found in 13% of such patients (Moller et al., 1998).

If the brain systems that underlie general anesthesia are better understood, methods may be

devised to independently monitor neural activity in these networks and guide drug administration.

In addition to having clinical importance, a systems level explanation of general anesthesia may

lead to a better understanding of sleep, coma, and the conscious state.

Electrophysiologic signatures of general anesthesia demarcating loss and recovery of

consciousness have been established in humans (Breshears et al., 2010; Gibbs, F.A., Gibbs &

Lennox, 1937; Purdon et al., 2012). One such signature associated with unconsciousness is an

anteriorization of power in the alpha frequency band (8-13 Hz) that occurs in the

electroencephalogram (EEG). This effect was first observed with epidural electrodes in monkeys

(Tinker, Sharbrough, & Michenfelder, 1977) and has been replicated in human EEG (Feshchenko,

Veselis, & Reinsel, 2004). The intracranial correlate of this effect observed in EEG is unknown.
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While, in general anesthesia, EEG alpha dynamics are a reliable marker of loss of consciousness,

in the waking state, alpha dynamics are functionally correlated with sensorimotor behavior,

cognition, vision and sleep (Niedermeyer E., 1997). Three distinct alpha rhythms have been

observed in recordings from the human cortex. The occipital or traditional alpha rhythm is

recorded from occipital cortex and is suppressed when the eyes are open (Andersen, 1968). The

sensorimotor mu or wicket rhythm is recorded from somatomotor cortex and is suppressed

during sensorimotor execution or preparation (Kuhlman, 1978). The third or tau rhythm is

recorded from over a broad region of temporal cortex that includes auditory cortex, and is

thought to be suppressed during auditory or cognitive stimuli (Lehtela, Salmelin, & Hari, 1997).

Tau can not readily be identified in surface EEG and must be recorded from intracranial

electrodes. These three rhythms are distinct in their distribution over cortex, frequency content,

task responsiveness, development in mammals, and relationship with disease states. Suppression

of alpha power during sensation, imagery, planning, and execution during sensorimotor tasks is a

general principle of the phenomenology of this oscillation in its three forms (Niedermeyer E.,

1997).

Alpha rhythms during GA, as well as wakefulness, sleep and coma, are thought to occur as a

result of neuronal activity in both thalamo-cortical and cortico-cortical networks (Brown et al.,

2010; Hughes & Crunelli, 2005; Lopes da Silva, Vos, Mooibroek, & van Rotterdam, 1980). A

computational model of alpha frequency dynamics with the anesthetic agent propofol (2,6-di-

isopropylphenol) suggests that these rhythms are mediated by thalamo-cortical circuits, with

propofol strengthening reciprocal projections between cortical pyramidal cells and

thalamocortical relay neurons (Ching, Cimenser, Purdon, Brown, & Kopell, 2010). Ching et al.

have proposed that localized patterns of alpha band changes during GA may be the result of
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differential effects of propofol on distinct thalamic nuclei. The prediction of increased anterior

alpha power and coherence during unconsciousness have been confirmed in high density EEG

studies (Cimenser et al., 2011). Such studies have also established the result that alpha and slow

(0.1 - 1 Hz) frequency EEG dynamics are tightly coupled after propofol (Mukamel et al., n.d.;

Purdon et al., 2012), and that the phase of this relationship varies systematically with anesthetic

depth. However, the mechanisms of alpha and slow frequency coupling are not well understood.

In this report, we examine intracranial neural recordings in a set of human patients, some of

which have surface EEG, so we can establish neurophysiological correlates of alpha power

anteriorization during the transition to unconsciousness with propofol. These human subjects

have been previously implanted with intracranial electrodes for management of intractable

epilepsy. Extending the results of previous research that has been performed with subdural

electrode arrays resting on the cortical surface (Breshears et al., 2010), the electrodes in this data

set include depth electrode arrays penetrating into cingulate cortex, hippocampus, and medial

white matter. This allows us to record from cortical and subcortical regions that are distant from

surface EEG and may be related to the behavioral components of GA.

We hypothesize that anteriorization of EEG alpha power is associated with disruption of the

three dominant alpha band rhythms in human cortex: traditional occipital alpha, sensorimotor mu

and temporal tau. Moreover, we hypothesize that anteriorization is associated with de novo alpha

dynamics in anterior brain regions that do not have a dominant EEG alpha rhythm observable in

the waking or sleep states. Previous research has pointed to a role for anterior cingulate cortex as

a site of anesthesia induced PET activation changes (Schlunzen et al., 2011). The frequency

specific effects of propofol in anterior white matter, prefrontal cortex, cingulate cortex, and

subcortical regions including hippocampus are not known. We examine power dynamics in the
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alpha frequency band at these recording sites, and discuss the implications for systems and

network level mechanisms of general anesthesia.

Figure 1. (A) Photograph of an 8x8 grid array of platinum iridium electrodes (Ad-Tech), shown

with a U.S. quarter for size comparison. Intraoperative photograph of a craniotomy (left) and

overlaid electrode array (right). (B) Sagittal maximum-intensity projection of a subdural grid

electrode array in a postoperative CT scan. (C). Linear penetrating depth electrode array (Ad-

Tech). (D). Coronal maximum-intensity projection of a depth electrode array in a postoperative

CT scan.

Materials and Methods
Data collection. 14 patients were implanted with iEEG electrode arrays as part of standard

clinical treatment for intractable epilepsy. The arrays included linear penetrating depth arrays

having 6-8 electrodes, subdural grid arrays having 16-64 electrodes, and/or subdural strip arrays

having 4-16 electrodes (Adtech Medical, Racine, WI) (Figure 1). Surface EEG electrodes were

additionally applied to six patients in a subset of the standard 10-20 EEG configuration.

Electrode placement was selected by the patients' clinicians without regard to the current study

and is summarized in Figure Si. Patient demographic and clinical information are provided in

Table 1. All patients gave informed consent in accordance with protocols approved by the

hospital's Institutional Review Board.

Recordings were obtained during electrode explant surgery that occurred after 1-3 weeks of

inpatient monitoring to determine epileptogenic foci. Signal acquisition began prior to induction
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of general anesthesia and continued until the electrodes were disconnected for explant. EEG and

iEEG signals were recorded with a sampling rate of a 2000, 500, or 250 Hz depending on

settings of the hospital's clinical acquisition system. Signals were digitized with hardware

amplifiers (XLTEK, Natus Medical, Inc., San Carlos, CA) that bandpassed between 0.3 Hz and

the sampling rate, and were stored on a computer (Dell) for offline processing. A linked earlobe

electrode (Al -A2), a C2 reference on the back of the neck, or an inverted disc electrode on the

inner skull table were used as a reference when available; otherwise an average reference was

used (N=1, patient 13).

TABLE 1. Patient clinical and demographic information.

Anesthesia. All patients underwent induction of general anesthesia with propofol. 13 patients

received a bolus dose; one patient received an infusion (patient 2). Drug protocols were selected

by the patients' clinicians without regard to the current study.

Behavioral task. Patients were delivered auditory stimuli through headphones (prerecorded

words and the patient's name) approximately every 4 seconds during the task, and were

instructed to respond with a button click. Responses were recorded using stimulus presentation

software (Presentation, Neurobehavioral Systems, Inc., Albany, CA, or EPrime, Psychology

Software Tools, Inc., Sharpsburg, PA). Loss of consciousness time (LOC) was defined as the time

of the first stimulus to which the patient did not respond. One patient was excluded from

performing the auditory task by request of his clinician (patient 10). LOC was defined marked at

30 seconds after propofol bolus dose for that patient for display in exemplar figures. This patient

was excluded from group analyses of peri-LOC dynamics.
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Electrode localization. A postoperative CT scan and preoperative Ti -weighted MRI scan were

obtained for each patient. Data were processed using open-source software (Freesurfer,

http://surfer.nmr.mgh.harvard.edu/fswiki) and custom programs written in MATLAB (The

Mathworks Inc., Natick, MA). Coregistration of postoperative CT to preoperative MRI was

computed using automated routines in Freesurfer and verified visually. RAS coordinates were

identified for all iEEG electrodes in the subject's anatomical space by visual inspection of a

maximal intensity projection of the CT (Figure 1). Those coordinates were projected to the

subject's preoperative MRI space using coregistration matrices. An automatic rendering of the

cortical surface was created from the preoperative MRI image. RAS coordinates of electrodes

from subdural grid and strip arrays were mapped to the closest coordinate on the rendered

cortical surface using a minimum energy procedure (Dykstra et al, 2010). Average cortical

surface renderings and MRI volumes were computed as well as transformation matrices between

each patient's coordinate system and the group average coordinate systems.

Anatomical mapping. Electrode coordinates were automatically mapped to anatomical labels as

described in (Fischl et al., 2002, 2004). Cortical parcellation labels were used for grid and strip

electrode arrays and volumetric segmentation labels were used for depth electrode arrays.

Segmentation and parcellation results were examined visually on the MRI image at each

electrode location and spurious results were removed from the data set (n<5%). Functional

segmentations were determined from a subset of the structural segmentations, including

functional segmentations for the primary auditory cortex, primary somatosensory cortex, primary

motor cortex, cingulate cortex, hippocampus, and white matter. Remaining electrodes were

segmented into broader anatomical regions due to a smaller number of electrodes outside of

those regions previously listed. Occipital, parietal, and inferotemporal cortex were combined,
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and frontal and orbitofrontal cortex were combined, and temporal cortex (non-auditory) was

labeled. These subdivisions were selected to include only grey matter. Unsegmented regions as

well as subcortical regions comprising fewer than three channels in the data set were excluded

from further analysis.

Data exclusion. Individual electrodes with recordings predominated by artifacts (absent signal or

amplitude >10x the array median) were excluded from analysis by visual inspection. Shorter

segments of data in the remaining electrodes were excluded using the same criteria. Individual

electrodes or shorter segments of data were excluded that contained epileptiform discharges,

determined by visual inspection. Total time of removed segments was <5%. In one patient, 78/80

channels were removed due to generalized epileptiform discharges (patient 44). In one patient,

16 channels were removed due to the appearance of dysplastic cortex in the MRI (patient 8).

Data analysis. In each subject, two epochs were distinguished over the recording period. The

preinduction epoch began at a period of time 400 to 150 seconds prior to loss of consciousness.

The start time for this epoch was chosen such that the preinduction recording time was

approximately 150 seconds in most channels when large recording artifacts were removed. The

preinduction epoch ended at the time of the first dose of propofol. We used visual inspection to

identify the postinduction epoch. This epoch defined a period of stationary spectral power that

occurred after characteristic paradoxical excitation and prior to burst suppression in the five

patients who underwent burst suppression. Burst suppression intervals were excluded to avoid

the confound of low-power suppression intervals in group analyses, which differed in total time

across patients. The post-induction epoch ended at any of these events: a) the first suppression

period apparent in the median spectrogram, b) the delivery of any anesthetic drug besides

propofol, and c) the end of the recording. The stationary post-induction epoch was identified by

34



visual inspection of the median spectrogram computed across all channels, was identified prior to

further analyses, and was verified by an anesthesiologist (E.B.1). The epochs are indicated in the

exemplar figures for each patient.

Retained signals were low-pass filtered at 100 Hz and resampled at 250 Hz using finite impulse

response filters, and spectrograms were computed for each channel with Chronux software.

Spectrograms were computed with 3 tapers, 2 second windows, 1 Hz frequency resolution,

and .2 second time steps. For display, raw time-series were lowpass filtered below 40 Hz using

finite impulse response filters. In all epochs, the median log spectral power between 8-13 Hz was

computed for each electrode as the median over spectrogram windows in the epoch and mean

over frequency bins in the alpha band.

A modulation index was computed to describe the relationship between slow oscillation (0.1 to 1

Hz) phase and the alpha oscillation amplitude for all channels. The index was computed as

described in (Tort, Komorowski, Eichenbaum, & Kopell, 2010) with 12 phase bins, 10 seconds

of time in each phase bin. The analytic phase value extracted using a Hilbert transformation of a

signal bandpassed using FIR filters of length 4500 with passbands of 7.5-13.5 Hz for the alpha

band, and 0.1- 1Hz for the slow band, with transition bandwidths of 10% or 0.5 Hz, whichever

was smaller. To display alpha band amplitude concurrently with an iEEG trace by coloring the

trace relative to amplitude, alpha amplitude was normalized to a percentile of the amplitude at all

time points over the time period of the displayed trace.

To ascertain task-related modulations of alpha power in each recorded channel, an event related

spectral perturbation (ERSP) was computed for each channel in which amplitude in the alpha

band was related to auditory stimuli both before and after LOC and button presses prior to LOC.

Note: epoch times were verified when E.B. observed each figure during our meeting in September 2012.
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Alpha amplitude was computed as described above in order to have a metric with temporal

resolution the same as the sampling rate. A window of [-.75 to 1.5] seconds was computed

around each event time, with the first 0.5 seconds of the window assigned as a baseline. Each

window was normalized by removing its mean. Mean normalized alpha amplitude was then

computed for each point across the 2.25 second window, and values that was significantly

different from the mean amplitude in the baseline window were ascertained for each time point

in the window. Significance was computed using 500 iterations of a surrogate control of shuffled

times perturbed uniformly over +/- 4 seconds. A significance level of alpha=0.05 was computed

obtained at every point in the perievent window outside of the baseline and a familywise error

rate was used to correct for multiple comparisons. No corrections were made over multiple

electrodes.

Results
Between 54 and 124 channels were recorded in each patient. Intracranial neural recordings were

obtained at 1521 recording sites from 14 patients. Seven of those patients also had surface EEG.

Five subjects demonstrated burst suppression EEG.

Characteristic waking alpha rhythms are abruptly suppressed and de novo alpha rhythms

emerge at LOC

Figure 2 shows spectrograms of iEEG signals (right panel) that were recorded in several cortical

and subcortical regions (localization in left panel) for Patient 9, who had concurrent iEEG and

surface EEG. Prior to LOC, an alpha rhythm is observed observed in the posterior bipolar

surface EEG channel, which is simultaneous with an iEEG alpha rhythm recorded in the

occipital cortex subdural electrode. This oscillation is consistent with the traditional occipital

alpha rhythm because of its spatial location, high power relative to other frequencies and

36



channels, and frequency content. In this patient, a temporal alpha oscillation occurs also in the

medial temporal cortex that is spatially consistent with a tau rhythm and occurs with a greater

peak frequency in the alpha band over the preinduction epoch (8.7 Hz in the occipital channel

and 10.1 Hz in the temporal channel), which may indicate distinct rhythms. Alpha power in both

channels is suppressed abruptly within 10 seconds after LOC.

After LOC, novel alpha rhythms with two distinct phenomenologies are seen in this set of

exemplars. An alpha band rhythm appears with a bursting pattern in all channels and with

greatest strength in the cingulate cortex recording. The same pattern is seen in both the anterior

and posterior surface EEG. A broadband rhythm in the hippocampus between slow frequencies

(0.1-1Hz) and high beta / low alpha frequencies (11-13 Hz) emerges after LOC. The phenomena

in this subject's exemplars in temporal cortex, cingulate cortex, hippocampus, occipital cortex,

and surface EEG are similar to those observed in all other subjects in the data set (Supplementary

Figures).

Panel B shows alpha power dynamics across LOC in all of the iEEG electrodes for this patient.

Greatest alpha power prior to LOC (top row) occurs in occipital electrodes, and least power is in

the cingulate cortex. The distribution is reversed after LOC. A similar distribution is seen in all

the other subjects in the data set.

Figure 3 shows spectrograms from exemplar recordings from patient 3, which demonstrate one

feature not visible in the first patient's exemplars due to a different distribution of recording sites.

In patient 3, a spectrogram from a motor cortex electrode shows activity consistent with the

sensorimotor mu oscillation, which has been shown to occur at a higher frequency than occipital

alpha and to be concurrent with beta power. In this recording, alpha power at a different

frequency band occurs in the motor cortex after LOC, unlike in the auditory and visual cortex
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recordings in this and the previous patient. This result in motor and sensorimotor cortices is

observed in numerous subjects, which may suggest a distinct behavior in sensorimotor mu

producing sites and occipital alpha and temporal tau producing sites.
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FIGURE 2. Exemplar spectrograms during propofol anesthesia,

patient 9. Region specific changes in alpha power were observed

during the transition to GA with propofol. (A), right panels,

multitaper spectrograms computed as described in Materials and

Methods from the signal recorded in exemplar electrodes from a

single patient. Dashed line indicates LOC, arrows indicate propofol

boluses. Pre-induction and post-induction epochs are indicated

below the spectrograms. Right panels, segments of time series from

the same recordings. (B), top panel, average alpha band power

during the pre-induction epoch at each recording site in a single

patient. If the patient was implanted with depth electrode arrays,

locations are overlaid on transparent renderings of the patient's

brain. If the patient was implanted with strip and grid electrodes

arrays, locations are overlaid on cortical surface renderings. If

surface EEG was recorded from the patient, electrode locations are

shown on a head plot. The exemplar electrodes from panel (A) are

indicated on each rendering. Bottom panel, average alpha band

power during post-induction epoch as pictured for the pre-induction

epoch.
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FIGURE 3. Exemplar spectrograms during propofol anesthesia,

patient 3.

Anteriorization of the EEG occurs with medialization and anteriorization of the iEEG

Figure 4 shows a region-specific summary of the alpha power change during anesthesia. Median

alpha power in the postinduction period is consistently increased in the hippocampus and

cingulate cortex, as well as in medial white matter electrodes, by approximately 5 dB. Power is

also consistently decreased in a broad region including occipital cortex, parietal cortex, and

inferotemporal cortex, as well as in the primary auditory cortex. Activity in motor cortex,
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somatosensory cortex, and frontal gray matter increases in some channels and decreases in others.

This pattern reflects a medialization of alpha power in the iEEG that is concurrent with the

traditional anteriorization in EEG.

FIGURE 4. Region-specific alpha power change during induction of

propofol general anesthesia. Change in median alpha frequency

power (dB) is overlaid on transparent renderings of the data set

average brain. Each circle is a single electrode location for one

patient; electrode locations from all patients are plotted together for

each functional region. Change in power is computed as the median

power in the post-induction period minus median power in the pre-

induction period.

A novel alpha oscillation in hippocampus during propofol general anesthesia

In all patients with electrodes in hippocampus a novel broadband rhythm including the alpha
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frequency was observed within +/- 30 seconds around LOC. Like the fronto-medial alpha

rhythms that occured in the post-induction period, this novel hippocampal oscillation of propofol

GA had an onset tightly linked with unconsciousness. However, the rhythm had several

properties that distinguished it from the other alpha rhythms of GA and waking and these were

consistent across all subjects. The hippocampal alpha rhythm was broadband, with nearly

uniform power from slow (0.1-1) to alpha or low beta frequencies. This rhythm was less coupled

to slow oscillation phase than in the signals recorded from locations in other cortical and

subcortical regions (Figure 5). The rhythm persisted during suppression periods of burst

suppression.

Figure 5. During propofol GA, hippocampal alpha oscillations are distinct from

anterior alpha oscillations with respect to slow oscillation coupling and presence

during suppression periods of burst suppression. (A), exemplar time series recorded

simultaneously from hippocampal and frontal electrodes during the post-induction

42



period in patient 7. Pseudo-coloring of the iEEG traces alpha amplitude at that time

point (see Materials and Methods). Alpha power is strongly phase locked to a slow

oscillation in the exemplar frontal channel but not in the hippocampal channels in

these. (B), phase amplitude coupling illustrated in a phasegram (see Materials and

Methods) during the pre- and post- induction period in those same channels. (C),

spectrograms and time series recorded during burst suppression in an exemplar

subject, showing persistence of alpha band activity during suppressions in the

hippocampus.

Changes in alpha power are tightly linked with timing of LOC

The exemplar figures show changes in an alpha oscillation that is tightly linked within +/- 30

seconds to loss of responsiveness. In some patients (patients 1 and 3), the offset of an occipital

alpha oscillation was most closely temporally linked with LOC and the onset of cingulate and

hippocampal rhythms occurred after LOC while in others the pattern was reversed (patient 5). In

all patients demonstrating mu and tau oscillations before induction of anesthesia, these

oscillations were no longer significantly related to timing of stimuli after induction of anesthesia

(Figure 6).
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FIGURE 6. Disruption of functional alpha rhythms at LOC. Left

panel shows a pseudo-colored iEEG trace from two channels where

trace color indicates alpha frequency amplitude at that time point.

Black lines (top) indicate responses during the auditory task, and

magenta lines (bottom) indicate stimuli. Right panels show event

related sensory spectral perturbations in the alpha band in a window

around stimulus times. The top pattern is consistent with a mu

oscillation in which alpha power is suppressed during sensorimotor

response, which occurs -1sec after stimulus onset. The bottom

pattern is consistent with a tau oscillation in which alpha power is

suppressed during auditory stimulus. Green lines indicate significant

differences from baseline. Both ERSP effects in the alpha band

disappear immediately at LOC.

Discussion

We have examined human intracranial and EEG neural recordings during the transition to

unconsciousness with propofol bolus, and demonstrated a) a disruption of the occipital, tau, and

mu alpha rhythms of wakefulness within seconds surrounding LOC, and b) an emergence of de

novo alpha frequency 'rhythms in the hippocampus and frontal midline structures including
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cingulate cortex, orbitofrontal and prefrontal cortex, and frontal white matter that are not

observed in typical wakefulness. The distribution of changes in alpha power in the occipital lobe,

auditory cortex, somatomotor cortex, hippocampus, and frontal midline regions were consistent

across patients during the transition to unconsciousness in the clincial setting.

Neurophysiological mechanisms of propofol alpha dynamics

The alpha frequency dynamics described here are in accordance with current thalamocortical

hypotheses of alpha anteriorization with propofol (Ching et al., 2010; Purdon et al., 2012). We

showed increased alpha power after LOC in anterior midline channels in cingulate cortex, frontal,

prefrontal and orbitofrontal cortex, and frontal white matter channels. These regions receive

projections from the mediodorsal nucleus of the thalamus (Behrens et al., 2003), which may

underlie a common alpha power dynamic driven via common thalamocortical projections.

We observed region-specific differences between propofol's disruptive effects at LOC in the

cortical regions that produce occipital alpha, tau, and mu oscillations in waking. In occipital

alpha- and tau- producing cortical regions, alpha power was reduced after LOC, while in

sensorimotor mu-producing cortical regions, in alpha power was for some patients and channels

increased. Several neurophysiological mechanisms may underlie this distinction.

Occipital alpha-, tau-, and mu- producing regions of cortex receive projections from distinct

thalamic relay nuclei, with the lateral geniculate nucleus projecting to the occipital cortex, the

medial geniculate body projecting to auditory areas, and the ventral nuclei projecting to

somatomotor areas (Behrens et al., 2003; Hughes & Crunelli, 2005). Furthermore, the waking

alpha rhythms are thought to require connectivity between thalamic reticular neurons and

thalamic relay neurons. For the mu rhythm in particular, inhibitory connectivity between

reticular and relay nuclei is thought to play an important role in generating the bilaterlally
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incoherent, focally specific alpha rhythms during sensorimotor tasks (Pfurtscheller & Andrew,

1999). Finally, distinct effects of propofol on GABAergic cortico-cortico circuits may underlie

propofol's distinct effects. In specific, cortico-cortical mechanisms are thought to be important in

generating the slow cortical potential , which has been shown to gate higher frequency activity

after propofol.

A novel hippocampal alpha rhythm with propofol

We have reported a novel broadband rhythm localized to hippocampal channels that includes

power in the alpha frequency band, emerges near LOC, persists through the suppression periods

of burst suppression, and has slow oscillation coupling properties distinct from the fronto-medial

alpha rhythm of propofol GA. Taken together, these features suggest that local hippocampal

generators may play be implicated in this rhythm following LOC. Because in vitro experiments

have not indicated the generation of alpha rhythms with the application of propofol to

hippocampal slices while changes in higher frequency gamma oscillations have been shown (Fox

& Jefferys, 1998), it can be hypothesized that an intact hippocampus is essential to generate the

rhythm. An alternate hypothesis is that the effect has not been observed in vitro because of

species-specific differences in hippocampal circuitry.

Some properties of this novel rhythm following propofol may be related to neural mechanisms

that are functionally significant during waking. If the hypothesis of a local generator of the

hippocampal rhythm is confirmed, the result would suggest that GABAergic hippocampal

circuits have the capacity to generate oscillations in a broad frequency range, including alpha,

and that hippocampal activity may simultaneously reflect locally generated rhythms and

thalamically mediated alpha rhythms at distant cortical sites. Such a capacity may be

mechanistically relevant to memory encoding and/or retrieval in wakefulness. A role of
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hippocampal alpha rhythms in memory processes has been previously reported (Fell et al., 2011;

SchUrmann, Demiralp, Bagar, & Bagar Eroglu, 2000) though the effect is less well studied than

the role of hippocampal theta in learning and memory. GABAergic circuits in the hippocampus

have been implicated in several properties of hippocampal function in the waking state (Banks,

White, & Pearce, 2000; Freund & Antal, 1988). The results presented here may inform future

biophysical models of human hippocampal circuitry in response to GABA-ergic anesthetic

agents in both anesthesia and waking.

The results of this study, in particular with respect to a novel anesthesia-related rhythm in

hippocampus, must be interpreted with regards to the dataset of epileptic patients. What is known

about GABA-ergic hippocampal networks is consistent with a specific effect in this region. Focal

epilepsy. To extend these results, subcortical source localization, animal studies, and Epilepsy

may change the results in several ways with respect to normal patients. Activity in the

hippocampus may be distinct in power and frequency. We would hypothesize that the broadband,

bilaterally coherent properties of this rhythm would be retained. We would hypothesize that the

top-edge frequency may be different, or that power may be decreased in normal controls.

Relationship with sleep and coma

The anterior medial pattern of alpha power that we have demonstrated after propofol LOC is not

typically observed during sleep. Alpha rhythms that vary with sleep stage have a primarily

occipital distribution (McKinney, Dang-Vu, Buxton, Solet, & Ellenbogen, 2011) unlike those we

have shown in propofol general anesthesia.

Certain variants of alpha-pattern coma have been described whose power distribution is similar

to those we observe in this study (Niedermeyer E., 1997; Young et al., 1994). Postmortem

neurohistology in alpha-pattern coma has suggested that widespread cortical, thalamic, and/or
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brainstem damage may underlie the fronto-medial power distribution (Westmoreland, Klass,

Sharbrough, & Reagan, 1975), which is consistent with current theories of where propofol may

act to disrupt GABA-ergic networks.

Relationship with behavioral changes of anesthesia and implications for monitoring

The experimental protocol in this study allowed measurement of loss of responsiveness with a

temporal resolution of several seconds. LOC was closely linked to increases in medio-frontal and

hippocampal alpha power and decreases in occipital and tau alpha power.

Specific disruption of occipital alpha and auditory tau, and changes in sensorimotor mu

oscillations after LOC may be related separable behavioral components of anesthesia: loss of

consciousness and akinesia. The disruption of task-related auditory tau oscillations and

sensorimotor mu oscillations occurred abruptly within seconds of LOC. The disruptions of these

rhythms may be related to the inability to perceive sensory stimuli and perform movements, and

may link general anesthesia with disruptions in specific systems-level functional circuits.

The novel broadband rhythm observed in the hippocampus of all subjects may be related to

anesthetic-induced amnesia. If the rhythm is related to propofol-induced amnesia, it may provide

a novel target for anesthetic monitoring to prevent post operative recall.
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each depth electrode array, with electrode locations projected onto a semi-coronal slice

aligned to the medial and lateral electrode coordinates of the array. Image is shown with

the clinical label of the array. R=patient's right side, L=patients' left side. Middle panels

show grid and strip electrode array locations overlaid on a rendering of the cortical surface.

Rightmost panel shows surface EEG electrodes labeled with positions in the EEG 10-20
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Chapter 3: Global coherence analysis of intracranial recordings
during induction of propofol general anesthesia

Abstract
It has been hypothesized that anesthetic drugs may induce unconsciousness by changing

functional connectivity within and across brain regions. To test this hypothesis in humans, we

examined recordings from a set of 14 patients who had been implanted with intracranial

electrocorticography (ECoG) electrodes for the management of intractable epilepsy while they

transitioned to unconsciousness with propofol. We used a frequency domain principal

components analysis to identify coherent oscillatory modes in the data set across loss of

consciousness.

Consistent with previous findings, we demonstrated an anterior shift of coherent activity in the

alpha (8-12 Hz) frequency band. We also observed a medialization of coherent alpha activity

toward the cingulate cortex and nearby recordings from white matter. This is consistent with the

medialization of alpha power observed in recordings from single electrodes (Chapter 1).

Surprisingly, we observed a coherent, high-amplitude rhythm in the delta (1-3 Hz) to slow (0.1 to

1 Hz) frequency bands, also occurring in the medial frontal cortex and white matter recordings of

those subjects with depth electrodes. This is in contrast with results from surface EEG and

cortical ECoG recordings that demonstrate incoherent slow rhythms, and adds to evidence of

distinct neocortical and subcortical effects of propofol.

Finally, we observed an abrupt cessation of coherent rhythms in the sensorimotor cortices at

LOC. Coherent alpha and theta (4-7 Hz) networks that occurred over visual and auditory cortex

during wakefulness, and the white matter in close proximity, ceased abruptly within seconds of

unconsciousness with propofol bolus. Theta rhythms have been previously shown in human
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temporal cortex, where they are thought to mediate long range functional connectivity as well as

memory processes. Therefore, the disruption of these rhythms may lead to disruption of long-

range connectivity as well as connectivity within the sensorimotor cortices, and may underlie

some of the behavioral effects of propofol.

Introduction

General anesthetics do not globally suppress electrical activity in the brain; rather, they cause

stereotyped features in the electroencephalogram (EEG) that are distinct from those in

wakefulness, sleep, and coma (Brown, Lydic, & Schiff, 2010). Signatures of anesthesia in EEG

have been described since the 1930s (Gibbs, F.A., Gibbs & Lennox, 1937). They have been

shown in surface recordings (Gugino, 2001, John 2001, Feshchenko, 2004), high density EEG

(Purdon et al 2012, Murphy et al 2011), and intracranial encephalography (ECoG) of the cortical

surface (Breshears 2010, Lewis 2012). The spectral features of anesthesia include a high

frequency rhythm that increases transiently near loss of consciousness (LOC), a widespread,

high-amplitude asynchronous slow rhythm (Steriade, 1993), and an alpha frequency (8-12 Hz)

rhythm that is distributed more frontally on the scalp than during wakefulness and increases to a

higher frequency (-12-13.5 Hz). The de novo rhythms of anesthesia are concomitant with a

reduction of EEG alpha power over the occipital cortex. During deep states of anesthesia, a

pattern known as burst suppression may occur, with alternating periods of high amplitude

electrical activity (bursts) and quiescence (suppressions). Signal amplitudes during burst

suppression may be intermittently larger than those of wakefulness (Swank, 1949). Isoelectricity,

while not necessary for unconsciousness, occurs during the deepest states of anesthesia.
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While numerous EEG signatures of general anesthesia have been established, it is not well

understood how anesthetic drugs suppress consciousness at a systems neuroscience level. The

anesthetized brain remains highly electrically active; therefore, researchers have proposed that

anesthetic drugs may suppress consciousness by modifying functional connectivity. Anesthetic

drugs may impair information integration across brain regions (Tononi 2004, 2005, 2008, Baars

2005, Hudetz 2006, Alkire 2008, Mashour 2005). They may disrupt circuits that are specifically

necessary for consciousness: circuits in the frontal, parietal, mediolateral, or cingulate cortices,

the thalamus and its connections with cortex, and/or in the sensory networks that respond to

stimuli (Antognini, 1997, Alkire 2008, Vogt 2005). Additionally, anesthetics may reduce the

overall complexity of operations in the brain via stereotyped activity occurring across broad

regions (Tononi 1998).

Previous studies have examined the network effects of general anesthesia by computing changes

in connectivity across pairs of EEG surface electrodes. With increasing anesthetic depth, EEG

coherence shifts toward anterior channels, increases between frontal and prefrontal channels, is

disrupted across the hemispheres, and is disrupted across the anterior-posterior axis (Supp, 2011,

Cimenser et al 2010, John 2001). These coherence changes are pronounced in the alpha

frequency band, in which the increased frontal-prefrontal synchrony after LOC has been called

"hypersynchrony" (Supp 2011).

Connectivity changes have also been assessed in numerous neuroimaging studies with PET and

fMRI (reviewed in Hudetz, 2012). These studies demonstrate variable effects by dose, region,

and anesthetic agent, with connectivity reduced in some conditions and increased in others. Such

neuroimaging research must be interpreted in light of current uncertainty about the mapping

between blood flow and electrical activity in anesthesia. Early anesthesia is characterized by
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spectral changes including a large amplitude slow rhythm with oscillatory periods of several

seconds, whose mapping with blood flow may be different from that in the waking state. There is

evidence from slice recordings that subtypes of GABAergic neurons may affect vasoactive

pathways directly (Hamel 04), and those subtypes are variably distributed across cortex and

subcortical regions. Therefore, the vascular effects of GABAergic drugs like propofol may vary

by brain region. Directly recording electrical activity is important to accurately measure those

effects of anesthetic drugs on neuroelectric connectivity distinct from its vascular effects.

Human ECoG offers the opportunity to examine electrical activity recorded from human brain

tissue with high temporal and spatial resolution. Recently, an analysis of a subset of the current

ECoG data set (3 patients) assessed phase coherence in cortex between distant slow frequency

(0.1-1Hz) rhythms which were recorded simultaneously with single unit activity (Lewis 2012).

This work showed that slow phase relationships are incoherent across several centimeters of

cortex, and established that the anesthetized state is characterized by disjoint neural firing and a

fragmentation of cortical connectivity. Another analysis of human ECoG recordings with

propofol, in a seed-based connectivity analysis of a cortical grid electrode array, suggested that

the connectivity patterns of wakefulness were maintained in sensorimotor cortex after LOC.

While demonstrating similar connectivity patterns before and after LOC, the latter study used

time-domain cross correlation as the measure of coherence, which measures the relationship

between the largest amplitude signal components. Such components be in the slow or even ultra-

slow (<.1 Hz) bands in human recordings. Therefore, it is an open question how connectivity

may change in other functionally relevant frequency bands that are active during wakefulness,

and how it may change in sites outside of sensorimotor cortex.
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We obtained neural recordings from 14 patients who were implanted with intracranial electrodes

for the management of intractable epilepsy, while those patients were anesthetized with propofol

in an operating room setting. The current study extends prior connectivity analysis of human

ECoG with a recording of both depth and surface electrodes, and with anatomical localization in

subcortical and cortical sites. The recordings in this study were sampled from sites including the

neocortex (temporal, frontal, somatosensory, motor, auditory, parietal, and visual), hippocampus,

subcortical white matter tracts, and cingulate cortex. We used a frequency domain principal

components analysis technique (Cimenser 2011) to identify the dominant oscillatory modes

before and after the induction of anesthesia. We identified several region specific changes in the

dominant oscillatory modes before and after LOC. These changes may be related to the

behavioral effects of propofol.

Materials and methods
Data collection. 14 patients were implanted with intracranial ECoG electrodes for monitoring of

medically intractable epilepsy prior to surgical treatment. Electrodes included a combination of

subdural strip and grid arrays resting on the cortical surface, linear depth arrays penetrating

subcortically (all from AdTech, Racine, WI) and surface EEG electrodes in a subset of the

standard 10-20 configuration (n=7 patients). Electrode type and placement were determined by

each patient's clinician independently of the current study. Written informed consent was

obtained in accordance with the local institutional review board. Clinical and electrode

information are provided in Chapter 1, Table 1.

We recorded data during the explant surgery which occurred after 1-3 weeks of invasive

monitoring at Massachusetts General Hospital (n=12) or Brigham and Women's Hospital (n=2).

Signals were acquired at 2000 Hz, 500 Hz, or 250 Hz sampling rates with hardware amplifiers
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(XLTEK, Natus Medical, San Carlos, CA) bandpassing between 0.3 Hz and the sampling rate,

and were stored on a computer for offline processing. For offline storage, data were referenced to

an inverted ECoG electrode facing the inner skull table, a linked earlobe electrode (Al -A2) or an

electrode on the back of the neck (C2). In one patient, data were stored without subtraction of a

reference signal (patient 11). We obtained a postoperative CT scan and a preoperative TI-

weighted MRI for each patient.

Anesthesia. All patients received a bolus of propofol to induce general anesthesia. Drug doses

over the recording period were selected by the surgical anesthesiologists and are reported in

Figure Sl.

Behavioral tasks. In order to precisely assess the timing of loss of conscious and to identify

changes in task-related signal features, we instructed patients to perform an auditory task as they

transitioned to unconsciousness. Auditory recordings of neutral words (e.g., "ladder" or "chair")

or the patient's name were delivered at four second intervals with a jitter of 1 second randomzied

uniformly, and patients responded with a button click. Stimuli were delivered using stimulus

presentation software (Presentation, Neurobehavioral Systems, Inc., Albany, CA, or EPrime,

Psychology Software Tools, Inc., Sharpsburg, PA ). 13 patients performed the behavioral task;

one patient was excluded by his clinician's request for logistical reasons (patient 10).

Data pre-processing. Data were pre-processed using custom software written in MATLAB (The

Math Works, Natick, MA) and an open-source brain imaging package (Freesurfer,

http://surfer.nmr.mgh.harvard.edu/fswiki ). We created a rendering of each patient's cortical

surface from his or her MRI volume using Freesurfer's recon-all processing stream. We

computed group average surface renderings and average MRI volumes for the patient group
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using the same processing stream. We obtained each patient's ECoG electrode coordinates by

performing a maximum intensity projection of the postoperative CT, then we manually matched

the maximum intensity points to ECoG labels. We computed corresponding coordinates within

the MRI by coregistering each patient's CT with his or her MRI using automated routines in

Freesurfer. We obtained anatomical labels separately for the depth electrode arrays and the grid

and strip electrode arrays as follows: for the depth arrays, we obtained anatomical labels from an

automatic segmentation of the MRI in Freesurfer (Fischl et al., 2002). For the grid and strip

arrays, we first mapped the electrode coordinates to their closest coordinates on the rendered

cortical surface using a minimum energy algorithm (Dykstra, 2011). We then obtained

anatomical labels for the mapped grid and strip coordinates from an automated cortical

parcellation in Freesurfer (Fischl et al., 2004). We verified each anatomical label by visual

inspection of the MRI image.

Data exclusion. Electrodes predominated by artifacts (saturated or absent signal) were excluded.

Shorter segments of data were excluded by visual inspection using the same criteria. Individual

electrodes and shorter segments of data were excluded for epileptiform discharges. 14 channels

were excluded for the appearance of dysplasia in the MRI. Data from two additional patients

were collected during the same time period and were excluded from the current study on the

because of of generalized or multifocal epileptiform discharges that could confound an

assessment of coherent activity (all channels having epileptiform discharges in one patient, and

78/80 channels in the other patient). EEG data were recorded from 7 patients; we analyzed

recordings from patients with at least six channels to ensure sufficient spatial coverage (n=4).

Data analysis.
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Montaging. Previous studies have shown that reference noise may contaminate estimates of

coherence predominantly at 15 Hz and above. Therefore, we computed a bipolar montage of the

data set prior to analysis to reduce common reference artifacts. We selected a nearest neighbor

montage in which no two bipolar channels shared a parent channel. This montage preserved

linear independence among channels for the subsequent coherence analysis. We also repeated the

all of the analyses in this work using a referential montage as described in Data Collection, in

order to assess low frequency coherence, as estimates of coherence <10 Hz are unlikely to be

affected by common reference noise.

We downsampled the referentially montaged and bipolar signals to 250 Hz using an anti-aliasing

finite impulse response (FIR) filter then notch filtered the signals at 60 Hz and its harmonics. For

display in Figures 4-16, we also bandpassed the signals between 0.3 Hz and 40 Hz using an FIR

filter.

Epochs. We labeled loss of consciousness (LOC) as the period [-4 1] seconds surrounding the

first auditory stimulus to which the patient did not respond. We identified burst and suppression

periods using the amplitude threshold method described in (Lewis et al, in submission). We

defined a pre-induction epoch that extended from the start of recording to the first propofol dose.

We defined a post-induction epoch that extended from LOC to the first period of bursting or

suppression, or the end of the recording, whichever was first.

Principal components analysis. We performed a global coherence analysis (Cimenser et al.,

2011) to characterize the principal oscillatory modes in each patient's channel set. This is a

principal components analysis in the frequency domain; it identifies the principal modes of

oscillation over a set of signals at a frequencyf We performed this analysis separately for the
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ECoG and EEG channel sets for each patient at frequencies 0.3-50 Hz. Using the toolbox

Chronux (http://www.chronux.org) for multitaper spectral estimation, we estimated the cross

spectral matrix for each set of ECoG or EEG channels at each frequencyf We used the

following mutitaper parameters: time-bandwidth product TW = 2, tapers K = 3, and window

lengths Tf and spectral resolutions Wf that were chosen in a frequency specific manner

(Supplementary Table 1). We computed the median of the real and imaginary parts of the cross-

spectral matrix (Wong, 2011) over time windows spanning each epoch described above (pre-

induction, post-induction, bursts, and suppressions). We also computed the median over shorter

segments (3 window lengths Tf) to obtain a time varying estimate of the cross spectral matrix.

Subsequently, we performed an eigenvalue decomposition of each median cross spectral matrix.

The largest eigenvalue u ,,ax corresponds to the dominant mode of oscillation at each frequency

f We multiplied the corresponding imaginary-valued eigenvector v, max by its complex conjugate

to vi max* to obtain a real-valued vector of weights, wi, max, summing to one. This vector of

weights provides a set of channel coefficients proportional to each channel's contribution of

spectral power to the dominant oscillatory mode at frequencyf We also computed the ratio of

each eigenvalue u, to the sum of eigenvalues. This ratio expresses the proportion of variance

accounted for by the ith oscillatory mode, and for the dominant mode it is called the global

coherence.

To examine how the spatial distribution of coherent activity changed over time, we computed a

spatial center of mass for each oscillatory mode as the dot product of the channel weights wi and

the channel coordinates (ri,ai,si) in the MRI volume. For the bipolar channels in this analysis,

spatial coordinates were derived as the midpoint of the two parent electrodes.
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Modal projection analysis. We used a modal projection to characterize how the spectral power in

the dominant oscillatory mode varied across states of consciousness. The modal projection is

defined as in Wong, 2011. We estimated the spectra S in Chronux using the same parameters as

above. In each condition, we aligned the modal projections for all patients to LOC and computed

the median at each (,J) across patients. Periods of data marked as burst or suppression epochs

were not included in the median. We used a bootstrapping procedure to assess significance. For

200 replicates, we uniformly circle-shifted each patient's data within the spectral estimation

windows t, then repeated the full coherence analysis on the shifted data to estimate a new median

modal projection across patients. We resampled those replicates 500 times for improved

resolution, to obtain a null distribution and compute the 95% confidence intervals at each (t,f).

Results

We analyzed recordings from 14 patients. Electrode coverage is shown in Figure SI (Chapter 1).

Figure SI shows the 75th percentile of spectral power, at each time t and frequencyf over the set

of electrodes for each subject. The subjects demonstrated a variety of electrophysiologic features

in their recordings related to electrode placement. Patients 8 and 11 had grid electrode coverage

that included occipital cortex, and patient 2 had substantial temporal and auditory cortex

coverage. Those patients demonstrated a high power alpha rhythm in wakefulness that is

consistent with occipital and temporal/auditory alpha respectively. Patients 2, 3, 4, 5, 6, 7 and 10

had substantial electrode coverage in depth and frontal sites, and they showed an increase in

alpha power after induction that is consistent with a general-anesthetic induced alpha rhythm at

those sites. Patients 1, 8, 9, 10, and 13 had burst suppression for part or nearly all (patients 1 and

13) of the recording period. They demonstrated a waxing and waning of power in all frequency

bands that is consistent with a burst suppression pattern.
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Figures 1 and 2 show the results of a global coherence analysis in the set of patients computed

using a bipolar montage. Figure 1 shows the median across the set of subjects during the pre-

induction and post-induction epochs, with burst suppression periods excluded. Figure 2 shows

the global coherence at each frequency and time, for each subject. At each frequency and time,

the global coherence value is proportional to the spectral power in the dominant oscillatory

mode. Patients similarly showed a variety of global coherence features that appear to be related

to electrode placement. Nonetheless, as with the power dynamics shown in Figure S 1, several

invariant features emerged in the global coherence results. The patients with coverage in

occipital and sensory cortices demonstrated global coherence in the alpha band prior to LOC.

The patients with depth and frontal electrode coverage demonstrated coherent alpha and high

alpha rhythms after LOC. The patients with burst suppression (1, 8, 9, 10, and 13) appeared to

have high global coherence during the burst suppression period. Many patients (1-9)

demonstrated an increase in delta and slow coherence after LOC. Patients 2,7, and 9

demonstrated a coherent -1 5Hz rhythm during the first 100 seconds after LOC.

These changes in global coherence across the induction period are quantified in Figures S2 and

S3 which shows the mean global coherence in each epoch, pre-induction and post-induction, for

each patient at frequencies 0-20 Hz.

We identified spectral peaks in global coherence in each patient, in each condition, from the

mean global coherence in each condition as shown in Figure S2 and S3. At each of those

frequencies, for each patient, we computed the electrode weights (Materials and methods) and

modal projection for the dominant oscillatory mode. These are shown in Figure 4 for an

exemplar patient.
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Figure 1. Median global coherence across the intracranial recordings for ten patients.
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Figure 2. Global coherence across the recording period for each patient between 0-20Hz. LOC

with propofol anesthesia is associated with changes in the predominant oscillatory modes from

those in the waking state.
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Figure 3. Normalized mean modal projection across subjects for the dominant oscillatory mode in the

alpha band before induction (top panel) and after induction (bottom panel). The dominant mode was

computed for patients with mean global coherence in the alpha band >.4 (Figures S2 and S3) in each

epoch. Only those patients with global coherence above the threshold were included in the mean.
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Figure 4. Coherent slow rhythms (top panel) in Patient 1, and coherent alpha rhythms (bottom panel) in

Patient 2, emerge after LOC in medial channels. Coherent slow rhythms may occur as phase coupled with

high frequency activity, can be observed in frontomedial white matter, cingulate cortex, and orbitofrontal

cortex while being absent from the neocortex. Such rhythms occur in the same channels that are part of

coherent alpha networks as depth of anesthesia increases.
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Figure 5. Theta rhythms are present in the temporal and auditory cortex prior to LOC and cease
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Global coherence in Patient 5
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Figure 6. Global coherence zoomed-in plot for one patient showing high coherence in the delta to slow

bands for 300 seconds after LOC. (B) shows the projection weights for electrodes in the dominant

oscillatory mode at 2 Hz for a period of high global coherence after LOC. (C) shows example ECoG

traces from electrodes in the dominant oscillatory mode.
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Discussion

Using a combination of global coherence analysis and anatomical localization in ECoG

electrodes, we analyzed spatiotemporal dynamics of the coherent oscillatory modes in the brain

during the transition to unconsciousness with propofol.

Application of principal mode coherence analysis to ECoG recordings

A challenge of modem neuroscience is how to extract relevant structure from large sets of

multielectrode recordings. The current dataset was collected during semi-natural conditions,

while the patients performed an auditory task in a noisy operating room setting in an interrupted

82

A
15

g5'

Time (sec)

B



manner. Moreover, the patients differed in recording sites, epileptic foci, drug doses and

adherence to task. The global coherence technique nonetheless extracted invariant features from

the set of 14 subjects across the transition to unconsciousness with propofol.

Coherent subcortical delta to slow rhythm

In contrast with results observed in high density EEG (Purdon in submission, Cimenser 2011),

the patients in this dataset having depth electrodes demonstrated increased global coherence in

the delta to slow frequency bands immediately following LOC. The coherence occurred

primarily in the white matter tracts, cingulate cortex, and orbitofrontal regions with neocortical

sites excluded. This result suggests that a) there may be a subcortical mechanism for generating

delta and slow rhythms during anesthesia and b) that subcortical sites may be impaired in

information transmission with neocortex in these frequency bands.

Medialization of alpha coherence

Coherence shifted from sensorimotor lateral networks in the temporal cortex and sensory

networks in occipital cortex, to medial networks after LOC. This is consistent with a the

medialization of alpha power reported in Chapter 1. This suggests the importance of subcortical

generators in the rhythms of anesthesia, in addition to cortico-cortical mechanisms that may

contribute to the regional effects of general anethetics.

Bilateral incoherence in hippocampal rhythms

The previous chapter estalished that hippocampal power increases after loss of consciousness in

the same data set, and in particular that the hippocampus remains active during the suppression

periods of burst suppression. Here, we demonstrate a) hippocampal spindles in two patients, and
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b) a coherent hippocampal alpha rhythm during suppressions. Both of these coherent rhythms

appeared to be bilaterally incoherent. However, the electrode weights for these hippocampal

rhythms suggested coherence in the same hemisphere, in temporal cortex and nearby white

matter. A breakdown of hemispherical communication in the hippocampus may be related to the

memory effects of propofol.

Disruption of the the alpha and theta rhythms of wakefunless: disrupted sensorimotor and

long range connectivity

The coherent modes of wakefulness in the alpha and theta bands, in all patients where they were

observed, ceased abruptly at LOC. These modes included recording sites within the sensorimotor

cortices during wakefulness. An examination of the coherent oscillatory modes over time

showed that coherent activity in the alpha and theta bands intermittently included recording sites

in distant frontal regions and the hippocampus during the pre-induction period. The disruption of

a coherent oscillatory mode in the alpha and theta bands may underlie the disruption of

sensorimotor processing and long range transmission of sensorimotor information across brain

regions with propofol.

Limitations

While the data were collected in epileptic patients, electrodes in the reported epileptic foci in

each patient were removed to avoid the possibility that focal epilepsy may affect an analysis of

connectivity. Furthermore, the dataset includes patients with numerous types of focal epilepsy, in

many cases whose epilepsy achieved remission when those sites were resected. The coherence

changes reported here may be confirmed in animal models.
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We have observed a number of ECoG signatures of anesthesia that may be related to the effects

of anesthetics in suppressing conscoiusness, by impairing functional network activity in a region

specific manner.
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Figure S1. 75th percentile of spectral power between 0-20 Hz, over the recording period for

each patient.
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Figure S2. Mean global coherence by frequency before LOC for each patient. Shaded 5%

confidence intervals are shown. Blue line shows mean results using surrogate data circle shifted

within the cross spectral matrix estimation windows.
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Figure S3. Mean global coherence by frequency after LOC for each patient during the post-

induction epoch, exclusive of burst suppression intervals. Shaded 5% confidence intervals are

shown. Blue line shows mean results using surrogate data circle shifted within the cross spectral

matrix estimation windows. Patients 1 and 13 had <30 seconds of recording outside of burst

suppression intervals.
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Figure S4. Global coherence in all subjects computed 0-40Hz with a bipolar montage.
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Median Global Coherence: Intracranial Channels
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Figure S5. Median global coherence across all patients computed to 40Hz using a bipolar

montage.
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