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Abstract

Author: Christopher Minnerly

Title: EEG Topographic Changes in Opioid Use Disorder
Thesis Advisor: Dr. Rui Tao, Ph.D
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Degree: Master of Science
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The present study aimed at quantifying the topographic distribution of spectral
power as measured with electroencephalogram (EEG) in patients with opioid use disorder
(OUD) across five broad band frequencies (9, 0, a, B, and y). Through comparative
groups of healthy controls, patients with methamphetamine use disorder, and patients
with alcohol use disorder, it was determined that OUD EEG spectral power was globally
increased in the 6 frequency, and more region-specific in others (frontal lobes in 6 and
frequencies). a frequency was reduced in occipital lobes in OUD. The observed changes
are discussed in terms of the microcircuit-level changes in the cortex. Based on these
findings, EEG may prove to be a valuable tool for diagnostic and prognostic evaluation

of OUD.
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1. Introduction

1.1 History of opioids and synthetic opioids

Since opium was first extracted from the poppy plant (Papaver somniferum) in
Mesopotamia (modern day Southwest Asia) and surrounding regions thousands of years
ago, exogenous opioids have been used to treat pain in humans [see reviews; (Rosenblum
et al., 2008; Askitopoulou, Ramoutsaki, & Konsolaki, 2002)]. During the early 19"
century, morphine was extracted from opium and became the first commercially-
available opioid for pain relief (Rosenblum et al., 2008). A few decades later, codeine
was extracted from opium and was used as a cough suppressant (Rosenblum et al., 2008).
By the late 19" century, on the search for new opioids to mass produce, chemists first
synthesized diamorphine (heroin) (Jones et al., 2018). Since the start of the 20" century,
other synthetic opioids have been created. In the United States (US), methadone,
oxycodone, and hydrocodone are among the most abundantly distributed (Meldrum,
2016). Newly synthesized opioids, such as fentanyl and its analogs (Frisoni et al., 2018;
Karila et al., 2018) have begun to flood the streets of the US and are causing deaths at
alarming rates.

It isn’t difficult to imagine the impact such synthetic opioids can have on the
body, especially given that fentanyl is 50 times more potent than morphine (Vardanyan &
Hruby, 2014). See Figure 1 for the chemical structure for some of the commonly abused

opioids.



1.2 Rates of affliction in opioid use disorder

The opioid epidemic in the US has hit an all-time high in recent years, with rates
of affliction exponentially increasing. In 2016, an estimated 12 million people used
opioids for a variety of purposes and approximately 2.1 million of those individuals
suffered from opioid use disorder (SAMSHA, 2017). By 2017, that number was closer to
2.4 million people in the US (NIDA, 2019). With nearly a 4-fold increase in unintentional
opioid-related overdose deaths between 1999 and 2017 (Hedegaard, Warner, & Minifio,
2018), the opioid epidemic is projected to become progressively worse in the years to
come (NIH, 2017).

Understanding how the brain is affected by opioid use is a crucial step in battling
the opioid epidemic. Before opioid use disorder (OUD) is discussed, we must first

discuss the pain response and the opioid systems of the body.

1.3 Pain Pathway

The perception of pain (nociception) involves various structures in the central
(CNS) and peripheral nervous systems (PNS), including the thalamus, the periaqueductal
gray of the midbrain (PAG), rostral ventromedial of the medulla oblongata (RVM), and
the dorsal horn of the spinal cord, among others (Patestas & Gartner, 2016; Purves,
Augustine, & Fitzpatrick, 2001).

Nociceptors are sensory neurons that are found throughout the body and have free
nerve endings that are activated by noxious mechanical, chemical, or thermal stimuli (Al-
Hasani & Bruchas, 2011; Purves, Augustine, & Fitzpatrick, 2001). A pain signal and its
modulation are conducted via the ascending pathway and the descending pathway,
respectively. The ascending or afferent pathway carries a pain signal along Ad and C
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axonal fibers towards the CNS (Patestas & Gartner, 2016; Purves, Augustine, &
Fitzpatrick, 2001). Ad fibers are myelinated and carry signals quickly, producing pain
which is perceived as sharp or pricking (Patestas & Gartner, 2016; Purves, Augustine, &
Fitzpatrick, 2001). C fibers are non-myelinated and conduct signals much more slowly,
producing pain which is perceived as dull or aching (Patestas & Gartner, 2016; Purves,
Augustine, & Fitzpatrick, 2001).

From the first order nociceptor, the signal is transduced via the dorsal root
ganglion to the second order neurons of the dorsal horn of the spinal cord. Depending on
the type of stimuli, the signal is conducted to respective layers of grey matter, called
Rexed laminae (Rexed, 1954). Ad and C fibers mostly innervate neurons in laminae I and
Il (Patestas & Gartner, 2016), which then transmit this information to laminae 1V, V, and
VI (Patestas & Gartner, 2016). From there, the signal decussates and crosses to the
contralateral side of the spinal cord, ascending via the spinothalamic pathway or the
spinoreticular pathway (Patestas & Gartner, 2016).

The spinothalamic pathway carries the signal to the RVM and then to the third
order neurons of the ventral posterolateral nucleus of the thalamus (Patestas & Gartner,
2016). From the thalamus, the ipsilateral signal is then terminated in the primary
somatosensory cortex (Patestas & Gartner, 2016). This pathway is responsible for the
sensation and localization of pain (Patestas & Gartner, 2016).

The other ascending pathway, the spinoreticular pathway carries the signal from
the spinal cord to the medullary-pontine reticular system and from there, to the
intralaminar nuclei of the thalamus. This pathway is responsible for arousal/alerting of

the pain and plays a role in the emotional response to the pain (Patestas & Gartner, 2016).
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The descending or efferent pathway of the pain response carries signals from the
cortex to the PAG, RVM, and locus coeruleus of the pons, which then activate opioid
receptors in these target regions. The release and binding of endogenous opioids in this
pathway cause an inhibitory response which is conducted to the dorsal horn of the spinal
cord (Al-Hasani & Bruchas, 2011). The result is a reduced pain response or anti-
nociception. See Figure 2 for a simplified diagram of the pain response.

In order to study opioids, scientists first had to understand the structures and
functions of their natural receptors in the body. This understanding led to the discovery of
the natural opioids produced by the body.

1.4 Opioid receptors

Opioid receptors are transmembrane G-coupled protein receptors (GCPRs), which
are inhibitory (Dascal & Kahanovitch, 2015). The G protein is located on the intracellular
side of the membrane, consisting of three subunits (a, B, and y). In the inactive state, the
G protein is located near the GCPR and has a molecule of guanosine diphosphate (GDP)
bound to the a subunit (Dascal & Kahanovitch, 2015; Al-Hasani & Bruchas, 2011).
When the ligand (opioid) binds to the extracellular surface of the receptor, a cascade of
cellular changes occurs.

First, the GCPR undergoes a conformational change in which the receptor and the
G protein briefly form a protein complex (Dascal & Kahanovitch, 2015; Al-Hasani &
Bruchas, 2011). This activates the a subunit of the G protein, which dissociates its GDP
molecule and binds a guanosine triphosphate (GTP) molecule. Next, the o subunit

dissociates from the other two subunits and binds to adenylate cyclase, which in turn



inhibits production of cyclic adenosine monophosphate (cCAMP), among other
intracellular targets (Dascal & Kahanovitch, 2015; Al-Hasani & Bruchas, 2011).

The new B-y dimer protein binds to various targets, such as phospholipases and
protein kinases (Dascal & Kahanovitch, 2015; Al-Hasani & Bruchas, 2011). In addition,
the B-y dimer protein binds to G protein-coupled inwardly rectifying K* (GIRK) channels
(Dascal & Kahanovitch, 2015; Al-Hasani & Bruchas, 2011). When these channels are
activated, the efflux of K* out of the cell increases and in turn, the membrane potential
becomes hyperpolarized (Dascal & Kahanovitch, 2015; Al-Hasani & Bruchas, 2011).
This change in membrane potential reduces the influx of Ca?*, which inhibits the release
of neurotransmitters from the pre-synaptic neuron (Dascal & Kahanovitch, 2015; Al-
Hasani & Bruchas, 2011). See Figure 3 for a simplified diagram of opioid receptors.

To date, four main types of opioid receptors have been identified in the human
body: mu (MOR), kappa (KOR), delta (DOR), and opioid receptor like-1 (ORL-1) (Al-
Hasani & Bruchas, 2011). The MOR is the main receptor subtype that is affected by
opioids. Its activation is generally associated with analgesic effects, as well as euphoria
and pleasure, which is believed to help create the addictive state of individuals who use
opioids on a regular basis (Levashova & Myagkova, 2018; Al-Hasani & Bruchas, 2011).
The DOR has been shown to produce similar effects of MOR agonism regarding
modulation of the pain response (Al-Hasani & Bruchas, 2011) but with less impact on
euphoria and systemic physiological changes, such as respiratory depression (Pradhan et
al., 2011). The KOR is believed to be a regulatory opioid receptor subtype (Al-Hasani &
Bruchas, 2011). Although KOR activation can provide some antinociceptive affects

(Pradhan et al., 2011), during withdrawal, KOR activation can cause dysphoria and
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anhedonia, among other “negative” side effects (Chavkin & Koob, 2016). The ORL-1 is
the least understood opioid receptor subtype of the four. Since its discovery in the 1990s
(Meunier et al., 1995; Reinscheid et al., 1995), it has been studied immensely. It is now
believed to play a role in regulating opioid response, in that it blocks the anti-nociceptive
properties of opioids and can even exacerbate the pain response (Levashova &
Myagkova, 2018; Meunier et al., 1995).

The distribution of opioid receptors in the human body has been elucidated and
confirmed using an absolute quantitative real-time polymerase chain reaction (Peng &
Chang, 2012). MOR has been found in various structures throughout the body such as the
cerebellum, nucleus accumbens, caudate nucleus, dorsal root ganglion, spinal cord,
adrenal gland, pancreas, and small intestine (Peng & Chang, 2012). Likewise, KOR has
been found in many of the same tissues (Peng & Chang, 2012). DOR on the other hand,
is found not only in the tissues listed previously but also in the thymus, lung, and heart as
well (Peng & Chang, 2012). ORL-1 receptors have been found in various structures of
the brain, as well as the peripheral nervous system (Levashova & Myagkova, 2018;
Meunier et al., 1995; Reinscheid et al., 1995).

1.5 Endogenous opioids in the human body

Along with the opioid receptors, various endogenous opioids have been identified
in the human body. In general, endogenous MOR agonists are endorphins and
endomorphines (Levashova & Myagkova, 2018). Endogenous DOR agonists are
enkephalins (Levashova & Myagkova, 2018; Lay et al., 2016). Endogenous KOR

agonists are dynorphins (Levashova & Myagkova, 2018; Chavkin & Koob, 2016).



Finally, the endogenous ORL-1 agonist is orphanin FQ/nociceptin (Meunier et al., 1995;

Reinscheid et al., 1995).

1.6 Mesocorticolimbic pathway

Opioid use has been shown to affect the “natural reward” pathway in the brain,
which comprises a circuit of the ventral tegmental area (VTA) of the midbrain and the
ventral striatum (olfactory tubercle and nucleus accumbens), as well as the pre-frontal
cortex (Russo & Nestler, 2013; Jalabert et al., 2011; Nestler & Malenka, 2004; Wise,
1996). The VTA contains various neuron subtypes including dopaminergic neurons,
GABAergic interneurons, and glutamatergic neurons, whereas the nucleus accumbens
contains GABAergic medium spiny neurons (Jalabert et al., 2011). In general, the VTA
sends excitatory dopaminergic efferents to the nucleus accumbens and the pre-frontal
cortex. The nucleus accumbens reciprocates with inhibitory GABAergic efferents back to
the VTA (Russo & Nestler, 2013; Jalabert et al., 2011).

Although MORs can be found in both the VTA and ventral striatum (Charbogne
et al., 2017; Madhavan, Bonci, & Whistler, 2010), they both play different roles in the
formation and maintenance of addictive properties. Within the VTA, GABAergic
interneurons project onto dopamine neurons and when opioids are introduced, binding to
MORs disinhibits this GABAergic activity on the dopamine neurons (Johnson & North,
1992).

In chronic opioid use, however, the interneuron projections are potentiated, thus
reducing dopaminergic afferents (Madhavan, Bonci, & Whistler, 2010). This pathway has
been shown to be a primary mediator for opioid reward, analgesia, and opioid withdrawal

(Heshmati & Russo, 2015; Russo & Nestler, 2013). On the other hand, the pathway from

7



the nucleus accumbens to the VTA has been shown to mediate motivation for opiates
(Charbogne et al., 2017). This strong drive for opioids leads to a state of addiction, with
physical dependence and mental disorders associated with it.
1.7 Diagnosis of opioid use disorder

Opioid use disorder (OUD), a complex mental disorder, is often diagnosed with
psychiatric evaluation based on the fifth edition of the Diagnostic and Statistical Manual
of Mental Disorders [DSM-5; (APA, 2013)]. Currently, OUD is diagnosed based on
clinical criteria, such as cravings for opioids, physical dependence on opioids, and
withdrawal symptoms without opioids (APA, 2013). However, new approaches to
diagnosis are being sought due to poor patient reliability and lack of training from
physicians (Wakeman et al., 2016; Rosenblatt et al., 2015). Unfortunately, patients often
present with polysubstance abuse (Connor et al., 2014) or comorbid psychiatric illness
(Brooner et al., 1997), making evaluations even more challenging.
1.8 Neuroimaging in opioid use disorder

Neuroimaging studies over several decades, have given us better insight to the
functionality and connectivity of the areas of the brain being affected by substance abuse
[see reviews; (Cabrera et al., 2016; leong & Yuan, 2017)]. Some of the leading methods
include positron emission tomography [PET; (Gatley et al., 2005; Mena et al., 2005)],
functional magnetic resonance imaging (fMRI), and electroencephalography [EEG;
(leong & Yuan, 2017)]. Although each technique has its strengths, there are limitations to
consider as well [see review; (Camprodon & Stern, 2013)]. PET and fMRI have high
spatial resolution as compared to EEG, however, they lack in temporal resolution (Xue et
al., 2010). EEG and fMRI are non-invasive, but PET requires the use of injecting a

8



radioactive isotope into the bloodstream during the recording process (Gatley et al.,
2005). Perhaps the most important factors to consider, are the costs associated with each
technique, as EEG is by far the most cost-effective (Camprodon & Stern, 2013). With
many questions still unanswered about OUD and for the reasons mentioned above, EEG

may be the most applicable neuroimaging technique to use in a clinical setting.

1.9 EEG theory

The human neocortex is organized into six distinct layers (I-VI) with functional
neuronal circuit assemblies, referred to as cortical microcircuits (Nelson, 2002; Vegue,
Perin, & Roxin, 2017). These microcircuits are composed of excitatory and inhibitory
cells that work together to accomplish a myriad of cortical functions (Nelson, 2002;
Vegue, Perin, & Roxin, 2017). In general, EEG utilizes electrodes placed on the scalp to
record the activity being produced from the abundant pyramidal neurons in the cortex
down to layers IlI, IV, and V (Hari & Parkkonen, 2015; Thompson & Thompson, 2015;
Tatum, 2014). The post-synaptic potentials of dense collections of pyramidal neurons
summate to produce the electrical field measured at the scalp (Tatum, 2014; Hari &
Parkkonen, 2015; Thompson & Thompson, 2015). This is due to the changes in polarity
created by the excitatory post-synaptic potentials of these pyramidal cells at the
extracellular surface. The negative polarity (called a sink) is measured at the superficial
end of the cell and the positive polarity (called a source) is measured at the deep end of
the same cell (Tatum, 2014; Hari & Parkkonen, 2015; Thompson & Thompson, 2015).
See Figure 4 to see the flow of current at an active synapse. The difference between the
sink and the source at the active synapse creates the field potential measured as a dipole

in the EEG recording. The received potentials are processed through an amplifier and
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digitized to a computer screen using Fourier transforms to show the signals in real time

(Tatum, 2014).

1.10 Oscillations in EEG

The interactions within the cortical microcircuits are responsible for the
oscillations that EEG interprets. For example, if pyramidal neurons become activated,
they summate to produce a large increase in excitation within the microcircuit. This in
turn, activates GABAergic interneurons within the microcircuit, which inhibit many of
the pyramidal neurons. The changes in excitation and inhibition are what create
oscillations (Tatum, 2014; Kepecs & Fishell, 2014). These oscillations are measured as
broad-range frequency bands, in hertz (Hz) or cycles per second. The five major
frequency ranges are delta (1-4 Hz; 3), theta (4-8 Hz; 0), alpha (8-12 Hz; a), beta (12-30

Hz; B), and gamma (>30 Hz; y). See Figure 5 for examples of these common waveforms.

1.11 Microcircuits

Although pyramidal cells are the main excitatory neurons found in the cortex
(Jiang et al., 2015), the inhibitory interneurons that comprise a microcircuit have a variety
of morphologies and functions that are designed to modulate the activity of the abundant
pyramidal cells (Kepecs & Fishell, 2014). For instance, studies have shown there to be
over a dozen distinct interneuron subtypes in the cortex (Markram et al., 2004; Jiang et
al., 2015). The most common inhibitory interneuron types include cells that express and
bind somatostatin (SOM), parvalbumin (PAL), and vasointestinal protein (VIP)
(Markram et al., 2004). These cells are found in various layers of the cortex and interact
with different regions of a given pyramidal cell (ie., dendrite vs. soma vs. axon)

(Markram et al., 2004; Kepecs & Fishell, 2014). Additionally, microcircuits in a given
10



region of the cortex may vary greatly in the cytoarchitectural interactions therein. For
example, the prefrontal cortex of the frontal lobe primarily contains PV- and SOM-
expressing interneurons (Kvitsiani et al., 2013). The primary motor cortex also contains
PV- and SOM-expressing interneurons (Yang, Murray, & Wang, 2016). The primary
visual cortex of the occipital lobe (Ko et al., 2013; Pfeffer et al., 2013), as well as the
auditory cortex of the temporal lobe (Blackwell & Geffen, 2017) contain cells that
express all three major subtypes (PV, VIP, SOM). The connectivity and interactions of
these cells differ in all the above-mentioned regions (Markram et al., 2004; Kepecs &
Fishell, 2014; Jiang et al., 2015; Harquel et al., 2016). See Figure 6 for a typical

microcircuit found in the brain.

1.12 EEG and opioid use disorder

OUD can be assessed with EEG, which reflects spatial and temporal activities of
cortical microcircuits, consisting of pyramidal glutamatergic neurons, GABAergic
interneurons, and subcortical inputs [(Rosch et al., 2018); also see a review by Cohen
(Cohen, 2017)]. Opioids such as morphine and heroin, exert their neurological effects
mainly through the activation of p-opioid receptors that reside almost exclusively on
GABAergic neurons (Taki et al., 2000; Huo et al., 2005). The p-opioid receptors are
functionally coupled with G protein-gated inwardly rectifying K* (GIRK) channels (Huo
et al., 2005). When GIRK channels are activated, the GABAergic neurons become
hyperpolarized and the net result is a decrease in amplitude of inhibitory postsynaptic
potentials [IPSPs; (Svoboda & Lupica, 1998; Yokota et al., 2016)]. Thus, EEG activity is
increased when GABAergic neurons in the cortical microcircuits are disinhibited with

opioids (Louvel et al., 2001). Additionally, the underlying microcircuits receive afferent
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innervations from neurons of deep brain nuclei, which are regulated by opioids on
GABAergic neurons (Svingos et al., 2001). As a result, acute opioid administration
causes a reduction of EEG spectral power at 3, 0, a, and B oscillations in drug-naive
humans (Graversen et al., 2010; Montandon et al., 2016) and in experimental rodents
(Sun et al., 2006). However, long-term opioid administration causes an impairment of
GIRK channels with the result of GABAergic hyperfunction (Chen et al., 2000; Meye et
al., 2012). Furthermore, the impairment of GABAergic function is associated with opioid
dependence (Assadi et al., 2003). See Figure 7 for the pharmacodynamics of opioid use
in GABAergic cells.
1.13 EEG spectral analysis
An EEG power spectrum is the result of a Fourier-transformed frequency by

voltage analysis (Tatum, 2014). EEG spectral power, including J, 0, a, and B oscillations,
have been found to be topographically altered across the frontal, central, temporal,
parietal, and occipital cortices in individuals with OUD. For instance, Wang reported
equal increases of 6, 6, a, and B powers in all 5 cortical regions (Wang et al., 2015).
Motlagh showed that 3 oscillations, but not 5, 0, nor a, were increased in OUD patients
(Motlagh et al., 2018). Thus, although there is no doubt that EEG spectra are altered or
reorganized in one way or another following chronic use of opioids, it appears that there
is no consensus of observations among investigators [see reviews; (Fingelkurts et al.,
2006; leong & Yuan, 2017)].
1.14 Aims of the study

The goal of the present study is to quantitatively determine spectral power of EEG

oscillations (e.g., 9, 6, a, B, and y) in the frontal, central, temporal, parietal, and occipital
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areas in individuals with OUD. As a means of evaluating if the observed changes are
drug-specific, comparative groups of methamphetamine abusers, alcohol abusers, and
healthy controls will be used. Spectral power changes (based on percentage) will be
arbitrarily classified into four levels: high (>60%), medium (36-60%), low (16-35%), and
no effect (<15%). Based on those power levels, the activity of 8, 0, a, B, and y oscillations
was topographically mapped in relation to the electrodes placed on the scalp. This
approach of data analysis may be used to identify high-activity electrodes by which the

mental status in patients with OUD is reliably assessed.

1.15 Methamphetamine use disorder and the dopaminergic system

As means of determining if the observed effects are specific to OUD, cases of
methamphetamine use disorder (MUD) were used as a negative control.
Pharmacologically, methamphetamine has been shown to act on several neurotransmitter
systems (norepinephrine, serotonin, and dopamine) but here, the focus will be on the
dopaminergic system. The dopaminergic system, which consists of five G protein-
coupled receptor subtypes, is located throughout various regions of the cortex and sub-
cortical regions (Park et al., 2011). Of the five dopamine receptor subtypes, D1 and D5
(D1-like class) are considering excitatory, while D2, D3, and D4 (D2-like class) are
considered inhibitory (Vallone, Picetti, & Borrelli, 2000; Jackson, & Westlind-
Danielsson, 1994). Methamphetamine has been reported to affect the dopamine
transporter (McCann et al., 2008; Johanson et al., 2006) and the vesicular monoamine
transporter (Sulzer et al., 2005), as well. The dopamine transporter (DAT) is a
presynaptic membrane-bound protein that facilitates the reuptake of dopamine in the
synaptic cleft (McCann et al., 2008; Johanson et al., 2006). The vesicular monoamine
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transporter (VMAT?2) is found inside the cell and facilitates the reuptake of
catecholamines (such as dopamine) from the cytoplasm to the vesicles for repackaging
(Sulzer et al., 2005; Fleckenstein & Hanson, 2003).
1.16 Mesocorticolimbic pathway revisited

D1 receptors are mostly found in the striatum; distributed throughout the caudate
nucleus, putamen, olfactory bulb, and NAC (Lud Cadet et al., 2010). Among other areas,
D2 receptors are also found throughout the striatum, as well as in the VTA (Beaulieu &
Gainetdinov, 2011). DAT and VMAT2 are found throughout the same regions.
Although mechanisms have not been fully elucidated, cell cultures studies have shown
that methamphetamine causes the release of dopamine through DAT and VMAT?2
systems (Pifl et al., 1995) and without them, dopamine release is reduced in rodents
(Jones et al., 1998). Further, dependence on methamphetamine reduces DAT activity,
shown by a reduction of the density of DAT in sub-cortical areas of the brain in humans
(Volkow et al., 2001). Work by Park et al., (2011) revealed that genetic knock-out of
MORs in mice, created a reduction in D1 receptor binding in the striatum, as well as a
reduction of methamphetamine-related addictive behavior. This suggests
methamphetamine may additionally act on the dopaminergic system via MORs (and

possible other opioid receptors).

1.17 Methamphetamine and EEG

Given the differences in clinical presentation and the above-mentioned
mechanisms of action, MUD should differ in terms of EEG activity as compared to OUD.
One study utilized the dopamine receptor agonist, apomorphine to produce
methamphetamine-like changes in EEG (Jang et al., 2009). As revealed therein, rats that
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were treated acutely revealed a decrease in power in & and  frequencies, especially in the
frontal lobe (Jang et al., 2009) but, rats that were treated chronically revealed increases in
power in the a and 6 frequencies, especially in the frontal lobe (Jang et al., 2009).

As previously seen, MUD in humans has been linked to an increase in power in
the & and 0 frequencies (Newton et al., 2003) and a decrease in a, B, and, y frequencies
(Zanettini et al., 2018).

1.18 Alcohol use disorder

Ethanol, referred to as alcohol here forward, is the psychoactive compound that
has been used recreationally across cultures for thousands of years. The maladaptive
over-consumption of alcohol leads to alcoholism and what is now referred to as alcohol
use disorder [(AUD) DSM 5; APA, 2013]. Here, AUD cases were also used as a negative
control to compare to the OUD group. Knowing the molecular mechanisms of AUD will

help shed light onto the effects seen in the EEG.

1.19 Alcohol and glutamate

Studies suggest acute alcohol administration in the body reduces glutamate
activity by antagonizing N-methyl-D-aspartate (NMDA) and a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA\) receptors (Dildy-Mayfield & Harris, 1995),
while chronic alcohol administration appears to do the opposite, upregulating
glutamatergic activity via NMDA (Qiang & Ticku, 2005). Furthermore, NMDA receptors
of parvalbumin-expressing interneurons are implicated in the modulation of alcohol
dependence. When this receptor is lacking in this cell type, self-administration of alcohol

is reduced in mice (Radke et al., 2017).
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1.20 Alcohol and GABA

Alcohol has been found to affect GABAa receptors. When a ligand binds to the
GABAa receptor, chloride is released and causes inhibition of the post-synaptic cell.
Acute alcohol administration brings about agonistic properties of GABAa (see a review
by Lobo & Harris, 2008). However, in the case of chronic alcohol administration,
GABAa receptors appear to be downregulated in human subjects (Lewohl et al., 1997).
The slow-acting, metabotropic GABADb receptor is also affected the same way as GABAa
receptors, in which acute and chronic exposure increase and decrease inhibition,

respectively (Federici et al., 2009; Frye et al., 1991).

1.21 Alcohol and dopamine

Like all substances of abuse, alcohol also affects the dopaminergic system in the
brain. Acute alcohol administration leads to an increase in activation of the dopaminergic
system in rats (see reviews by Koob & Volkow, 2010, 2016), while chronic alcohol
exposure leads to a decrease in dopaminergic activation and an increase in DAT function
in rats (Rothblat et al., 2001). Chronic alcohol exposure produced the same effects in
humans, with a decrease in dopamine activation via D2 receptor hypofunction (Volkow

et al., 2007).

1.22 Alcohol in EEG

In total, these combined effects should reveal that AUD facilitates excitatory
activity in the brain. Thus, the power spectra of the alcohol-dependent group should be
increased as compared to the healthy group. EEG studies of alcoholics have revealed
inconsistent differences as compared to healthy control subjects. Some have reported
decreased a power (Courtney & Polich, 2010), whereas others have reported increased 3
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power (Rangaswamy et al., 2002; Saletu-Zyhlarz et al., 2004) and decreased & power

(Saletu-Zyhlarz et al., 2004).
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Fentanyl

Figure 1: Chemical structures of common opioids. (A) The chemical structure for the
naturally-occurring opioid, morphine. (B) The chemical structure for the naturally-
occurring opioid, codeine. (C) The chemical structure for the synthetic opioid,
diamorphine also known as heroin. (D) The chemical structure for the synthetic opioid,
methadone. (E) The chemical structure for the synthetic opioid, fentanyl.
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Figure 2: Simplified diagram of the ascending pain pathway. When a painful stimulus is
detected by a nociceptor in the peripheral nervous system, the associated free nerve
ending or 1% order neuron, sends a signal to the ipsilateral dorsal root ganglion in the
dorsal horn of the spinal cord. Then, the signal is carried via the 2" order neuron,
decussating to the contralateral spinal cord, and ascending to the thalamus in the central
nervous system. From the thalamus, a 3™ order neuron sends the signal to the
somatosensory cortex of the brain, where the pain signal then gets processed further.
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Figure 3: Simplified diagram of a transmembrane-bound opioid receptor. (A) The opioid
receptor in the inactive state. (B) The opioid receptor just before a ligand (opioid) binds
to the extracellular surface. (C) With the ligand bound to the opioid receptor, the G
protein complex binds to the intracellular surface of the opioid receptor. (D) The G
protein undergoes a conformational change, with the alpha subunit dissociating from the
beta and gamma subunits, and then binding to adenylate cyclase. (E) The beta and
gamma subunits of the G protein dissociate from the opioid receptor and bind to a GIRK
channel, resulting in K* efflux. Please note: OR, opioid receptor; O, opioid; AC,
adenylate cyclase; GIRK, G protein-coupled inwardly rectifying K™ channel; Ga, alpha
subunit of G protein; Gpf, beta subunit of G protein; Gy, gamma subunit of G protein; **,
guanosine diphosphate (GDP); ***, guanosine triphosphate (GTP).
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Figure 4: Simplified diagram of current flow at an active synapse in the cortex. The red
triangle, labeled “ES” is an excitatory synapse on the extracellular surface. As this cell
fires, current flows from the extracellular side to the intracellular side. This creates an
extracellular sink at the site of the synapse. As the current flows down the membrane, the
intracellular side becomes more negative, which in turn creates an extracellular source
down the membrane.
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Figure 5: Idealized sinusoidal wave forms of various frequencies. (A) An example of a
2Hz delta frequency wave. (B) An example of a 6Hz theta frequency wave. (C) An
example of a 10Hz alpha frequency wave. (D) An example of a 20Hz beta frequency
wave. (E) An example of a 40Hz gamma frequency wave. The x-axes represent time in

E

Amplitude (uv?)

B 6Hz Theta Wave
1
0.5
0
-0.5
-1
0 0.5 1
Time (sec)
D 20Hz Beta Wave
1
0.3
0
-0.5
-1
0 05

Time (sec)

40Hz Gamma Wave

0.5 1
Time (sec)

seconds and the y-axes represent amplitude in uV?.

22



Figure 6. Simplified diagram of microcircuits in the brain. The red shapes labeled ‘P’
represent glutamatergic pyramidal cells in the cortex. The black shapes labeled ‘I’
represent y-aminobutyric acid (GABAergic) interneuron neurons in the cortex. The green
shape labeled ‘SC’ represent sub-cortical inputs, which may be excitatory or inhibitory.
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Figure 7: Opioid pharmacodynamics in GABAergic cells. (A) In acute opioid use, the
GIRK channels are functional and K* effluxes out of the cell. (B) Due to the efflux of K*,
the membrane potential of the GABAergic cell is hyperpolarized, thus no action potential
occurs. (C) In chronic opioid use, the GIRK channels are dysfunctional, so no K* efflux

occurs. (D) With no efflux of K*, the membrane potential of the GABAergic cell is
polarized, thus an action potential occurs. Please note: OR, opioid receptor; O, opioid;
GIRK, G protein-coupled inwardly rectifying K™ channel; GABA, y-aminobutyric acid.
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2. Materials and methods

2.1 Study design

Data were obtained from an electronic medical database at a substance abuse
treatment facility (FHE Health, Deerfield Beach, FL, USA), which had gathered ~1000
cases of information about patients’ drug use history, DMS-5 diagnosis, and drug
intoxication treatment. In addition, there were 20 cases obtained from healthy subjects
from the staff with no substance abuse history. EEG data were tracked electronically,
along with information about detox-related symptoms. Searches with opioid-related
keywords (i.e., morphine, heroin, fentanyl, methadone or oxycodone) found 350 patients
who had records of opioid use history. Approximately 450 patients had records of alcohol
use history. Methamphetamine-related keywords (i.e., crystal meth, meth, ice) yielded
approximately 100 records of methamphetamine use history, while the remaining cases
were a mix of other substance use disorders.

Despite the plethora of data discovered, most of the patients in the database were
identified as polysubstance users. Screening of all cases for polysubstance use; those with
neurodegenerative diseases (e.g., Parkinson’s, Alzheimer’s); incomplete medical records;
or low quality of EEG data were then excluded from the study. To the end, thirteen men
and seven women identified as OUD were compared with 20 sex- and age-matched
healthy controls. Eleven men and four women identified as MUD were compared to 20

sex- and age-matched controls. Fourteen males and six females identified as AUD were
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compared to 20 sex- and age-matched controls. Table 1 shows the healthy control group
medical information.

As shown in Table 2, OUD patients had at least a two-year history of opioid abuse
(average of 7.2 years). As shown in Table 3, MUD patients had at least a one-year history
of methamphetamine abuse (average of 5.0 years). As shown in Table 4, AUD patients
had at least a two-year history of alcohol abuse (average of 8.6 years). As a standard
procedure, detoxifications medications were prescribed prior to the time of EEG
recordings while abstinent from other psychoactive substances for no more than one
week (average of 2.4 days; 3.4 days; and 4.3 days; for OUD, MUD, AUD, respectively).
No medication was reported while EEG was taken from the twenty healthy controls.
Protocols of retrospective analysis of living subjects were approved by the institutional

review board (IRB) from Florida Atlantic University (Boca Raton, FL, USA).

2.2 EEG data acquisition

EEG recordings were performed between 12:00 PM - 4:00 PM. Following
instrumental calibration, a case (patient or healthy control) was seated in a comfortable
chair in a dimmed recording room and the EEG procedures were orally instructed. A cap
with 19 electrodes (Electro-Cap International, Eaton, OH, USA) was placed on the scalp.
To reduce muscle artifacts in the EEG signal, the participant was instructed to assume a
comfortable position and to avoid movement. Signals were collected with the band-pass
filter of 1-100 Hz at a rate of 256 Hz, and amplified with Neurofield’s Q20 amplifier
(NeuroField Inc., Bishop, CA, USA) using NeuroGuide software (Applied Neuroscience
Inc., Tampa, FL, USA). Each subject underwent 10 minutes of EEG recording with eyes

closed. The equipment and materials used for the study can be seen in Figure 8.
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2.3 EEG data analysis

EEG data were downloaded from the database as described previously. Raw data
was edited using the editing tool within the NeuroGuide software to remove physical
artifacts (including eye movement, jaw movement, and gross movement) and was then
visually inspected. A 60-second epoch of quality data was gathered after removal of the
aforementioned artifacts. Epoch selection was governed by reliability measures of the
data within the NeuroGuide program. Test-retest values of 0.90 or greater are considered
highly reliable and valid according to literature (Thatcher, 2010). Each epoch was
subjected to EEG spectral power analysis, using a fast Fourier transform (FFT), and then
extracted to Microsoft Excel for further data calculation. Powers of 3, 6, a, p or y
oscillations were individually sorted according to electrodes and averaged (mean £SEM).

The relationship between 5 spectral powers and 19 electrodes were determined in
distinct ways. First, the normal distribution of spectral powers (3, 6, o, B, and y) across
different parts of the scalp was characterized. Specifically, in healthy controls, data
obtained from different areas were compared, including the frontal versus rear
components and the left versus right components. With such groundwork, we revealed
differences in power levels between brain areas or lobes. Results of this analysis
presented in Tables 5 & 6. Next, spectral powers of 3, 6, a, B, or y oscillations at
individual electrodes in patients with OUD, MUD, and AUD were compared with those
of healthy controls, across all electrode sites (frontal: FP1, FP2, F3, F4, Fz, F7, F8;
central: C3, Cz, C4; temporal: T3, T4, T5, T6; parietal: P3, P4, Pz; and occipital: O1,

02). To reveal topographic distribution of spectral power, percentage change was
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arbitrarily categorized into four groups as follows: high >60%; medium 36-60%; low 16-
36%; no change <15%. Results of the analyses presented in Figures 9-38.
2.4 Statistical analysis

All data are expressed as mean + SEM and have been evaluated with repeated
measures ANOVA between subjects (e.g., frontal vs. rear areas, patients vs healthy
controls) followed by post-hoc Fisher test using StatView software 5.0 (SAS Institute
Inc., Cary, NC, USA). Unpaired Student t-test was also utilized to determine statistical

differences if appropriated. Significance was set at 0.05.
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Table 1: Breakdown of information for healthy control group

Subject ID Age (year) Sex Ethnicity*
Cc2 28 M w
c3 24 F W
c4 39 M H
C5 23 F w
C6 40 M H
Cc7 38 F w
C8 26 M w
C9 21 F w

C10 26 M H
Cl1 60 M w
C12 55 M w
C13 26 M W
Cl4 46 M w
C15 50 M w
C16 24 M w
C17 37 F w
C18 41 F w
C19 30 M W
C20 20 M W
c21 21 F w

W denotes White; H, Hispanic. No medications were reported at time of recording. No
health issues were reported at the time of recording. The group consisted of 20 total
cases; 13 males, 7 females. Mean age of 34 years.
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Table 2: Breakdown of medical information of patients with opioid use disorder

Subject Age  Sex Ethnicity Drug®  Yearson Other health issues Medications at the time of
ID (year) drug testing
02 33 M w O,H 14 Bipolar disorder, Buprenorphine
unspecified
03 29 M w H 6 N/A Buprenorphine; Gabapentin
06 31 F w H 5 N/A Buprenorphine
o7 44 M w H 20 Hepatitis C None
08 22 F w H 4 Hepatitis C Buprenorphine; Gabapentin;
Quetiapine
013 24 M Hi H 5 Hepatitis C None
014 30 M w 3 N/A Buprenorphine
015 51 M '\ 4 Essential hypertension Buprenorphine;
Hydroxyzine
017 56 M Hi H 5 Mild intermittent asthma Buprenorphine
018 49 M w 3 Essential hypertension Buprenorphine; Metoprolol
026 35 M w O,H 15 Psoriasis vulgaris Buprenorphine
027 45 F w O 10 Essential hypertension; Buprenorphineg;
Gastroesophageal reflux Pantoprazole
disease
028 45 F w 3 N/A Buprenorphine; Gabapentin
029 20 M W 2 N/A None
030 40 M w 12 N/A Buprenorphineg;
Pantoprazole
031 29 M w H 7 N/A Buprenorphine; Gabapentin;
Hydroxyzine
033 25 F w H 4 N/A Buprenorphine; Gabapentin;
Hydroxyzine
034 49 M Hi 0} 13 Gastro-esophageal reflux Buprenorphine; Gabapentin;
disease; Essential Hydroxyzine
hypertension; Testicular
hypofunction
035 22 F w H 4 N/A Buprenorphine
026 19 F w H 4 N/A Buprenorphine

YW denotes White; Hi, Hispanic.?M denotes morphine; H, heroin; O, oxycodone. The
group consisted of 20 total cases; 13 males; 7 females. Mean age of 37 years.
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Table 3: Breakdown of medical information of patients with methamphetamine use

disorder
Subject  Age Sex  Ethnicity®  Yearson Other health issues Medications at the time
ID (year drug of testing
)

A2 39 W 5 N/A Diazepam
A3 23 H 4 N/A None

A6 38 B 7 Acute hepatitis C, without Trazodone

hepatic coma
A7 48 M w 5 Essential hypertension Hydroxyzine
A9 27 M B 2 Gastro-esophageal reflux Trazodone; Pantoprazole
disease
Al0 34 M w 2 Gastro-esophageal reflux Diazepam
disease

All 32 M w 10 N/A None
A13 25 F H 2 Mild intermittent asthma Albuterol
Al4 32 M w 5 Essential hypertension Clonidine
Al6 31 F w 10 N/A Trazodone
Al7 30 F w 10 N/A None
Al8 24 F W 1 N/A Hydroxyzine
A22 20 M w 3 Myalgia Hydroxyzine
A23 20 M w 3 N/A Trazodone
A24 20 M w 3 N/A Hydroxyzine;

Mirtazapine

W denotes White; H, Hispanic; B, Black. The group consisted of 15 total cases; 11
males, 4 females. Mean age of 30 years.
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Table 4: Breakdown of medical information of patients with alcohol use disorder

Subje  Age  Sex Ethnicity* Years Other health issues Medications at the time of testing
ctiD  (year) on drug
A2 31 M w 10 Essential hypertension Gabapentin
A3 57 M w 20 Essential hypertension; Methocarbamol; Gabapentin;
hyperlipidemia Losartan
A4 25 F 3 N/A Olanzapine; Pantoprazole
A5 31 M 12 Gastro-esophageal reflux Buspirone; Gabapentin;
disease Pantoprazole
A8 49 F w 20 N/A Hydroxyzine; Diazepam;
Gabapentin
A9 41 M w 25 Essential hypertension Diazepam; Gabapentin
All 36 F w 5 N/A Diazepam; Gabapentin
Al3 30 M H 2 Mixed hyperlipidemia Diazepam; Hydroxyzine
Al5 23 M w 3 N/A Gabapentin
Al6 32 M w 8 N/A Diazepam; Gabapentin
Al8 37 F w 3 Gastro-esophageal reflux None
disease
Al9 54 M w 25 Anemia Diazepam; Carbamazepine
A20 23 M W 5 N/A None
A22 44 F w 10 Essential hypertension Diazepam; Gabapentin
A23 40 F H 5 Essential hypertension Lisinopril; Carvedilol,
Pantoprazole
A24 28 M W 5 N/A Methocarbamol
A25 47 w 10 Type |l diabetes; essential Atorvastatin; Pioglitazone;
hypertension; myalgia Canaglifiozin
A26 55 M w 10 Gastro-esophageal reflux Levetiracetam; Diazepam
disease
A27 46 M w 3 Mild intermittent asthma; Diazepam; Gabapentin
essential hypertension
A28 42 M W 10 N/A None
A29 35 M w 3 N/A None
A30 32 M H 5 Essential hypertension; Diazepam; Levetiracetam
asthma
A3l 26 M w 2 N/A Gabapentin

W denotes White; H, Hispanic; B, Black. The group consisted of 23 total cases; 17

males, 6 females. Mean age of 38 years.
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Figure 8: Materials used for the study. In the left corner of the top row is the 19-channel
EEG cap (from Electro-Cap International, Inc. — Eaton, OH, USA) used for collecting
data; in the middle and right of the top row are the QCheck electrode impedance monitor
and Q21 amplifier, respectively (both from Neurofield, Inc. — Bishop, CA, USA); in the
left corner of the bottom row is a diagram of the International 10-20 System to elaborate
electrode placement across the scalp; and in the right corner of the bottom row is an
example of a digitized EEG recording using Neuroguide software (Applied Neuroscience,
Inc. — Largo, FL, USA).
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3. Results

3.1 Results of normal distribution of spectral power across the cortex

First, analysis of the 20 healthy controls was completed in order to determine
differences across the frontal (F; Fpl, Fp2, F3, F4, F7, F8, and Fz), central (C; C3, C4,
Cz, T3, T4), and rear (R; T5, T6, P3, P4, Pz, O1, O2) regions. As shown in Table 5, the
distribution of power levels revealed a pattern across the cortex in healthy controls. &
frequency power was significantly larger in the frontal region (F = 14.96) as compared to
the rear region (R = 11.78, p<0.01). 6 frequency power was significantly larger in the rear
region (R = 10.62) as compared to the frontal region (F = 1.93, p<0.01). o frequency
power and P frequency power were also significantly larger in the rear (a, R =45.87; B, R
= 12.68) than in the front (a, F = 15.38, p<0.001; B, F = 7.18, p<0.001). Additionally, the
central region (a, C =20.67; B, C = 8.93) in these two frequencies revealed power levels
in between the frontal and rear regions, thus revealing a fluid distribution across the
entire cortex. The y frequency power revealed no significant difference between the
frontal (F = 1.59) and rear regions (R = 1.73, p=0.51). Although not significant, the
central region revealed the highest power levels across this frequency.

The analysis of left (Fpl, F3, F7, C3, T3, T5, P3, and O1) versus right (Fp2, F4,
F8, C4, T4, T6, P4, and O2) hemispheres, as shown in Table 6, revealed no differences in

power levels across any frequency in the cortex.
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3.2 Results of opioid use disorder
3.2.1 6 Frequency power changes

Figure 9 displays the comparison of absolute & frequency power between opioid
use disorder and healthy controls and Figure 10 displays the percentage change between
the two groups. Figure 9(A) shows significant increases in the frontal electrodes, F3, F4,
and Fz, as compared to controls (F(1,38)=5.036, p=0.0307). These are marked by
increases of 50%, 68%, and 58%, respectively (see Figure 10(F)). The remaining frontal
electrodes, Fpl, Fp2, F7, and F8 were not significantly different. Figure 9(B) shows
significant increases in the central electrodes, C3, C4, and Cz, as compared to controls
(F(1,38)=10.434, p=0.0026). These are marked by increases of 60%, 60%, and 72%,
respectively (Figure 10(F)). Figure 9(C) shows significant increases in the parietal
electrodes, P3, P4, and Pz, as compared to controls (F(1,38)=9.773, p=0.0034). These are
marked by increases of 53%, 51%, and 82%, respectively (Figure 10(F)). Figure 9(D)
shows significant increases in the temporal electrodes, T3, T4, and T6, as compared to
controls (F(1,38)=6.846, p=0.0127). These are marked by increases of 51%, 66%, and
58%, respectively (Figure 10(F)). The remaining temporal electrode, T5, was not
significant. Lastly, Figure 9(E) shows significant increases in the occipital electrodes, O1
and O2, as compared to controls (F(1,38)=9.773, p=0.0034). These are marked by

increases of 59% and 64%, respectively (see Figure 10(F)).

3.2.2 0 Frequency power changes
Figure 11 displays the comparison of absolute 6 frequency power between opioid
use disorder and healthy controls and Figure 12 displays the percentage change between

the two groups. Figure 11(A) shows significant increases in the frontal electrodes, Fp1,
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Fp2, F3, F4, F8, and Fz, as compared to controls (F(1,38)=7.560, p=0.0091). These are
marked by increases of 51%, 42%, 52%, 57%, 44%, and 52%, respectively (see Figure
12(F)). The remaining frontal electrode, F7, was not significantly different compared to
controls. Figure 11(B) shows significant increases in the central electrodes, C3, C4, and
Cz, as compared to controls (F(1,38)=5.773, p=0.0213). These are marked by increases
of 49%, 51%, and 53%, respectively (Figure 12(F)). Figure 11(C) shows the parietal
electrodes, P3, P4, and Pz, as compared to controls (F(1,38)=2.446, p=0.1261). These are
not significantly different (Figure 12(F)). Figure 11(D) shows the temporal electrodes,
T3, T4, T5, and T6, as compared to controls (F(1,38)=1.590, p=0.2150). These are not
significantly different (Figure 12(F)). Lastly, Figure 11(E) shows the occipital electrodes,
01 and O2, as compared to controls (F(1,38)=0.881, p=0.3538). These are not
significantly different (see Figure 12(F)).
3.2.3 a Frequency power changes

Figure 13 displays the comparison of absolute a frequency power between opioid
use disorder and healthy controls and Figure 14 displays the percentage change between
the two groups. Figure 13(A) shows the frontal electrodes, Fpl, Fp2, F3, F4, F7, F8, and
Fz, as compared to controls (F(1,38)=1.469, p=0.2330). These are not significantly
different (see Figure 14(F)). Figure 13(B) shows the central electrodes, C3, C4, and Cz,
as compared to controls (F(1,38)=1.802, p=0.1874). These are not significantly different
(Figure 14(F)). Figure 13(C) shows significant decreases in the parietal electrodes, P4
and Pz, as compared to controls (F(1,38)=4.046, p=0.0417). These are marked by
decreases of 54% in each (Figure 14(F)). The remaining parietal electrode, P3, was not

significantly different. Figure 13(D) shows the temporal electrodes, T3, T4, T5, and T6,
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as compared to controls (F(1,38)=2.145, p=0.1513). These are not significantly different
(Figure 14(F)). Lastly, Figure 13(E) shows a significant decrease in the occipital
electrode O2, as compared to controls (F(1,38)=3.883, p=0.0461). This is marked by a
decrease of 69% (see Figure 14(F)). The remaining occipital electrode, O1, was not

significantly different.

3.2.4 B Frequency power changes

Figure 15 displays the comparison of absolute § frequency power between opioid
use disorder and healthy controls and Figure 16 displays the percentage change between
the two groups. Figure 15(A) shows significant increases in the frontal electrodes, Fp1,
F3, F4, F8, and Fz, as compared to controls (F(1,38)=4.795, p=0.0348). These are
marked by increases of 44%, 45%, 42%, 34%, and 45%, respectively (see Figure 16(F)).
The remaining frontal electrodes, Fp2 and F7 were not significantly different. Figure
15(B) shows the central electrodes, C3, C4, and Cz, as compared to controls (F(1,38)=
2.913, p=0.0961). These are not significantly different (Figure 16(F)). Figure 15(C)
shows the parietal electrodes, P3, P4, and Pz, as compared to controls (F(1,38)=0.001,
p=0.9812). These are not significantly different (Figure 16(F)). Figure 15(D) shows the
temporal electrodes, T3, T4, T5, and T6, as compared to controls (F(1,38)=0.129,
p=0.7210). These are not significantly different (Figure 16(F)). Lastly, Figure 15(E)
shows the occipital electrodes, O1 and O2, as compared to controls (F(1,38)=1.028,

p=0.3170). These are not significantly different (Figure 16(F)).

3.2.5 y Frequency power changes
Figure 17 displays the comparison of absolute y frequency power between opioid
use disorder and healthy controls and Figure 18 displays the percentage change between
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the two groups. Figure 17(A) shows the frontal electrodes, Fpl, Fp2, F3, F4, F7, F8, and
Fz, as compared to controls (F(1,38)=1.464, p=0.2337). These are not significantly
different (see Figure 18(F)). Figure 17(B) shows the central electrodes, C3, C4, and Cz,
as compared to controls (F(1,38)=1.115, p=0.2976). These are not significantly different
(Figure 18(F)). Figure 17(C) shows the parietal electrodes, P3, P4, and Pz, as compared
to controls (F(1,38)=0.005, p=0.9456). These are not significantly different (Figure
18(F)). Figure 17(D) shows the temporal electrodes, T3, T4, T5, and T6, as compared to
controls (F(1,38)=1.132, p=0.2942). These are not significantly different (Figure 18(F)).
Lastly, Figure 17(E) shows the occipital electrodes, O1 and 02, as compared to controls
(F(1,38)=2.598, p=0.1152). These are not significantly different (Figure 18(F)).
3.3 Results of methamphetamine use disorder
3.3.1 s Frequency power changes

Figure 19 displays the comparison of absolute & frequency power between
methamphetamine use disorder and healthy controls and Figure 20 displays the
percentage change between the two groups. Figure 19(A) shows the frontal electrodes,
Fpl, Fp2, F3, F4, F7, F8, and Fz, as compared to controls (F(1,33)=1.126, p=0.2963).
These are not significantly different (see Figure 10(F)). Figure 19(B) shows the central
electrodes, C3, C4, and Cz, as compared to controls (F(1,33)=2.438, p=0.1280). These
are not significantly different (Figure 20(F)). Figure 19(C) shows the parietal electrodes,
P3, P4, and Pz, as compared to controls (F(1,33)=0.950, p=0.3369). These are not
significantly different (Figure 20(F)). Figure 19(D) shows the temporal electrodes, T3,
T4, T5, and T6, as compared to controls (F(1,33)=1.460, p=0.2355). These are not

significantly different (Figure 20(F)). Lastly, Figure 19(E) shows the occipital electrodes,
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01 and O2, as compared to controls (F(1,33)=0.182, p=0.3741). These are not

significantly different (see Figure 20(F)).

3.3.2 6 Frequency power changes

Figure 21 displays the comparison of absolute 6 frequency power between
methamphetamine use disorder and healthy controls and Figure 22 displays the
percentage change between the two groups. Figure 21(A) shows the frontal electrodes,
Fpl, Fp2, F3, F4, F7, F8, and Fz, as compared to controls (F(1,33)=1.159, p=0.2895).
Although these were increased by upwards of 72% (Fp2), none were significant (see
Figure 22(F)). Figure 21(B) shows the central electrodes, C3, C4, and Cz, as compared to
controls (F(1,33)=0.523, p=0.4748). These are not significantly different (Figure 22(F)).
Figure 21(C) shows the parietal electrodes, P3, P4, and Pz, as compared to controls
(F(1,33)=0.024, p=0.8778). These are not significantly different (Figure 22(F)). Figure
21(D) shows the temporal electrodes, T3, T4, T5, and T6, as compared to controls
(F(1,33)=0.001, p=0.9943). These are not significantly different (Figure 22(F)). Lastly,
Figure 21(E) shows the occipital electrodes, O1 and O2, as compared to controls

(F(1,33)=0.076, p=0.7847). These are not significantly different (see Figure 22(F)).

3.3.3 a Frequency power changes

Figure 23 displays the comparison of absolute o frequency power between
methamphetamine use disorder and healthy controls and Figure 24 displays the
percentage change between the two groups. Figure 23(A) shows significant decreases in
the frontal electrodes, F3, F4, and Fz, as compared to controls (F(1,33)=3.655,
p=0.0472). These were marked by reductions of 43%, 38%, and 41%, respectively. The
remaining electrodes, Fpl, Fp2, F7, and F8 were not significantly different (see Figure
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24(F)). Figure 23(B) shows the central electrodes, C3, C4, and Cz, as compared to
controls (F(1,33)=2.111, p=0.1557). These are not significantly different (Figure 24(F)).
Figure 23(C) shows the parietal electrodes, P3, P4, and Pz, as compared to controls
(F(1,33)=1.883, p=0.1792). These are not significantly different (Figure 24(F)). Figure
23(D) shows the temporal electrodes, T3, T4, T5, and T6, as compared to controls
(F(1,33)=1.379, p=0.2486). These are not significantly different (Figure 24(F)). Lastly,
Figure 23(E) shows the occipital electrodes, O1 and 02, as compared to controls

(F(1,33)=1.965, p=0.1703). These are not significantly different (see Figure 24(F)).

3.3.4 p Frequency power changes

Figure 25 displays the comparison of absolute  frequency power between
methamphetamine use disorder and healthy controls and Figure 26 displays the
percentage change between the two groups. Figure 25(A) shows the frontal electrodes,
Fpl, Fp2, F3, F4, F7, F8, and Fz, as compared to controls (F(1,33)=1.438, p=0.2390).
These are not significantly different (see Figure 26(F)). Figure 25(B) shows the central
electrodes, C3, C4, and Cz, as compared to controls (F(1,33)= 0.726, p=0.4005). These
are not significantly different (Figure 26(F)). Figure 25(C) shows the parietal electrodes,
P3, P4, and Pz, as compared to controls (F(1,33)=0.083, p=0.7757). These are not
significantly different (Figure 26(F)). Figure 25(D) shows the temporal electrodes, T3,
T4, T5, and T6, as compared to controls (F(1,33)=0.077, p=0.7833). These are not
significantly different (Figure 26(F)). Lastly, Figure 25(E) shows the occipital electrodes,
01 and 02, as compared to controls (F(1,33)=0.348, p=0.5594). These are not

significantly different (Figure 26(F)).
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3.3.5 y Frequency power changes

Figure 27 displays the comparison of absolute y frequency power between
methamphetamine use disorder and healthy controls and Figure 28 displays the
percentage change between the two groups. Figure 27(A) shows the frontal electrodes,
Fpl, Fp2, F3, F4, F7, F8, and Fz, as compared to controls (F(1,33)=1.124, p=0.2968).
These are not significantly different (see Figure 28(F)). Figure 27(B) shows the central
electrodes, C3, C4, and Cz, as compared to controls (F(1,33)=1.037, p=0.3159). These
are not significantly different (Figure 28(F)). Figure 27(C) shows a significant reduction
in the parietal electrode, P4 as compared to controls (F(1,33)=3.608, p=0.0437). This was
marked by a reduction of 27%. The remaining electrodes, P3 and Pz were not
significantly different (Figure 28(F)). Figure 27(D) shows a significant reduction in the
temporal electrode, T6, as compared to controls (F(1,33)=3.846, p=0.0311). This was
marked by a reduction of 41%. The remaining electrodes, T3, T4, and T5, were not
significantly different (Figure 28(F)). Lastly, Figure 27(E) shows the occipital electrodes,
01 and O2, as compared to controls (F(1,33)=2.452, p=0.1269). These are not
significantly different (Figure 28(F)).
3.4 Results of alcohol use disorder
3.4.1 6 Frequency power changes

Figure 29 displays the comparison of absolute & frequency power between alcohol
use disorder and healthy controls and Figure 30 displays the percentage change between
the two groups. Figure 29(A) shows significant decreases in the frontal electrodes, Fpl,
Fp2, F3, F4, and F7 as compared to controls (F(1,39)=3.962, p=0.0436). These are

marked by decreases of 30%, 33%, 29%, 22%, and 35%, respectively (see Figure 30(F)).
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The remaining frontal electrodes, F8 and Fz, were not significantly different. Figure
29(B) shows significant decreases in the central electrodes, C3, C4, and Cz, as compared
to controls (F(1,39)=9.281, p=0.0041). These are marked by decreases of 32%, 30%, and
27%, respectively (Figure 30(F)). Figure 29(C) shows significant decreases in the parietal
electrodes, P3, P4, and Pz, as compared to controls (F(1,39)=6.158, p=0.0175). These are
marked by decreases of 30%, 31%, and 25%, respectively (Figure 30(F)). Figure 29(D)
shows significant decreases in the temporal electrodes, T3, T4, and T5, as compared to
controls (F(1,39)=6.852, p=0.0125). These are marked by decreases of 38%, 27%, and
45%, respectively (Figure 30(F)). The remaining temporal electrode, T6, was not
significantly different. Lastly, Figure 29(E) shows the occipital electrodes, O1 and O2, as
compared to controls (F(1,39)=1.727, p=0.1965). These are not significantly different

(see Figure 30(F)).

3.4.2 6 Frequency power changes

Figure 31 displays the comparison of absolute 0 frequency power between alcohol
use disorder and healthy controls and Figure 32 displays the percentage change between
the two groups. Figure 31(A) shows significant decreases in the frontal electrodes, Fpl,
Fp2, F3, F4, F7, and Fz, as compared to controls (F(1,40)=5.489, p=0.0242). These are
marked by decreases of 30%, 32%, 35%, 30%, 31%, and 33%, respectively (see Figure
32(F)). The remaining frontal electrode, F8, was not significantly different compared to
controls. Figure 31(B) shows significant decreases in the central electrodes, C3, C4, and
Cz, as compared to controls (F(1,40)=5.607, p=0.0228). These are marked by decreases
of 39%, 25%, and 37%, respectively (Figure 32(F)). Figure 31(C) shows significant

decreases in the parietal electrodes, P3, P4, and Pz, as compared to controls
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(F(1,40)=4.564, p=0.0388). These are marked by decreases of 41%, 37%, and 38%,
respectively (Figure 32(F)). Figure 31(D) shows significant decreases in the temporal
electrode, T3, as compared to controls (F(1,40)=4.708, p=0.0360). This is marked by a
decrease of 43%. The remaining electrodes, T4, T5, and T6 are not significantly different
(Figure 32(F)). Lastly, Figure 31(E) shows the occipital electrodes, O1 and 02, as
compared to controls (F(1,40)=1.620, p=0.2104). These are not significantly different

(see Figure 32(F)).

3.4.3 o Frequency power changes

Figure 33 displays the comparison of absolute a frequency power between alcohol
use disorder and healthy controls and Figure 34 displays the percentage change between
the two groups. Figure 33(A) shows significant decreases in the frontal electrodes, Fpl,
Fp2, F3, F4, F7, F8, and Fz, as compared to controls (F(1,39)=6.112, p=0.0179). These
are marked by decreases of 55%, 55%, 59%, 58%, 57%, 50%, and 58%, respectively (see
Figure 34(F)). Figure 33(B) shows significant decreases in the central electrodes, C3, C4,
and Cz, as compared to controls (F(1,39)=5.997, p=0.0189). These are marked by
decreases of 66%, 63%, and 61%, respectively (Figure 34(F)). Figure 33(C) shows
significant decreases in the parietal electrodes, P3, P4, and Pz, as compared to controls
(F(1,39)=4.784, p=0.0348). These are marked by decreases of 65%, 63%, and 64%,
respectively (Figure 34(F)). Figure 33(D) shows significant decreases in the temporal
electrodes, T3 and T4, as compared to controls (F(1,39)=4.227, p=0.0465). These are
marked by decreases of 67% and 54%, respectively (Figure 34(F)). The other electrodes,
T5 and T6, are not significantly different. Lastly, Figure 33(E) shows a significant

decrease in the occipital electrodes, O1 and O2, as compared to controls (F(1,39)=4.673,
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p=0.0368). These are marked by decreases of 72% and 77%, respectively (see Figure
34(F)).
3.4.4 p Frequency power changes

Figure 35 displays the comparison of absolute § frequency power between alcohol
use disorder and healthy controls and Figure 36 displays the percentage change between
the two groups. Figure 35(A) shows the frontal electrodes, Fpl, Fp2, F3, F4, F7, F8, and
Fz, as compared to controls (F(1,39)=0.303, p=0.5854). These are not significant (see
Figure 36(F)). Figure 35(B) shows the central electrodes, C3, C4, and Cz, as compared to
controls (F(1,39)= 0.0001, p=0.9989). These are not significantly different (Figure
36(F)). Figure 35(C) shows the parietal electrodes, P3, P4, and Pz, as compared to
controls (F(1,39)=0.346, p=0.5596). These are not significantly different (Figure 36(F)).
Figure 35(D) shows the temporal electrodes, T3, T4, T5, and T6, as compared to controls
(F(1,39)=0.862, p=0.3588). These are not significantly different (Figure 36(F)). Lastly,
Figure 35(E) shows the occipital electrodes, O1 and 02, as compared to controls

(F(1,39)=0.051, p=0.8228). These are not significantly different (Figure 36(F)).

3.4.5 y Frequency power changes

Figure 37 displays the comparison of absolute y frequency power between alcohol
use disorder and healthy controls and Figure 38 displays the percentage change between
the two groups. Figure 37(A) shows the frontal electrodes, Fpl, Fp2, F3, F4, F7, F8, and
Fz, as compared to controls (F(1,39)=1.871, p=0.1792). These are not significantly
different (see Figure 38(F)). Figure 37(B) shows the central electrodes, C3, C4, and Cz,
as compared to controls (F(1,39)=1.014, p=0.3202). These are not significantly different
(Figure 38(F)). Figure 37(C) shows significant decreases in the parietal electrodes, P3,
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P4, and Pz, as compared to controls (F(1,39)=8.025, p=0.0073). These are marked by
decreases of 34%, 35%, and 23%, respectively (Figure 38(F)). Figure 17(D) shows
significant decreases in the temporal electrodes, T3, T5, and T6, as compared to controls
(F(1,39)=11.543, p=0.0016). These are marked by decreases of 63%, 29%, and 36%,
respectively. The remaining electrode, T4, is not significantly different (Figure 38(F)).
Lastly, Figure 37(E) shows significant decreases in the occipital electrodes, O1 and O2,
as compared to controls (F(1,39)=4.895, p=0.0329). These are marked by decreases of
35% and 51%, respectively (Figure 38(F)).

3.5 Comparison of all groups

3.5.1 s Frequency power changes

To get a better understanding of the differences between the groups,
representatives of each group were chosen arbitrarily, and comparisons of each frequency
are displayed. Figure 39 shows a & frequency wave recorded in the F4 electrode,
displaying an amplitude of 30 VZ and a time sequence of 6 seconds in each panel. As
described previously, compared to a healthy control (A), an OUD patient (B) had a
medium increase in amplitude, an AUD patient (C) had a low decrease in amplitude, and
a MUD patient (D) had a low increase in amplitude.
3.5.1 O Frequency power changes

Figure 40 shows a 6 frequency wave recorded in the Cz electrode, displaying an
amplitude of 20 pV?2 and a time sequence of 6 seconds in each panel. As described
previously, compared to a healthy control (A), an OUD patient (B) had a medium
increase in amplitude, an AUD patient (C) had a medium decrease in amplitude, and a

MUD patient (D) had a medium increase in amplitude.
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3.5.1 a Frequency power changes

Figure 41 shows an a frequency wave recorded in the O2 electrode, displaying an
amplitude of 40 pV? and a time sequence of 6 seconds in each panel. As described
previously, compared to a healthy control (A), an OUD patient (B) had a high decrease in
amplitude, an AUD patient (C) had a high decrease in amplitude, and a MUD patient (D)

had a medium decrease in amplitude.

3.5.1 p Frequency power changes

Figure 42 shows a 3 frequency wave recorded in the Fz electrode, displaying an
amplitude of 20 pV?2 and a time sequence of 6 seconds in each panel. As described
previously, compared to a healthy control (A), an OUD patient (B) had a medium
increase in amplitude, an AUD patient (C) had no change in amplitude, and a MUD
patient (D) had a low increase in amplitude.
3.5.1 y Frequency power changes

Figure 43 shows a y frequency wave recorded in the P4 electrode, displaying an
amplitude of 10 pV?2 and a time sequence of 6 seconds in each panel. As described
previously, compared to a healthy control (A), an OUD patient (B) had a low increase in
amplitude, an AUD patient (C) had a low decrease in amplitude, and a MUD patient (D)

had no change in amplitude.
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Table 5: Comparative analysis of power levels as measured across the scalp in healthy
controls

Frontal (F; Central (C; Rear (R; F/R Ratio P Value®
uv3)! uVv?) uVv?)
&2 14.49 + 0.67 10.81 + 0.54 11.79 + 0.56 1.23 P<0.01
0 7.92+0.40 8.05+0.61 10.63 + 0.89 0.75 P<0.01
o 15.39+1.36 20.67 £ 2.65 45.87 £5.63 0.34 P<0.001
B 7.18 £0.42 8.94 £ 0.65 12.68 £+ 0.91 0.57 P<0.001
Y 1.59 +£0.09 1.86 +£0.19 1.73+£0.12 0.92 P>0.05

Frontal (F; Fpl, Fp2, F3, F4, F7, F8, and Fz); Central (C; C3, C4, Cz, T3, T4); Rear
(R; T5, T6, P3, P4, Pz, 01, 02). 25 (1-4 Hz); 6 (4-8 Hz); o (8-12 Hz); 3 (12-30 Hz);
(30-50 Hz). 3Comparison between Frontal and Rear. Significance was determined by
repeated measures ANOVA.
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Table 6: Comparative analysis of power levels as measured at the left versus right scalp
in healthy controls

Left scalp (L; Right scalp (R; uVv?) L/R ratio P Value®
uv3)!
&2 12.30 + 0.56 12.28 + 0.58 1.00 P>0.05
0 8.59 + 0.68 8.31+0.54 1.03 P>0.05
o 26.46 + 3.61 27.21 + 3.69 0.97 P>0.05
B 9.33+0.64 9.46 + 0.66 0.99 P>0.05
Y 1.79+£0.13 1.75+0.12 1.02 P>0.05

Left (L; Fp1, F3, F7, C3, T3, T5, P3, and O1); Right (R; Fp2, F4, F8, C4, T4, T6, P4,
and 02). 26 (1-4 Hz); 6(4-8 Hz); o (8-12 Hz); 3 (12-30 Hz); y(30-50 Hz). *Comparison
between Left and Right. Significance was determined by repeated measures ANOVA. The
electrodes at midline (Fz, Cz, and Pz) were excluded from the data analysis.

48



*hk

a0 * *
¥
A * £ z B . z
g 24 * ; *
£ 1
‘% 3;15
I
2 10]
=
5_
D_ -
Fp1 Fpz2 F3 Fd F7 Fg Fz C3 4 Cz
30 1p 1E
g 25 1 . * .
= 204 1 *
[ =T, i
=]
- j§L15— ] * *
=
2 10 1
=
5_ -
0 ]
T3 T4 15 T8 el o2

F3 P4 Pz

Figure 9: Absolute power of 0 frequency in patients with opioid use disorder. (A) The 0
power comparisons between opioid patients versus controls measured at the frontal
electrodes, Fpl, Fp2, F3, F4, F7, F8, and Fz. (B) The 6 power comparisons measured at
the central electrodes, C3, C4, and Cz. (C) The 6 power comparisons measured at the
parietal electrodes, P3, P4, and Pz. (D) The ¢ power comparisons measured at the
temporal electrodes, T3, T4, TS5, and T6. (E) The 6 power comparisons measured at the
occipital electrodes, O1 and O2. Open columns denote the healthy control group and
solid red columns denote the opioid group. All data are expressed in mean + SEM. =P <
0.05, »»+P < 0.001 vs. healthy controls determined by repeated measures ANOVA
followed by post hoc Fisher’s test. NS, P > 0.05 vs. healthy control determined by
repeated measures ANOVA.
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Figure 10: Topographic changes of 6 power in patients with opioid use disorder. (A) The
0 power percentage change measured at the frontal electrodes, Fpl, Fp2, F3, F4, F7, F8,
and Fz. (B) The 0 power percentage change measured at the central electrodes, C3, C4,
and Cz. (C) The 0 power percentage change measured at the parietal electrodes, P3, P4,
and Pz. (D) The o0 power percentage change measured at the temporal electrodes, T3, T4,
T5, and T6. (E) The 6 power percentage change measured at the occipital electrodes, O1
and O2. Open columns denote the healthy control group and solid red columns denote
the opioid group. All data are expressed in mean + SEM. »P < 0.05, »##P < 0.001 vs.
healthy controls determined by repeated measures ANOVA followed by post hoc Fisher’s
test. NS, P > 0.05 vs. healthy control determined by repeated measures ANOVA. (F) The
topographic distribution of percentage power differences between opioid users and
healthy controls. The blue electrodes represent medium increases (36-60%) in activity;
the purple electrodes represent high increases (>60%) in activity; and the clear
electrodes represent no change (<15%) in activity.
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Figure 11: Absolute power of 0 frequency in patients with opioid use disorder. (A) The 9
power comparisons between opioid patients versus controls measured at the frontal
electrodes, Fpl, Fp2, F3, F4, F7, F8, and Fz. (B) The 0 power comparisons measured at
the central electrodes, C3, C4, and Cz. (C) The 0 power comparisons measured at the
parietal electrodes, P3, P4, and Pz. (D) The 6 power comparisons measured at the
temporal electrodes, T3, T4, TS5, and T6. (E) The 6 power comparisons measured at the
occipital electrodes, O1 and O2. Open columns denote the healthy control group and
solid red columns denote the opioid group. All data are expressed in mean + SEM. P <
0.05, »»#P < 0.001 vs. healthy controls determined by repeated measures ANOVA
followed by post hoc Fisher’s test. NS, P > 0.05 vs. healthy control determined by
repeated measures ANOVA.
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Figure 12: Topographic changes of 6 power in patients with opioid use disorder. (A) The
6 power percentage change measured at the frontal electrodes, Fpl, Fp2, F3, F4, F7, F§,
and Fz. (B) The 6 power percentage change measured at the central electrodes, C3, C4,
and Cz. (C) The 0 power percentage change measured at the parietal electrodes, P3, P4,
and Pz. (D) The 0 power percentage change measured at the temporal electrodes, T3, T4,
15, and T6. (E) The 0 power percentage change measured at the occipital electrodes, O1
and O2. Open columns denote the healthy control group and solid red columns denote
the opioid group. All data are expressed in mean + SEM. P < 0.05, »##P < 0.001 vs.
healthy controls determined by repeated measures ANOVA followed by post hoc Fisher’s
test. NS, P > 0.05 vs. healthy control determined by repeated measures ANOVA. (F) The
topographic distribution of percentage power differences between opioid users and
healthy controls. The blue electrodes represent medium increases (36-60%) in activity;
and the clear electrodes represent no change (<15%) in activity.
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Figure 13: Absolute power of a frequency in patients with opioid use disorder. (A) The o
power comparisons between opioid patients versus controls measured at the frontal
electrodes, Fpl, Fp2, F3, F4, F7, F8, and Fz. (B) The o. power comparisons measured at
the central electrodes, C3, C4, and Cz. (C) The a power comparisons measured at the
parietal electrodes, P3, P4, and Pz. (D) The a. power comparisons measured at the
temporal electrodes, T3, T4, TS5, and T6. (E) The o. power comparisons measured at the
occipital electrodes, O1 and O2. Open columns denote the healthy control group and
solid red columns denote the opioid group. All data are expressed in mean + SEM. P <
0.05 vs. healthy controls determined by repeated measures ANOVA followed by post hoc
Fisher’s test. NS, P > 0.05 vs. healthy control determined by repeated measures ANOVA.
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Figure 14: Topographic changes of a power in patients with opioid use disorder. (4) The
a power percentage change measured at the frontal electrodes, Fpl, Fp2, F3, F4, F7, F8,
and Fz. (B) The a power percentage change measured at the central electrodes, C3, C4,
and Cz. (C) The o power percentage change measured at the parietal electrodes, P3, P4,
and Pz. (D) The o. power percentage change measured at the temporal electrodes, T3, T4,
15, and T6. (E) The o power percentage change measured at the occipital electrodes, O1
and O2. Open columns denote the healthy control group and solid red columns denote
the opioid group. All data are expressed in mean + SEM. =P < 0.05 vs. healthy controls
determined by repeated measures ANOVA followed by post hoc Fisher’s test. NS, P >
0.05 vs. healthy control determined by repeated measures ANOVA. (F) The topographic
distribution of percentage power differences between opioid users and healthy controls.
The orange electrodes represent medium decreases (36-60%) in activity; the red
electrodes represent high decreases (>60%) in activity; and the clear electrodes
represent no change (<15%) in activity.
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Figure 15: Absolute power of [ frequency in patients with opioid use disorder. (A) The [
power comparisons between opioid patients versus controls measured at the frontal
electrodes, Fpl, Fp2, F3, F4, F7, F8, and Fz. (B) The B power comparisons measured at
the central electrodes, C3, C4, and Cz. (C) The  power comparisons measured at the
parietal electrodes, P3, P4, and Pz. (D) The f power comparisons measured at the
temporal electrodes, T3, T4, TS, and T6. (E) The 5 power comparisons measured at the
occipital electrodes, O1 and O2. Open columns denote the healthy control group and
solid red columns denote the opioid group. All data are expressed in mean + SEM. =P <
0.05 vs. healthy controls determined by repeated measures ANOVA followed by post hoc
Fisher’s test. NS, P > 0.05 vs. healthy control determined by repeated measures ANOVA.
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Figure 16. Topographic changes of f power in patients with opioid use disorder. (4) The
B power percentage change measured at the frontal electrodes, Fpl, Fp2, F3, F4, F7, F§,
and Fz. (B) The  power percentage change measured at the central electrodes, C3, C4,
and Cz. (C) The f power percentage change measured at the parietal electrodes, P3, P4,
and Pz. (D) The B power percentage change measured at the temporal electrodes, T3, T4,
T5, and T6. (E) The B power percentage change measured at the occipital electrodes, O1
and O2. Open columns denote the healthy control group and solid red columns denote
the opioid group. All data are expressed in mean + SEM. =P < 0.05 vs. healthy controls
determined by repeated measures ANOVA followed by post hoc Fisher’s test. NS, P >
0.05 vs. healthy control determined by repeated measures ANOVA. (F) The topographic
distribution of percentage power differences between opioid users and healthy controls.
The green electrodes represent low increases (16-35%) in activity; blue electrodes
represent medium increases (36-60%) in activity; and the clear electrodes represent no
change (<15%) in activity.
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Figure 17: Absolute power of y frequency in patients with opioid use disorder. (4) The y
power comparisons between opioid patients versus controls measured at the frontal
electrodes, Fpl, Fp2, F3, F4, F7, F8, and Fz. (B) The y power comparisons measured at
the central electrodes, C3, C4, and Cz. (C) The y power comparisons measured at the
parietal electrodes, P3, P4, and Pz. (D) The y power comparisons measured at the
temporal electrodes, T3, T4, T5, and T6. (E) The y power comparisons measured at the
occipital electrodes, O1 and O2. Open columns denote the healthy control group and
solid red columns denote the opioid group. All data are expressed in mean + SEM. NS, P
> 0.05 vs. healthy control determined by repeated measures ANOVA.
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Figure 18: Topographic changes of y power in patients with opioid use disorder. (A) The
y power percentage change measured at the frontal electrodes, Fpl, Fp2, F3, F4, F7, F§,
and Fz. (B) The y power percentage change measured at the central electrodes, C3, C4,
and Cz. (C) The y power percentage change measured at the parietal electrodes, P3, P4,
and Pz. (D) The y power percentage change measured at the temporal electrodes, T3, T4,
T5, and T6. (E) The y power percentage change measured at the occipital electrodes, O1
and O2. Open columns denote the healthy control group and solid red columns denote
the opioid group. All data are expressed in mean + SEM. NS, P > 0.05 vs. healthy control
determined by repeated measures ANOVA. (F) The topographic distribution of
percentage power differences between opioid users and healthy controls. The clear
electrodes represent no change (<15%) in activity.
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Figure 19: Absolute power of 0 frequency in patients with methamphetamine use
disorder. (A) The 6 power comparisons between methamphetamine patients versus
controls measured at the frontal electrodes, Fpl, Fp2, F3, F4, F7, F8, and Fz. (B) The 0
power comparisons measured at the central electrodes, C3, C4, and Cz. (C) The 6 power
comparisons measured at the parietal electrodes, P3, P4, and Pz. (D) The 6 power
comparisons measured at the temporal electrodes, T3, T4, TS5, and T6. (E) The 6 power
comparisons measured at the occipital electrodes, O1 and O2. Open columns denote the
healthy control group and solid blue columns denote the methamphetamine group. All
data are expressed in mean + SEM. NS, P > 0.05 vs. healthy control determined by
repeated measures ANOVA.
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Figure 20: Topographic changes of 6 power in patients with methamphetamine use
disorder. (4) The 6 power percentage change measured at the frontal electrodes, Fpl,
Fp2, F3, F4, F7, FS8, and Fz. (B) The 6 power percentage change measured at the central
electrodes, C3, C4, and Cz. (C) The 6 power percentage change measured at the parietal
electrodes, P3, P4, and Pz. (D) The 6 power percentage change measured at the
temporal electrodes, T3, T4, TS5, and T6. (E) The 6 power percentage change measured at
the occipital electrodes, O1 and O2. Open columns denote the healthy control group and
solid blue columns denote the methamphetamine group. All data are expressed in mean £
SEM. NS, P > 0.05 vs. healthy control determined by repeated measures ANOVA. (F)
The topographic distribution of percentage power differences between meth users and
healthy controls. The clear electrodes represent no change (<15%) in activity.
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Figure 21: Absolute power of 0 frequency in patients with methamphetamine use
disorder. (A) The 0 power comparisons between methamphetamine patients versus
controls measured at the frontal electrodes, Fpl, Fp2, F3, F4, F7, F8, and Fz. (B) The 0
power comparisons measured at the central electrodes, C3, C4, and Cz. (C) The 0 power
comparisons measured at the parietal electrodes, P3, P4, and Pz. (D) The 6 power
comparisons measured at the temporal electrodes, T3, T4, TS5, and T6. (E) The 0 power
comparisons measured at the occipital electrodes, O1 and O2. Open columns denote the
healthy control group and solid blue columns denote the methamphetamine group. All
data are expressed in mean £ SEM. NS, P > 0.05 vs. healthy control determined by
repeated measures ANOVA.
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Figure 22: Topographic changes of 6 power in patients with methamphetamine use
disorder. (A) The 0 power percentage change measured at the frontal electrodes, Fpl,
Fp2, F3, F4, F7, FS8, and Fz. (B) The 6 power percentage change measured at the central
electrodes, C3, C4, and Cz. (C) The 6 power percentage change measured at the parietal
electrodes, P3, P4, and Pz. (D) The 6 power percentage change measured at the
temporal electrodes, T3, T4, TS5, and T6. (E) The 6 power percentage change measured at
the occipital electrodes, O1 and O2. Open columns denote the healthy control group and
solid blue columns denote the methamphetamine group. All data are expressed in mean +
SEM. NS, P > 0.05 vs. healthy control determined by repeated measures ANOVA. (F)
The topographic distribution of percentage power differences between meth users and
healthy controls. The clear electrodes represent no change (<15%) in activity.
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Figure 23: Absolute power of a frequency in patients with methamphetamine use
disorder. (A) The o. power comparisons between methamphetamine patients versus
controls measured at the frontal electrodes, Fpl, Fp2, F3, F4, F7, F8, and Fz. (B) The a
power comparisons measured at the central electrodes, C3, C4, and Cz. (C) The o. power
comparisons measured at the parietal electrodes, P3, P4, and Pz. (D) The o power
comparisons measured at the temporal electrodes, T3, T4, TS5, and T6. (E) The a power
comparisons measured at the occipital electrodes, O1 and O2. Open columns denote the
healthy control group and solid blue columns denote the methamphetamine group All
data are expressed in mean £ SEM. #P < 0.05 vs. healthy controls determined by
repeated measures ANOVA followed by post hoc Fisher’s test. NS, P > 0.05 vs. healthy
control determined by repeated measures ANOVA.
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Figure 24: Topographic changes of a power in patients with methamphetamine use
disorder. (4) The a power percentage change measured at the frontal electrodes, Fpl,
Fp2, F3, F4, F7, FS, and Fz. (B) The o. power percentage change measured at the central
electrodes, C3, C4, and Cz. (C) The a. power percentage change measured at the parietal
electrodes, P3, P4, and Pz. (D) The a power percentage change measured at the
temporal electrodes, T3, T4, TS5, and T6. (E) The o power percentage change measured at
the occipital electrodes, O1 and O2. Open columns denote the healthy control group and
solid blue columns denote the methamphetamine group. All data are expressed in mean +
SEM. P < 0.05 vs. healthy controls determined by repeated measures ANOVA followed
by post hoc Fisher’s test. NS, P > 0.05 vs. healthy control determined by repeated
measures ANOVA. (F) The topographic distribution of percentage power differences
between meth users and healthy controls. The orange electrodes represent medium
decreases (36-60%) in activity; and the clear electrodes represent no change (<15%) in
activity.
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Figure 25: Absolute power of f frequency in patients with methamphetamine use
disorder. (A) The p power comparisons between methamphetamine patients versus
controls measured at the frontal electrodes, Fpl, Fp2, F3, F4, F7, F8, and Fz. (B) The
power comparisons measured at the central electrodes, C3, C4, and Cz. (C) The f power
comparisons measured at the parietal electrodes, P3, P4, and Pz. (D) The ff power
comparisons measured at the temporal electrodes, T3, T4, T5, and T6. (E) The S power
comparisons measured at the occipital electrodes, O1 and O2. Open columns denote the
healthy control group and solid blue columns denote the methamphetamine group. All
data are expressed in mean £ SEM. NS, P > 0.05 vs. healthy control determined by

repeated measures ANOVA.
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Figure 26. Topographic changes of f power in patients with methamphetamine use
disorder. (A) The f power percentage change measured at the frontal electrodes, Fpl,
Fp2, F3, F4, F7, F8, and Fz. (B) The 8 power percentage change measured at the central
electrodes, C3, C4, and Cz. (C) The  power percentage change measured at the parietal
electrodes, P3, P4, and Pz. (D) The  power percentage change measured at the
temporal electrodes, T3, T4, TS5, and T6. (E) The f power percentage change measured at
the occipital electrodes, O1 and O2. Open columns denote the healthy control group and
solid blue columns denote the methamphetamine group. All data are expressed in mean +
SEM. NS, P > 0.05 vs. healthy control determined by repeated measures ANOVA. (F)
The topographic distribution of percentage power differences between meth users and
healthy controls. The clear electrodes represent no change (<15%) in activity.
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Figure 27: Absolute power of y frequency in patients with methamphetamine use
disorder. (A) The y power comparisons between methamphetamine patients versus
controls measured at the frontal electrodes, Fpl, Fp2, F3, F4, F7, F8, and Fz. (B) The y
power comparisons measured at the central electrodes, C3, C4, and Cz. (C) The y power
comparisons measured at the parietal electrodes, P3, P4, and Pz. (D) The y power
comparisons measured at the temporal electrodes, T3, T4, TS5, and T6. (E) The y power
comparisons measured at the occipital electrodes, O1 and O2. Open columns denote the
healthy control group and solid blue columns denote the methamphetamine group All
data are expressed in mean + SEM. P < 0.05 vs. healthy controls determined by
repeated measures ANOVA followed by post hoc Fisher’s test. NS, P > 0.05 vs. healthy
control determined by repeated measures ANOVA.

67



Power Spectra
(' Control
L
] [m] t [u]
a [u] a a a
g »
E m

-
4]
o

Power Spectra
(' Cotrol
3
[m]

t
[m]

zoo
[= D E
£
u]
o1 oz

Figure 28: Topographic changes of y power in patients with methamphetamine use
disorder. (A) The y power percentage change measured at the frontal electrodes, Fpl,
Fp2, F3, F4, F7, F8, and Fz. (B) The y power percentage change measured at the central
electrodes, C3, C4, and Cz. (C) The y power percentage change measured at the parietal
electrodes, P3, P4, and Pz. (D) The y power percentage change measured at the temporal
electrodes, T3, T4, TS5, and T6. (E) The y power percentage change measured at the
occipital electrodes, O1 and O2. Open columns denote the healthy control group and
solid blue columns denote the methamphetamine group. All data are expressed in mean +
SEM. #P < 0.05 vs. healthy controls determined by repeated measures ANOVA followed
by post hoc Fisher’s test. NS, P > 0.05 vs. healthy control determined by repeated
measures ANOVA. (F) The topographic distribution of percentage power differences
between meth users and healthy controls. The yellow electrodes represent low decreases
(16-35%) in activity; the orange electrodes represent medium decreases (36-60%) in
activity; and the clear electrodes represent no change (<15%) in activity.
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Figure 29: Absolute power of 0 frequency in patients with alcohol use disorder. (4) The o
power comparisons between alcohol patients versus controls measured at the frontal
electrodes, Fpl, Fp2, F3, F4, F7, F8, and Fz. (B) The 6 power comparisons measured at
the central electrodes, C3, C4, and Cz. (C) The 6 power comparisons measured at the
parietal electrodes, P3, P4, and Pz. (D) The 6 power comparisons measured at the
temporal electrodes, T3, T4, TS5, and T6. (E) The 6 power comparisons measured at the
occipital electrodes, O1 and O2. Open columns denote the healthy control group and
solid black columns denote the alcohol group. All data are expressed in mean + SEM. =P
< 0.05, #=+P < 0.001 vs. healthy controls determined by repeated measures ANOVA
followed by post hoc Fisher’s test. NS, P > 0.05 vs. healthy control determined by
repeated measures ANOVA.
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Figure 30: Topographic changes of 6 power in patients with alcohol use disorder. (A)
The o0 power percentage change measured at the frontal electrodes, Fpl, Fp2, F3, F4,
F7, F8, and Fz. (B) The o power percentage change measured at the central electrodes,
C3, C4, and Cz. (C) The 6 power percentage change measured at the parietal electrodes,
P3, P4, and Pz. (D) The 6 power percentage change measured at the temporal
electrodes, T3, T4, T5, and T6. (E) The 6 power percentage change measured at the
occipital electrodes, O1 and O2. Open columns denote the healthy control group and
solid black columns denote the alcohol group. All data are expressed in mean + SEM. =P
< 0.05, #»+P < 0.001 vs. healthy controls determined by repeated measures ANOVA
followed by post hoc Fisher’s test. NS, P > 0.05 vs. healthy control determined by
repeated measures ANOVA. (F) The topographic distribution of percentage power
differences between alcohol users and healthy controls. The yellow electrodes represent
low decreases (16-35%) in activity; the orange electrodes represent medium decreases
(36-60%) in activity; and the clear electrodes represent no change (<15%) in activity.
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Figure 31: Absolute power of 0 frequency in patients with alcohol use disorder. (A) The o
power comparisons between alcohol patients versus controls measured at the frontal
electrodes, Fpl, Fp2, F3, F4, F7, F8, and Fz. (B) The 6 power comparisons measured at
the central electrodes, C3, C4, and Cz. (C) The 6 power comparisons measured at the
parietal electrodes, P3, P4, and Pz. (D) The 6 power comparisons measured at the
temporal electrodes, T3, T4, TS5, and T6. (E) The 0 power comparisons measured at the
occipital electrodes, O1 and O2. Open columns denote the healthy control group and
solid black columns denote the alcohol group. All data are expressed in mean + SEM. =P
< 0.05, #»+P < 0.001 vs. healthy controls determined by repeated measures ANOVA
followed by post hoc Fisher’s test. NS, P > 0.05 vs. healthy control determined by
repeated measures ANOVA.

71



150 4

Power Spectra
(% Control)

4]
(=)
1

Fpi Fpz Fz F4 FT Fg Fz =3 =4 Loy

1504

Power Spectra
(% Control)
-
-
—

Figure 32: Topographic changes of 6 power in patients with alcohol use disorder. (A)
The 0 power percentage change measured at the frontal electrodes, Fpl, Fp2, F3, F4,
F7, F8, and Fz. (B) The 6 power percentage change measured at the central electrodes,
C3, C4, and Cz. (C) The 0 power percentage change measured at the parietal electrodes,
P3, P4, and Pz. (D) The 6 power percentage change measured at the temporal
electrodes, T3, T4, TS, and T6. (E) The 0 power percentage change measured at the
occipital electrodes, O1 and O2. Open columns denote the healthy control group and
solid black columns denote the alcohol group. All data are expressed in mean + SEM. =P
< 0.05, #»+P < 0.001 vs. healthy controls determined by repeated measures ANOVA
followed by post hoc Fisher’s test. NS, P > 0.05 vs. healthy control determined by
repeated measures ANOVA. (F) The topographic distribution of percentage power
differences between alcohol users and healthy controls. The yellow electrodes represent
low decreases (16-35%) in activity; the orange electrodes represent medium decreases
(36-60%) in activity; and the clear electrodes represent no change (<15%) in activity.
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Figure 33: Absolute power of o frequency in patients with alcohol use disorder. (A) The o
power comparisons between alcohol patients versus controls measured at the frontal
electrodes, Fpl, Fp2, F3, F4, F7, F8, and Fz. (B) The a power comparisons measured at
the central electrodes, C3, C4, and Cz. (C) The a power comparisons measured at the
parietal electrodes, P3, P4, and Pz. (D) The a power comparisons measured at the
temporal electrodes, T3, T4, T5, and T6. (E) The o power comparisons measured at the
occipital electrodes, O1 and O2. Open columns denote the healthy control group and
solid black columns denote the alcohol group. All data are expressed in mean + SEM. =P
< 0.05 vs. healthy controls determined by repeated measures ANOVA followed by post
hoc Fisher’s test. NS, P > 0.05 vs. healthy control determined by repeated measures
ANOVA.
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Figure 34: Topographic changes of a power in patients with alcohol use disorder. (A)
The a. power percentage change measured at the frontal electrodes, Fpl, Fp2, F3, F4,
F7, F8, and Fz. (B) The a power percentage change measured at the central electrodes,
C3, C4, and Cz. (C) The o. power percentage change measured at the parietal electrodes,
P3, P4, and Pz. (D) The o. power percentage change measured at the temporal
electrodes, T3, T4, TS5, and T6. (E) The a power percentage change measured at the
occipital electrodes, O1 and O2. Open columns denote the healthy control group and
solid black columns denote the alcohol group. All data are expressed in mean + SEM. =P
< 0.05 vs. healthy controls determined by repeated measures ANOVA followed by post
hoc Fisher’s test. NS, P > 0.05 vs. healthy control determined by repeated measures
ANOVA. (F) The topographic distribution of percentage power differences between
alcohol users and healthy controls. The orange electrodes represent medium decreases
(36-60%) in activity; the red electrodes represent high decreases (>60%) in activity; and
the clear electrodes represent no change (<15%) in activity.
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Figure 35: Absolute power of ff frequency in patients with alcohol use disorder. (A) The
power comparisons between alcohol patients versus controls measured at the frontal
electrodes, Fpl, Fp2, F3, F4, F7, F8, and Fz. (B) The p power comparisons measured at
the central electrodes, C3, C4, and Cz. (C) The f power comparisons measured at the
parietal electrodes, P3, P4, and Pz. (D) The f power comparisons measured at the
temporal electrodes, T3, T4, T5, and T6. (E) The § power comparisons measured at the
occipital electrodes, O1 and O2. Open columns denote the healthy control group and
solid black columns denote the alcohol group. All data are expressed in mean + SEM.
NS, P > 0.05 vs. healthy control determined by repeated measures ANOVA.
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Figure 36. Topographic changes of f power in patients with alcohol use disorder. (A)
The S power percentage change measured at the frontal electrodes, Fpl, Fp2, F3, F4,
F7, F8, and Fz. (B) The 8 power percentage change measured at the central electrodes,
C3, C4, and Cz. (C) The f power percentage change measured at the parietal electrodes,
P3, P4, and Pz. (D) The f power percentage change measured at the temporal
electrodes, T3, T4, TS5, and T6. (E) The f power percentage change measured at the
occipital electrodes, O1 and O2. Open columns denote the healthy control group and
solid black columns denote the alcohol group. All data are expressed in mean + SEM.
NS, P > 0.05 vs. healthy control determined by repeated measures ANOVA. (F) The
topographic distribution of percentage power differences between alcohol users and
healthy controls. The clear electrodes represent no change (<15%) in activity.
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Figure 37: Absolute power of y frequency in patients with alcohol use disorder. (A) The y
power comparisons between alcohol patients versus controls measured at the frontal
electrodes, Fpl, Fp2, F3, F4, F7, F8, and Fz. (B) The y power comparisons measured at
the central electrodes, C3, C4, and Cz. (C) The y power comparisons measured at the
parietal electrodes, P3, P4, and Pz. (D) The y power comparisons measured at the
temporal electrodes, T3, T4, TS5, and T6. (E) The y power comparisons measured at the
occipital electrodes, O1 and O2. Open columns denote the healthy control group and
solid black columns denote the alcohol group. All data are expressed in mean + SEM. =P
< 0.05, #»+P < 0.001 vs. healthy controls determined by repeated measures ANOVA
followed by post hoc Fisher’s test. NS, P > 0.05 vs. healthy control determined by
repeated measures ANOVA.
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Figure 38: Topographic changes of y power in patients with alcohol use disorder. (A)
The y power percentage change measured at the frontal electrodes, Fpl, Fp2, F3, F4, F7,
F8, and Fz. (B) The y power percentage change measured at the central electrodes, C3,
C4, and Cz. (C) The y power percentage change measured at the parietal electrodes, P3,
P4, and Pz. (D) The y power percentage change measured at the temporal electrodes, T3,
T4, TS5, and T6. (E) The y power percentage change measured at the occipital electrodes,
O1 and 02. Open columns denote the healthy control group and solid black columns
denote the alcohol group. All data are expressed in mean £ SEM. #P < 0.05, »»#P <
0.001 vs. healthy controls determined by repeated measures ANOVA followed by post hoc
Fisher’s test. NS, P > 0.05 vs. healthy control determined by repeated measures ANOVA.
(F) The topographic distribution of percentage power differences between alcohol users
and healthy controls. The yellow electrodes represent low decreases (16-35%) in activity;
orange electrodes represent medium decreases (36-60%) in activity; the red electrodes
represent high decreases (>60%) in activity; The clear electrodes represent no change
(<15%) in activity.
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Figure 39: Absolute power of d frequency across all groups. (A) A 6 wave recorded from
F3 electrode in a healthy control. (B) A ¢ wave recorded from F3 electrode in an opioid
use disorder patient. (C) A ¢ wave recorded from F3 electrode in an alcohol use disorder
patient. (D) A o wave recorded from F3 electrode in a methamphetamine use disorder
patient. Each panel displays 30 xV? on the vertical axis and 6 seconds on the horizontal
axis.
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Figure 40: Absolute power of 0 frequency across all groups. (A) A 6 wave recorded from
Cz electrode in a healthy control. (B) A & wave recorded from Cz electrode in an opioid
use disorder patient. (C) A 6 wave recorded from Cz electrode in an alcohol use disorder
patient. (D) A 6 wave recorded from Cz electrode in a methamphetamine use disorder
patient. Each panel displays 20 x7? on the vertical axis and 6 seconds on the horizontal
axis.
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Figure 41: Absolute power of o frequency across all groups. (A) An a wave recorded
from O2 electrode in a healthy control. (B) An « wave recorded from O2 electrode in an
opioid use disorder patient. (C) An o wave recorded from O2 electrode in an alcohol use
disorder patient. (D) An o wave recorded from O2 electrode in a methamphetamine use

disorder patient. Each panel displays 40 x? on the vertical axis and 6 seconds on the

horizontal axis.
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Figure 42: Absolute power of f3 frequency across all groups. (A) A  wave recorded from
Fz electrode in a healthy control. (B) A  wave recorded from F4 electrode in an opioid
use disorder patient. (C) A g wave recorded from F4 electrode in an alcohol use disorder
patient. (D) A g wave recorded from F4 electrode in a methamphetamine use disorder
patient. Each panel displays 20 x7? on the vertical axis and 6 seconds on the horizontal
axis.
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Figure 43: Absolute power of y frequency across all groups. (A) A y wave recorded from
P4 electrode in a healthy control. (B) A y wave recorded from C4 electrode in an opioid
use disorder patient. (C) A y wave recorded from C4 electrode in an alcohol use disorder
patient. (D) A y wave recorded from C4 electrode in a methamphetamine use disorder
patient. Each panel displays 10 uV? on the vertical axis and 6 seconds on the horizontal
axis.
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4. Discussion and conclusion

The current study compared the eyes-closed resting state EEG power spectra of
five major frequencies (3, 0, a, B, and y) in OUD against three separate groups, including
MUD, AUD, and healthy controls. The overall goal was to determine how each
frequency is altered during OUD, as well as whether the findings were attributed solely to
OUD by validating the data against the other groups. To elaborate the implications of
these comparisons, the distribution of absolute power in the healthy control group will be
discussed first.
4.1 Power distribution in healthy controls

The first analysis conducted herein revealed the power distribution in healthy
individuals as measured across 19 scalp electrodes. The electrodes were grouped as
follows: frontal region (Fpl, Fp2, F3, F4, F7, F8, and Fz); central region (C3, C4, Cz, T3,
and T4); and rear region (T5, T6, P3, P4, Pz, O1, and O2). As seen in Table 5, & power
was significantly larger in the frontal region as compared to the rear region. Apart from y
(no significant difference), the remaining frequencies (0, o, and ) produced larger power
in the rear region as compared to the frontal region. Excluding 6 and v, the central region
in 0, a, and B frequencies produced power levels between the frontal and rear regions,
displaying a gradual transition between the regions of the cortex.

The second analysis conducted was a comparison of the left and right
hemispheres in the brain across five frequencies (8, 0, a, B, and y) across 16 electrodes as
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measured at the scalp. The electrodes were grouped as follows: left (FP1, F3, F7, C3, T3,
T5, P3, and O1) and right (Fp2, F4, F8, C4, T4, T6, P4, and O2). The midline electrodes
(Fz, Cz, and Pz) were excluded in this analysis. As seen in Table 6, the left and right
hemispheres produced the same power levels across each of the frequencies. This
indicates the hemispheres are as equally active (or inactive, if you will) during the resting
state and the recording apparatuses are of good quality.

Extracting the data from Table 5, it is apparent that the & frequency was largest in
the frontal lobes, while a frequency produced the largest power in the rear region (most
notably the occipital lobes), which is comparable to previous studies (Acosta-Urquidi,
2015; Kim et al., 2017). The reason for the observed frequency power differences, may
be due to the microcircuitry within each region of the brain. For example, the pyramidal
cells in the frontal cortex appear to have more dendritic branching than their counterparts
found in the occipital cortex (Elston, 2003). Additionally, the frontal cortex receives
more deep brain connections from structures such as the hippocampus (Jin & Maren,
2015) and VTA (Buchta et al., 2017). Likewise, the occipital cortex receives more
connections from the thalamus than other cortical regions (Sun et al., 2016).

Further, studies have revealed the functional roles of oscillations across cortical
microcircuits. & frequency may act globally across the cortex during slow-wave sleep
(Vijayan et al., 2015) or regionally in the frontal cortex during motor activity (Liang et
al., 2018). The 6 band is also implicated with movement in the frontal cortex (Liang et al,
2018), as well as its role in memory processing in the frontal cortex (Khader & Rosler,
2011) and hippocampus (Klausberger et al., 2003). a frequency appears to be involved in
nearly everything. In addition to its role in the occipital cortex with motor movement
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(Liang et al., 2018), frontal a is involved with memory retrieval (Khader & Résler, 2011),
parietal a with memory retention (Von Stein & Sarnthein, 2000), and thalamic o with
sleep (Vijayan et al., 2015). B frequency has long been known for its role in motor
functions, occurring throughout the primary motor and primary somatosensory cortices
(Romei et al., 2016; Espenhahn et al., 2019). y frequency has been implicated in visual
processing in the occipital cortex (Von Stein & Sarnthein, 2000) and memory processing
in the hippocampus (Klausberger et al., 2003).

Interestingly, these frequencies appear in certain regions more so than others. For
example, faster frequencies such as 3 and vy, interact locally more often than globally,
whereas the slower frequencies, & and 6, tend to interact long-range (Von Stein &
Sarnthein, 2000; Canolty et al., 2010). Intuitively, this makes sense. Slower frequencies

have longer wavelengths and faster frequencies have shorter wavelengths.

4.2 Advantages of the current study and diagnostic potential

Previous EEG power spectra studies on OUD have revealed mixed findings (see
review by leong & Yuan, 2017). The present study sought to outline the power changes
of OUD by using three comparative groups, including MUD, AUD, and healthy controls.
Unlike previous studies, the setup and acquisition methods utilized in the current study
were consistent with the standards set by the American Clinical Neurophysiology Society
(ACNS; Sinha et al., 2016) and the International Federation of Clinical Neurophysiology
(IFCN, Nuwer et al., 1998). Thus, the methods employed may serve as a template for
future studies using resting-state EEG recordings for use with OUD.

Due to the clinical nature of these findings, EEG may be used for diagnostic

evaluation of OUD. According to a survey study conducted by Wakeman and his team in
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2016, primary care practitioners reported feeling “ill-prepared” to diagnose substance use
disorders (such as OUD) and additionally felt they were not well trained to treat such
disorders (Wakeman, Pham-Kanter, & Donelan, 2016). It has recently been estimated
that nearly % of all chronic pain relief opioid users may go undiagnosed for OUD,
causing further strain on their physical health and financial well-being (Charumilind et
al., 2018). In fact, the Council of Economic Advisers reported in 2017 that the OUD’s
Economic burden was estimated to be $500 billion in 2015 (CEA-US, 2017).
4.3 EEG power changes in opioid use disorder

Analyses across all 19 electrodes and the five frequencies, found interesting
patterns of activity in OUD. The & frequency was most significantly altered in OUD.
Power increased in 14 of the 19 electrodes (74%) in this frequency. The 6 frequency
power was also significantly increased across 9 of the 19 electrodes (47%), with the
frontal lobes being mostly affected. The B frequency power was also increased, but only
significantly in 5 of the frontal electrodes (26% of total). Interestingly, a frequency power
was reduced across the cortex, but only significantly in 3 rear electrodes (16% of the
total). Although not significant, y frequency displayed a pattern of increased power in the
frontal lobes and reductions in the occipital lobes, with the remaining regions unaffected.
The increases across the 9, 0, and B frequencies are consistent with some reports (Wang
et al., 2015) but the decrease in a frequency is not. Likewise, the increases across the 0, 0,
and B frequencies is not consistent with this report (Fingelkurts et al., 2008) but the

decrease in o frequency is.
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Due to the significant changes across most of the frequencies, EEG may be an
effective tool for the evaluation of OUD in the clinical setting, especially when
measuring cortical activity in the frontal region.

4.3 EEG power changes in methamphetamine use disorder

Analyses across all 19 electrodes and the five frequencies, found very little
change in MUD. Although not significant, the 3, 6, and P frequencies revealed slight
increases in power across the cortex, most notably in the frontal lobe. The a frequency
power was reduced across the entire cortex, but only significantly in 3 frontal electrodes
(16% of the total). Like OUD, vy frequency power appeared increased in the frontal
regions but reduced in the rear regions, although only significant in 2 of the rear
electrodes (11% of the total). The changes seen herein are in line with at least one report
(Zannetti et al., 2018).

4.4 EEG power changes in alcohol use disorder

Our analyses across all 19 electrodes and the five frequencies, found significant
changes in AUD. The activity across all frequencies appeared to be reduced globally. The
d frequency was reduced in 14 of the 19 electrodes (74%) and were distributed across
most of the cortex. The 6 frequency was reduced in 13 of the 19 electrodes (68%). These
changes are in line with one report (Saletu-Zyhlarz et al., 2004). The o frequency power
was the most significantly altered frequency, having large reductions across 17 of the 19
electrodes (89%), which is consistent with Courtney & Polich’s work (2010). y frequency
power was significantly reduced in 8 of 19 electrodes (42%), mostly in the rear of the

cortex. B frequency power revealed no change in activity across the cortex.
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Given the significant alterations seen across the cortex in AUD, EEG may prove
to be a sensitive tool for diagnostic purposes. Any of the slower frequencies (6 and 6) and
especially a frequency, may yield promising results in terms of quantifying AUD.

4.5 Mechanisms underlying EEG power changes

When inspecting the differences seen across OUD, MUD, and AUD, it is
abundantly clear that OUD and AUD have significantly altered cortical frequency power.
MUD on the other hand, did not change much at all. The underlying microcircuit changes
may be cause for the observed differences.

It is now generally accepted that the human brain contains approximately 100
billion neuronal cells throughout (Herculano-Houzel, 2009). Of these, GABAergic cells
account for approximately 20% of the total neuronal population (Grillner & Graybiel,
2006; Hendry et al., 1987). Dopaminergic cells only account for <1% of the total
neuronal population in the brain (Bjorklund & Dunnett, 2007; Schultz, 2007). Based on
the mechanisms of action of each substance (opioid vs. alcohol vs. methamphetamine), it
may be reasonable to conclude that opioids and alcohol produced significant changes due
to the alterations of GABAergic cells in the brain. Methamphetamine primarily acts upon
dopaminergic cells, thus the contribution to the EEG is less robust than the other
substances herein.

Due to the above-noted power changes, chronic opioid use appears to affect the
slower frequencies (5 and 6) more so than the other frequencies. In addition, the frontal
cortex was most affected across several frequencies. When considering the EEG
recordings were done during an “idling” state with participants fully awake, the

observations do not appear to be related to motor functioning nor sleep. Taking this in
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relation to the observed changes, this suggests long-range (ie., deep brain afferents)
interactions to the uniquely structured frontal lobe are significantly altered in OUD. This
increase in slow frequency power may be the representative signature of the
preoccupation/anticipation stage of addiction (Koob & Volkow, 2016) brought on by
intrinsic stimuli to opioids that are commonly referred to as “cravings” (Stewart et al.,

2019).

4.6 Conclusion

To conclude, the study here revealed unique topographic distribution of power
changes across five major frequency bands in OUD. Using MUD, AUD, and healthy
controls as comparative groups, OUD revealed increases across several frequency bands,
while MUD revealed almost no significant changes, and AUD revealed significant
reductions across almost all frequencies. These changes can be attributed to the
differences in underlying microcircuitry within each region of the brain, as well as due to
the characteristic mechanisms of action by each substance of abuse.

Due to the non-invasive nature of EEG recording, relative ease of setup, and cost-
effectiveness, the use of EEG in clinical diagnostic procedures for OUD may be of great
societal benefit. Further, given the results obtained herein, EEG may be a great tool for
diagnostics of AUD but not MUD. With the on-going opioid epidemic still plaguing the
nation, new tools and ideas need to be implemented to help combat this debilitating

disease.
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