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Abstract

Parkinson’s disease (PD) is a complex neurodegenerative disorder with
motor and cognitive symptoms caused by loss of dopaminergic neurons in the
basal ganglia. There is no cure but treatment options such as dopaminergic
medication and deep brain stimulation (DBS) can help relieve the symptoms.
Despite decades of clinical use, the underlying electro-pathophysiology of these

treatments are still not clear.

In this dissertation, we have investigated the modulations of local field
potentials (LFPs) recorded from the subthalamic nucleus (STN) of patients with
PD. To do so reliably, we first presented an online processing pipeline that helps
refine the targeting of STN intraoperatively. We benchmarked this system
against the gold-standard clinical practice involving single unit activity (SUA)
with a randomized and double blinded pilot study. In patients referred for
bilateral DBS, we implanted one hemisphere with SUA guidance and the other
with LFP randomly. Then, we compared the clinical improvement assessed by
a blinded neurologist. Our results suggested that our LFP-based targeting
approach performed equally or better at localizing the STN and can be utilized
as an additional feedback modality in the operating room, as it does not require

any additional hardware or surgical procedures.

Next, with a well-localized STN, we studied the pharmacological
modulations of LFPs with dopaminergic medication over unique 24-hour-long

recordings from externalized DBS leads. The reasoning behind such long



recordings was that the medications have long wash-in and wash-out times and
it is important to replicate observations. Thus, each of our nine patients had a
chance to take their medications three times during the recordings. We not only
observed power changes in the LFP spectra in the beta (12-30 Hz) and high-
frequency (200-400 Hz) bands, as reported previously, but also reported strong
non-linear cross-frequency coupling between these bands for the first time in
the ON state. Prior to this observation, the coupling in the STN was considered
to be purely pathological, as it was consistently reported in the unmedicated
state only. However, our observations suggest that the coupling can have
impeding or enhancing effects on the normal processes depending on the

coupled frequencies.

Finally, we investigated the electroceutical modulations of the LFPs with
therapeutic and non-therapeutic DBS. Due to the fast-acting nature of
stimulation therapy, we performed the recordings intraoperatively in eight
patients. Interestingly, we observed -for the first time- high-frequency (200-400
Hz) activity in the STN only during therapeutic stimulation, similar to medicated
patients and healthy non-human primates. The consistent appearance of this
activity in healthy and treated basal ganglia with medication and DBS prompts
that there may be LFP oscillations specific to the healthy and diseased states,
and that these oscillations can further our understanding of the pathophysiology
of PD and can be used for the development of novel tools for diagnostic
purposes such as target localization, and for treatment purposes such as

selection of optimal stimulus parameters and adaptive/closed-loop DBS.
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1 Background and Aims

The brain is one of the most complex and mysterious systems known to
man. Since it is similar to a black box (i.e., its mechanisms of action not visible
to the naked eye, as it would be in the case of heart for instance), understanding
of its functions and the diseases originating from its malfunctioning has always
been challenging, especially of the structures in the deeper regions such as
basal ganglia (Eisinger et al., 2019). However, it is not impossible to infer clues
and learn more about these structures. One such opportunity arises from the
electrophysiological recordings during surgeries involving open craniotomy for
the treatment of neurological disorders. Since the communication in the brain is
by means of electrochemical processes (Buzsaki, 2006), electrophysiological
signals recorded under controlled conditions present a chance to wiretap and
discover the underlying physiological and pathological neural networks and
mechanisms. This knowledge not only furthers neuroscience but can also be
utilized to develop effective diagnostic tools and novel treatments.

Parkinson’s disease (PD) is a well-known neurodegenerative disorder that
debilitates its patients with motor and cognitive symptoms (Jankovic, 2008).
Unfortunately, there is no cure for PD as of today but, there are treatment
options such as medication (Strauss et al., 2014; Jenner, 2013) and electrical
stimulation (Benabid et al., 2009; Groiss et al., 2009; Collins et al., 2010). The
latter option, referred to as deep brain stimulation (DBS), involves a surgery to
implant the stimulus-delivering electrode. This electrode is placed at a target

location such as subthalamic nucleus (STN), which is a key basal ganglia
1



structure in the neural circuitry inducing PD and one of the most commonly
targeted structures for stimulation in PD patients (Gross et al., 2006; Benabid et
al., 2009). Previous work on the modulations of electrophysiological activity from
STN have helped researchers identify neuro-biomarkers for finding the optimal
stimulation regions and enhancing DBS therapy through the development of
closed-loop systems (Little et al., 2013; Priori et al., 2013; Johnson et al., 2016).

This dissertation focuses on the electro-pathophysiology of STN in PD
patients and investigates the modulations of local field potentials (LFP), which
originate from the collective activity of populations of neurons (Priori et al., 2004;
Gross et al., 2006; Buzsaki et al., 2012). The aim is to characterize the changes
in the nature of LFPs during pharmacological and electroceutical intervention,
in order to better understand the disease and the mechanisms of its therapies.

The first chapter of this work provides introductory information on PD
pathophysiology and electrophysiological modulations reported in patients with
PD during treatment. The second chapter presents an online processing system
to robustly refine the targeting of STN for the implantation of DBS lead, as the
observations for STN-LFP modulations would be invalid with sub-optimal
targeting. The third chapter investigates the modulations in the LFP oscillations
with Parkinsonian medication through unique 24-hour post-operative
monitoring. The fourth chapter characterizes the changes in LFP under different
therapeutic and non-therapeutic stimulation conditions through intra-operative
recordings. The fifth chapter is a succinct summary of results and their

implications for future work.



1.1 Pathophysiology of Parkinson’s Disease

PD is a complex neurodegenerative movement disorder with a progressive
prognosis (Fahn, 2003; Jankovic, 2008). PD was first described by Dr. James
Parkinson in 1817 as “a shaking palsy” (Parkinson, 2002) and then Jean-Martin
Charcot refined his description and credited the disease to him almost half a
century later (Goetz, 2011). Today, PD is one of the most common
neurodegenerative disorders, affecting ten million people worldwide. In the US,
nearly one million patients live with PD and approximately 60000 cases are
diagnosed each year. Although PD can develop at any age, it is often associated
with the elderly since more than 95% of the patients diagnosed are over 50
years old (Parkinson’s Foundation, Understanding Parkinson’s, Statistics,
2020).

PD encompasses a wide spectrum of motor and non-motor features
(Thenganatt and Jankovic, 2014). The four cardinal motor features are resting
tremor, rigidity, bradykinesia (or akinesia), and postural instability while the non-
motor symptoms include autonomic dysfunction, cognitive and neurobehavioral
impairment, sensory abnormalities and sleep disorders (Jankovic, 2008). The
clinical criteria for PD determined by the United Kingdom Parkinson Disease
Society Brain Bank are the presence of bradykinesia and at least one of the
other cardinal symptoms in addition to three supplementary signs (Jankovic,
2008; Thenganatt and Jankovic, 2014). Only the motor symptoms are detailed

below due to their relevance to this dissertation.



Bradykinesia/akinesia is the most characteristic clinical manifestation of
PD and it refers to loss of amplitude or speed in planning, initiation, and
execution of movement (Jankovic, 2008; Rodriguez-Oroz et al., 2009; Massano
and Bhatia, 2012). Examples include the long reaction time, slower and smaller
handwriting, drooling, loss of facial expression (hypomimia) and decreased
blinking (Fahn, 2003; Jankovic, 2008). It is vital to distinguish true bradykinesia
from simple slowness, which is frequently seen in elderly patients with loss of
muscle power in order to prevent misdiagnosis. Therefore, bradykinesia is
assessed clinically by asking the patient to perform repetitive and alternating
movements as quickly and widely as possible, to observe not only the slowness
but also the decrease in the amplitude of their movement (Jankovic, 2008;
Massano and Bhatia, 2012). As in other PD symptoms, bradykinesia fluctuates
with emotional state and a bradykinetic patient can move faster with excitement
or fear (kinesia paradoxia). Based on this phenomenon, it was proposed that
PD patients with bradykinesia have intact motor programs but have difficulty
accessing them without an external trigger such as a loud noise or visual
stimulus (Jankovic, 2008).

The rest tremor (also called parkinsonian tremor) is a rhythmic involuntary
movement that occurs when the affected body part is relaxed (Fahn, 2003;
Massano and Bhatia, 2012). The tremor increases or can be triggered by stress
and mental tasks such as arithmetic calculation (Fahn, 2003; Rodriguez-Oroz
et al., 2009; Massano and Bhatia, 2012) and it stops with the voluntary
movement and sleep (Jankovic, 2008; Massano and Bhatia, 2012). The most

4



distinguishing type of tremor in PD is referred to as “pill-rolling” and occurs
between the thumb and index fingers (Jankovic, 2008; Rodriguez-Oroz et al.,
2009). The tremors are typically at 4-6 Hz, unlike the typical frequency seen in
other movement disorders such as essential tremor with 8-12 Hz (Jankovic,
2008; Rodriguez-Oroz et al., 2009; Schneider and Deuschl, 2015). Rest tremor
in PD can also involve the lips, chin, tongue, jaw and lower limbs but unlike
essential tremor, rarely involves the neck, head or voice (Jankovic, 2008;
Massano and Bhatia, 2012). PD patients might also have resting and action
tremor together or postural and kinetic tremor with no resting tremor at all (Fahn,
2003; Camara et al., 2015; Schneider and Deuschl, 2015).

Rigidity in PD refers to increased muscle tone and resistance during
examination by passive movements and it is constant throughout the range of
movement (Jankovic, 2008; Rodriguez-Oroz et al., 2009; Massano and Bhatia,
2012). Both flexor and extensor muscles are involved, and resistance depends
on the velocity of the movement as the maximum resistance is experienced
when the passive movements are performed slowly (Rodriguez-Oroz et al.,
2009). Moreover, the voluntary movement of contralateral body parts usually
amplify rigidity and can be useful when detecting mild cases (Jankovic, 2008;
Rodriguez-Oroz et al., 2009; Massano and Bhatia, 2012). When patients have
both resting tremor and muscular rigidity, the classical “cogwheel” phenomenon,
which is characterized by jerky and ratchet-like movements of joints, can be

observed (Jankovic, 2008; Massano and Bhatia, 2012).



Postural instability is characterized by a stooped posture, shuffling gait and
decreased arm swing (Fahn, 2003; Jankovic, 2008; Massano and Bhatia, 2012).
Postural instability, due to the loss of postural reflexes, together with freezing of
gait can have serious impact on quality of life and safety of the patients since
they are major causes of falls and injuries (Jankovic, 2008; Spildooren et al.,
2010; Massano and Bhatia, 2012). Dual- or multi-tasking is substantially
compromised, as walking and turning become difficult or even impossible when
the patients are cognitively engaged (Spildooren et al., 2010). Clinically, the
posture and gait should be assessed both in an open corridor and while passing
through narrow doorways since the freezing often happens in narrow or
crowded spaces (Massano and Bhatia, 2012). For the assessment of postural
reflexes and stability, the “pull test” is performed, in which the patient is pulled
backward/forward from the shoulders to disrupt his/her balance. The absence
of postural response or taking more than two steps to regain balance is
considered abnormal (Jankovic, 2008; Massano and Bhatia, 2012).
Manifestation of instability due to loss of postural reflexes and gait impairment
is observed in the late stages of PD and generally occurs after the progression

of other clinical features (Jankovic, 2008).

1.2 Basal Ganglia Circuits Concerning Parkinson’s Disease

Manifestations of PD symptoms involve various structures in the basal
ganglia (BG), which refers to a group of highly organized subcortical nuclei that

are linked to various functions like movement control, attention and emotion
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(Wichmann and Delong, 1996; Obeso et al., 2008). The major anatomical BG
structures illustrated in Figure 1.1A are the striatum (caudate nucleus and
putamen), globus pallidus (interna and externa), substantia nigra (pars
compacta and pars reticulata) and the STN (Nambu, 2011). The striatum and
the STN serve as input structures of the BG as they receive topographically
organized input from the cerebral cortex, whereas the globus pallidus interna
(GPi) and the substantia nigra pars reticulata (SNr) are the output structures as
they relay the BG output to the thalamus and brainstem (DelLong and
Wichmann, 2007). Together with the cortex, thalamus and brainstem, BG forms
three functional loops: motor circuit, associative circuit and limbic circuit (Obeso
et al., 2008). In each circuit, information originating from different somatotopic
regions of the cortex is processed through different components of BG (Figure
1.1B). Since movement disorders represent a major clinical expression of the
faulty BG, the motor circuit is the most commonly studied cortico-basal ganglia-

thalamo-cortical loop (DeLong and Wichmann, 2007; Obeso et al., 2008).

A B

Motor circuit Associative circuit Limbic circuit

Putamen

Figure 1.1: Basal ganglia structures, pathways to (A) the cortex and (B) functional circuits.
A is adopted from (Brittain and Brown, 2014) and B is adopted from (Rodriguez-Oroz et al.,
2009) and (Obeso et al., 2008)



The motor circuit functions through three pathways involving various
excitatory and inhibitory projections: direct pathway, indirect pathway and
hyperdirect pathway (Figure 1.1A) (DeLong and Wichmann, 2007; Obeso et al.,
2008; Nambu, 2011). In the direct pathway, striatum receives excitatory inputs
(glutaminergic) from cortex and secretes inhibitory neurotransmitter gamma-
amino butyric acid (GABAergic) into GPi/SNr directly. Since GPi/SNr has
inhibitory projections to thalamus, its inhibition increases firing rate of motor
thalamus and brainstem. On the other hand, in the indirect pathway, striatal
neurons project to GPi/SNr through globus pallidus externa (GPe) and STN
respectively. Indirect pathway causes inhibition on thalamus and thus, a
decreased motor activity. Finally, the hyperdirect pathway contains a direct
cortical input to the STN which projects to the GPi/SNr. This pathway enables
faster cortical excitation on GPi/SNr than the direct and indirect pathways
(DeLong and Wichmann, 2007; Obeso et al., 2008; Nambu, 2011).

Differential effect of dopamine on striatum balances the activity between
direct and indirect pathways (DeLong and Wichmann, 2007). Dopamine
released from substantia nigra pars compacta (SNc) increases activity along
the direct pathway (by acting on D1 receptors in striatal neurons) and reduces
activity along the indirect pathway (by acting on D2 receptors). In this case, a
net reduction in GPi/SNr activity occurs. Conversely, a decrease in the striatal
dopamine release increases the inhibitory GPi/SNr output activity (Figure 1.1A).

PD symptoms are manifested when the BG loops do not function properly
due to dopamine deficiency caused by the neuron loss in the SNc

8



(Hornykiewicz, 2006). The death of dopamine-producing neurons causes a
decrease in the overall dopamine secretion into the striatum, which reduces the
activation of direct, and the inhibition of indirect pathway. Consequently, the
dopamine depletion increases the STN-mediated activation and decreases
GPe-mediated inhibition of GPi/SNr. The increase in the inhibitory GPi/SNr
output, in turn, decreases the activity in the thalamo-cortical neurons resulting
in decreased motor activity (DeLong and Wichmann, 2007).

STN, as a vital component of these circuits, plays a critical role in
performing motor functions, cognition and emotion (Temel et al., 2005;
Benarroch, 2008; Ballanger et al., 2009), and it is one of the most commonly
targeted structures for DBS in PD patients (Gross et al., 2006; Benabid et al.,
2009). Similar to functional BG loops, STN is somatotopically divided into three
different territories: motor, associative and limbic territory (Rodriguez-Oroz et
al., 2001; Benarroch, 2008; Obeso et al., 2008). A sizeable portion of the STN
in the dorsolateral direction corresponds to the motor territory (Obeso et al.,
2008; Nambu, 2011). This territory plays a crucial role in the motor control
through direct interaction with cortex, GPe and GPi (Benarroch, 2008) and is
considered as the optimal region for DBS (Rodriguez-Oroz et al., 2001; Abosch

et al., 2002; Starr et al., 2003; Theodosopoulos et al., 2003; Horn et al., 2017).

1.3 Treatment Options for Parkinson’s Disease

The dopamine depletion in the BG due to the death of dopaminergic

neurons is considered the pathological hallmark of PD (Hornykiewicz, 2006).
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Consequently, the initial treatment of PD involves pharmacological manipulation
of striatal dopamine levels through medications such as levodopa (L-DOPA)
(Jankovic, 2001; Goetz et al., 2005). L-DOPA is the natural precursor to
dopamine and was shown to provide a dramatic improvement of anti-kinetic
symptoms in human subjects as early as the 1960s (Goetz, 2011). Though L-
DOPA is one of the most effective treatment options for PD symptoms, in the
long term (after 3-5 years), the majority of the patients develop motor
complications, including fluctuations in the efficacy and dyskinesias (involuntary
movements) (Jankovic, 2001).

Depending on the disease duration and patient-specific considerations,
surgical and/or supportive therapies might be required for the treatment of PD
(Goetz et al.,, 2005; deSouza et al.,, 2013). The surgical intervention for
movement disorders dates back to early 1900s, even before the L-DOPA
treatment and focused on the management of hyperkinetic symptoms (e.g.,
tremor) through ablation of brain structures such as thalamus (thalamotomy)
and pallidum (pallidotomy) (Goetz, 2011). The surgical applications including
stereotactic lesioning of BG structures gained popularity, but the success of
these approaches were limited, partly because of inaccurate and imprecise
targeting and, irreversible impairment in swallowing, speech and cognition
caused by the bilateral lesions (Hickey and Stacy, 2016). Although the discovery
of therapeutic effects of L-DOPA halted the progress in the surgical intervention,

the development of drug-induced motor and cognitive complications such as
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dyskinesias and hallucinations revived the interest in the surgical procedures
(Hickey and Stacy, 2016).

The serendipitous discovery of therapeutic effects of high frequency
stimulation (HFS) by Dr. Benabid and his colleagues in 1987 started a paradigm
shift in the treatment of PD and many other neurological disorders. Unlike the
ablative techniques, HFS of the ventral-intermedial thalamus (VIM, ventralis
intermedius nucleus) was a reversible and adjustable approach for controlling
tremor (Benabid et al., 1987). Soon after, a significant reduction in cardinal
symptoms of PD (i.e., bradykinesia, rigidity, tremor) was reported in the first PD
patients who received HFS in STN (Benabid et al., 1994; Limousin et al., 1995).
The therapeutic effect of STN-DBS decreased the L-DOPA doses by an
average of 60%, which in turn reduced the medication-induced motor
fluctuations and dyskinesias (Limousin et al., 1998). Since then, DBS became
an established therapy and rapidly replaced the ablative procedures due to its
reversible and programmable nature (Benabid et al., 2009; Mahlknecht et al.,
2015; Hickey and Stacy, 2016). STN and GPi are the two common targets for
surgical treatment of PD, with STN being more effective in improving both
resting tremor and action tremors (Odekerken et al., 2013; Williams et al., 2014;
Wong et al., 2019). The STN as the most commonly used target (Benabid et al.,
2009) will be the scope of the work presented throughout this dissertation.

Current DBS systems used for movement disorders are referred as “open-
loop”, which are manually programmed and exert their effects regardless of the
patient’s disease state (Sun and Morrell, 2014; Parastarfeizabadi and Kouzani,
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2017; Bouthour et al., 2019). These systems not only have limited efficacy and
adverse effects due to under- or over-stimulation, they also require regular
clinical visits for tedious iterative adjustments of the stimulation parameters
(Bouthour et al., 2019; Hell et al., 2019). By contrast, “closed-loop” DBS systems
adapt the stimulation parameters (such as amplitude or frequency) with respect
to a suitable biomarker, representing the clinical features of the disease, that
can be sensed by the implanted electrodes (Sun and Morrell, 2014;
Parastarfeizabadi and Kouzani, 2017; Bouthour et al., 2019; Hell et al., 2019).
Although closed-loop stimulators have been used for epilepsy since early 2000s
(Osorio et al., 2001), the lack of robust biomarkers for PD (unlike distinct
waveform of neural activity during seizures) have hindered development of
closed-loop DBS (Parastarfeizabadi and Kouzani, 2017). Therefore, the
identification of neuro-biomarkers for PD, describing the motor and cognitive
manifestations of the disease, is crucial for robust and reliable operation of

chronic closed-loop DBS (Bouthour et al., 2019; Hoang and Turner, 2019).

1.4 Targeting Modalities for DBS Lead Implantation

Accurate localization of the target structure is a vital requirement for
achieving optimal outcomes with DBS (Zonenshayn et al., 2000; Sterio et al.,
2002; Amirnovin et al., 2006; Gross et al.,, 2006; Campbell et al., 2019).
Otherwise, the stimulation can cause adverse effects arising from unintended
activation of regions surrounding the target structures such as STN (Krack et

al., 2001; Okun et al., 2003; Deuschl et al., 2006; Guehl et al., 2006; Wojtecki
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et al., 2007; Benabid et al., 2009; Groiss et al., 2009; Richardson et al., 2009;
Zhang et al.,, 2016), and/or result in inadequate clinical improvement
postoperatively (Okun et al., 2005). Thus, several anatomical and
electrophysiological targeting techniques are utilized for the accurate
localization of STN.

Anatomical targeting can be divided into two groups: direct and indirect
approach. Direct approach uses radiological images of the target in a
stereotactic frame to determine the entry point and trajectory to reach the target
(Machado et al., 2006; Patel et al., 2008). While advanced magnetic resonance
imaging (MRI) technology allows direct visualization of some BG structures
(Strauss et al., 2014), potential problems during fusion of MRI and computed
tomography (CT) might lead to misinterpretation of the anatomy and result in
sub-optimal positioning (Benabid, 2003; Machado et al., 2006). On the other
hand, the indirect targeting approach normalizes the stereotactic brain atlases
based on the coordinates of major landmarks such as anterior and posterior
commissures (AC-PC line) to estimate the location of the target (Machado et
al., 2006; Patel et al., 2008). However, the anatomical variations among
individuals and the use of average values of the coordinates by clinical teams
are major limitations of this technique (Machado et al., 2006; Patel et al., 2008).
While MRI-guided asleep DBS is being performed by some centers (Aziz and
Hariz, 2017; Brodsky et al., 2017; Chen et al., 2018; Ho et al., 2018; Wang et
al., 2019; Liu et al., 2020), intraoperative electrophysiology remains to be an
important technique for localizing the STN, to validate or to further improve the
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targeting accuracy (Zonenshayn et al., 2000; Sterio et al., 2002; Amirnovin et
al., 2006; Gross et al., 2006; Abosch et al., 2013; Campbell et al., 2019).
Electrophysiological targeting involves intraoperative awake recordings from
microelectrodes (MER) and clinical testing with acute stimulation for validation
of the target structure (Abosch et al., 2013; Strauss et al., 2014). A survey study
involving 143 DBS centers worldwide reported that 83% of these centers use
single unit activity (SUA) recordings for targeting (Abosch et al., 2013).
Typically, up to five microelectrodes are advanced towards the target structure
to obtain a 3-dimensional perspective (Gross et al., 2006; Benabid et al., 2009;
Abosch et al., 2013). SUA is used to identify cells with firing characteristics

consistent with STN neurons (Figure 1.2) and response characteristics

confirming the motor sub-territory of
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Figure 1.2: Sample firing characteristics observed
during MER mapping en route to STN.

2013). Aside from difficulties in Adopted from (Gross et al., 2006)

the STN based on a variety of visual
and auditory cues (Hutchison et al.,
1998; Magnin et al., 2001; Rodriguez-
Oroz et al., 2001; Abosch et al., 2002;
Benazzouz et al., 2002). Yet, the
interpretation  of the complex
waveforms can be subjective and
heavily experience-based (Benazzouz
et al., 2002; Benabid et al., 2009;

Marceglia et al., 2010; Abosch et al.,
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interpreting the data and small number of neurons sampled by 1-5
microelectrodes, challenges in interface stability (e.g., necessity of turning lights
or other devices off in the operating room) and high bandwidth/sampling
frequency requirements may complicate the collection and real-time analysis of
SUA (Novak et al., 2011; Rouse et al., 2011; Thompson et al., 2014).

Despite being a useful supplementary tool in determining side effects and
therapeutic window, intraoperative acute DBS is also utilized for targeting
(without MER) by a small number of centers around the world (Abosch et al.,
2013). However, intraoperative factors such as micro-lesion effect, which might
suppress the symptoms and prevent the assessment of clinical improvement,
as well as the relatively poor spatial resolution of the macroelectrode (DBS lead)
are major limitations against the sole use of this technique for an accurate
intraoperative targeting (Gross et al., 2006; Wang et al., 2014).

Local field potentials (LFP) representing the aggregated synaptic activity
of a population of neurons (Priori et al., 2004; Gross et al., 2006; Buzsaki et al.,
2012) can be obtained from the shaft of the same microelectrode used for SUA
recordings. Although the use of microelectrode LFPs for the targeting of DBS
implantation is currently scarce (Abosch et al., 2013), there is a growing interest
(Chen et al., 2006; Telkes et al., 2016; Kolb et al., 2017). Moreover, structural
integrity and relatively low impedance of the ring electrode on the shaft
(compared to the fragile, high impedance tip used for SUA) can address the
shortcomings of the aforementioned techniques and bring the LFPs to the
operating room for a more robust and reliable clinical targeting experience.
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1.5 Electrophysiological Extracellular Recordings

1.5.1 Single Unit Activity

A fundamental understanding of the origin of neural signals as well as of
the effect of measurement conditions on their waveforms is necessary for the
interpretation of the electrophysiological recordings. Neuronal transmembrane
currents are the basis of the extracellular fields measured from the brain, and
the relative position and geometry of the electrode with respect to the neuronal
interface determines the recorded waveform. The unit of neural excitation is the
action potential propagating along the axon and/or dendrites by the exchange
of Na+ and K+ ions between intra and extracellular matrices (Plonsey and Barr,
2007). The movement of ions generates a current loop, in which there is an
inward current flow at the action potential site (sink), that travels along the cell
core and exits at various places (sources) to return to the sink (Humphrey and
Schmidt, 1990). When an electrode is close enough to this loop (100-200 pm)
and has adequate impedance (~1 MOhm), as in the case of microelectrode
recordings, the single unit discharging activity can be captured (Moffitt and
Mclintyre, 2005; Cogan, 2008).

Motor symptoms associated with movement disorders such as PD are
ascribed to the changes in neural activity that can be observed at the single-unit
level. In addition to the firing rate, functional and pathological brain processes
are mediated by firing patterns as well (Terman et al., 2002; Wichmann and
DelLong, 2006; Kaku et al., 2020). Pathological increases in single-cell activity

in the thalamus and basal ganglia (Bergman et al., 1994, 1998; Hua et al., 1998;
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Wichmann et al., 1999; Levy et al.,, 2002) may lead to inferior information
processing (Hammond et al., 2007) and motor impairment in movement
disorders (Bergman et al., 1998; Wichmann et al., 1999). Explicitly, increased
tonic and phasic activity in the basal ganglia promotes the inhibition of thalamo-
cortical neurons and leads to akinesia and rigidity in PD (Bergman et al., 1994,
1998). Similarly, cell bursting activity was correlated with EMG measurements
during periods of tremor PD patients, and thus, may be involved in pathogenesis
of tremor (Lenz et al., 1988; Hua et al., 1998). Consequently, single unit activity
(SUA) have been used as a gold standard electrophysiological mapping
technique for the clinical targeting of various basal ganglia structures, including
STN (Benabid et al., 2009; Przybyszewski et al., 2016; Valsky et al., 2017).
Studies investigating the somatotopic organization of the STN through
single-cell recordings have shown that among various spiking profiles (Figure
1.3), dorsal bursting and ventral tonic (regular) firings are associated with the
symptoms of PD (Sharott et al., 2014; Kaku et al., 2020). Non-human primate
research also shows that the firing rate and pattern changes in STN neurons
can be indicative of healthy, PD or treated state (Bergman et al., 1994; Soares
et al., 2004; Gilmour et al., 2011). Similarly, single-unit recordings have been
shown to modulate with electrical stimulation and study of these changes have
helped to elucidate changes in the network activity generated by DBS, which
consequently improved our understanding of the mechanisms of action of this
therapy (Benazzouz et al., 2000; Anderson et al., 2003; Hashimoto et al., 2003;
Mclntyre et al., 2004a; Guo et al., 2008; Johnson et al., 2008). Despite high-
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fidelity and widespread use in clinical targeting, shortcomings (Figure 1.4) such
as the short- (Rouse et al., 2011) and long-term stability issues (Williams et al.,
1999) and lack of representation of network-level activity from few neurons
(Mcintyre and Grill, 2001; Mclntyre et al., 2004b) might hamper use of SUA for

novel treatments such as closed-loop DBS.

Tonic Firings Irregular Firings
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' | I
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Figure 1.3: Sample raw traces representing different types of single cell firings observed in the STN.
Adopted from (Kaku et al., 2020)

1.5.2 Local Field Potentials

Spatial alignment of neurons and temporal synchrony of their firing leads
to higher amplitude oscillating extracellular potentials (Buzsaki et al., 2012;
Lempka and Mcintyre, 2013). LFPs represent the sum of these extracellular
potentials of numerous neurons in a region (Figure 1.4) (Brown and Williams,
2005; Buzsaki et al., 2012). The volume of this region contributing to the LFP

signals may vary according to the size of the electrode and where it is implanted
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and can include tens or thousands of neurons (Buzsaki, 2006). Action potentials
generate strong currents, but generally lead to smaller field potentials due to
temporal dispersion, unless there is synchronous action potential generation in
many neurons (Buzsaki et al., 2012). Temporal synchrony is more likely to occur
for relatively slow-acting events such as synaptic activity, so LFPs are generally
thought to arise from dendritic synaptic currents instead (Buzsaki et al., 2012).
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Figure 1.4: Comparison of electrophysiological recording modalities. Adopted from (Rouse et al., 2011)

LFPs can provide insight into brain processes under normal and
pathological conditions (Gatev et al., 2006; Uhlhaas and Singer, 2006) and may
provide a surrogate marker of oscillatory activity at the single-unit level

(Creutzfeldt et al., 1966; Pettersen et al., 2012). Indeed, the magnitude of the
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LFP reflects the number of oscillatory neurons and the degree of their
synchronization (Kuhn et al., 2005; Weinberger et al., 2006; Lindén et al., 2011;
Buzsaki et al., 2012). Additionally, the SUA and LFP have been linked on a
spatial (Telkes et al., 2016) and non-linear level (Meidahl et al., 2019). It is well-
reported that the excessive neural synchrony can be pathological in PD (Levy
et al., 2000; Brown, 2003; Brittain and Brown, 2014) and biomarkers derived
from the resulting oscillations respond to medication (Foffani et al., 2003; Priori
et al., 2004; Marceglia et al., 2006; Kane et al., 2009; Lopez-Azcarate et al.,
2010; Ozkurt et al., 2011) and DBS (Kihn et al., 2008; Eusebio et al., 2011;

McConnell et al., 2012) therapies.
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Figure 1.5: Suppression in the beta band with (A) medication and (B) stimulation therapies.
A is adopted from (Brown and Williams, 2005) and B is adopted from (Eusebio et al., 2011)

Due to the oscillatory nature of the basal ganglia (Brown, 2003; Brittain
and Brown, 2014), LFP is commonly studied in specific frequency bands. In PD,
exaggerated beta band (13-30 Hz) activity in the STN is considered as the
hallmark (Oswal et al., 2013; Brittain and Brown, 2014) and suppression in the

power of this band upon treatment (Figure 1.5) have been shown to correlate
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with improvement in the akinetic cardinal symptoms (bradykinesia and rigidity)

of the disease (Brown et al., 2001; Priori et al., 2004; Kuhn et al., 2006, 2008;

Weinberger et al., 2006; Wingeier et al., 2006; Ray et al., 2008; Eusebio et al.,

2011). Thus, beta oscillations are considered anti-kinetic, as beta power also

decreases during movement preparation and execution in the STN and pallidum

(Cassidy et al., 2002; Levy et al., 2002; Priori et al., 2002; Kuhn et al., 2004;

Williams et al., 2005). These features prompted the development of tools to

improve the targeting of STN and select the optimal stimulation contacts for

DBS (Chen et al., 2006; Miyagi
et al., 2009; Holdefer et al.,
2010; Yoshida et al., 2010;
Zaidel et al., 2010; Telkes et
al., 2016; Kolb et al., 2017).
Investigation of higher
frequencies in the LFP
spectrum have revealed the
existence of pro-kinetic high
frequency oscillations (HFO,
200-400 Hz) in STN of PD
patients, that modulate with
dopaminergic medication
intake or movement (Lopez-

Azcarate et al., 2010; Ozkurt
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et al., 2011; van Wijk et al., 2016). Specifically, 200-300 Hz slow HFOs are
observed in the unmedicated state and the peak shifts to 300-400 Hz in the
medicated state (Figure 1.6A, B). It has been hypothesized that basal ganglia
require these fast HFOs (>300 Hz) for functional brain processes, similar to a
“microprocessor clock”, and that the harmonics of high frequency stimulation
could drive this activity to induce therapeutic effect (Foffani et al., 2003).
However, due to the large stimulus artifact and recording amplifier saturation,
HFO band during DBS have not been studied yet, to validate this claim.
Additional to the spectral bandpower, a non-linear measure of LFPs termed
“cross-frequency coupling” (CFC) between the phase of beta and amplitude of
HFOs (Figure 1.6C) have been recently associated with the symptoms of PD as
well (Lopez-Azcarate et al., 2010; Ozkurt et al., 2011; van Wik et al., 2016),
indicating that analyzing the spectral power of oscillatory bands only may not
be sufficient to capture the complex pathophysiology of PD.

Theta-alpha (4-12 Hz) oscillations were reported previously in the STN,
with an increase in power after medication intake (Figure 1.6A, B) (Priori et al.,
2004; Lopez-Azcarate et al., 2010) and DBS therapies (Priori et al., 2006;
Giannicola et al., 2013). The extent of increase was correlated with the clinical
improvement, which is contradicting the hypothesis that these oscillations are
anti-kinetic (Brown, 2003). It was also suggested that excessive synchronization
in the STN at low frequencies in the levodopa-induced ON state might indicate
the presence of dyskinesias (Foffani et al., 2005; Alonso-Frech et al., 2006;
Rodriguez-Oroz et al., 2011). Similarly, finely-tuned gamma oscillations (70-90
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Hz) in the cortex and the STN (Figure 1.6A, B) of medicated subjects were also
associated with dyskinesias (Swann et al., 2016). Moreover, the sharp gamma
activity in the STN and in the motor cortex has been labeled as “prokinetic” due
to its enhancement with voluntary movement (Cassidy et al., 2002; Cheyne et
al., 2008; Thompson et al., 2014). Although not necessarily pathological, the
theta-alpha and sharp gamma bands might be contributing to the levodopa-
induced dyskinesia (LID) generation when they are exaggerated (Alonso-Frech
et al., 2006; Swann et al., 2016).

LFPs can be recorded from the microelectrode and DBS lead, and their
long-term stability is promising, unlike microelectrode SUA recordings with less
robust interface stability (Figure 1.4). Beta band LFPs recorded from 30 days
up to 10 years after implant were similar to those recorded acutely, and had a
comparable response to DBS (Rosa et al., 2010, 2011; Abosch et al., 2012;
Giannicola et al., 2012). Thus, there exist a high potential in the utility of LFPs
for the development of chronic closed-loop DBS systems (Hoang et al., 2017;
Bouthour et al., 2019). An implantable, bi-directional interface was already
developed that enables concurrent sensing of LFPs and stimulation (Rouse et
al., 2011) to explore the feasibility of a closed-loop DBS system for PD
(Stanslaski et al., 2009) and epilepsy (Stanslaski et al., 2012). The closed-loop
approach here involves triggering the stimulation to the changes in the
bandpower of an LFP band (e.g., beta). However, with the possible non-linear
mechanisms involved in the complex pathological circuitry inducing PD (Lopez-
Azcarate et al., 2010; Ozkurt et al., 2011), a controller based on a single LFP
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bandpower may not be sufficient for a robust adaptive stimulation therapy.
Hence, the success of closed-loop DBS depends critically on the identification
of reliable symptom-specific biomarkers, which -ideally- reflect the mechanisms

of the underlying pathophysiology (Bouthour et al., 2019).

1.5.3 Evoked Compound Activity

Evoked compound activity (ECA) is the response generated by the
synchronous activation of a population of nerve fibers around the recording
electrode, reaching up to mV levels in amplitude (Miller et al., 1998; Briaire and
Frijns, 2005). Cochlear implant research and computational models have
suggested that the ECA magnitude increases largely with the number and size
of the activated single-fiber action potentials, and partially with the synchrony
between the fibers, whereas the duration of the ECA is determined by both the
duration and the synchrony of the single-fiber action potentials (Rubinstein,
2004; Briaire and Frijns, 2005). It can be assumed that the amplitude is
approximately proportional to the number of activated nerves, and the resulting
waveform obtained is weighted towards the closest fibers (Miller et al., 2008).
Furthermore, the ECA magnitude is shown to be largest when the recording
contact was the closest to the stimulating contact, although this also causes a
large stimulus artifact that might mask the ECA and make the analysis more
challenging (Miller et al., 2008). It is, therefore, expected that the ECA generated
during DBS could provide a population view of the number and type of activated
neural elements, and thus, ECA patterns might be used as an indicator of
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sufficient activation of the appropriate types of neural elements necessary for
therapeutic benefit.

ECAs have been successfully utilized previously as a feedback control
signal for programming stimulation parameters in cochlear implants (Brown and
Abbas, 1990; Miller et al., 2008). ECA recordings have also been used for the
treatment of epilepsy with DBS (Stypulkowski et al., 2011). It was reported that
the characteristics of the ECAs were dependent on the location of the
stimulating electrode as well as the DBS parameters such as amplitude and
frequency (Stypulkowski et al., 2011). Increasing the stimulation amplitude
initially generated increases in ECA magnitude before eventually reversing
(Miller et al., 1998; Matsuoka et al., 2001; Westen et al., 2011), whereas
increasing the stimulation frequency reduced ECA amplitude, starting at
frequencies as low as 250 Hz, possibly due to the neural refractoriness or
adaptation (Miller et al., 2008). In the STN of PD patients, ECA amplitude and
delay during electrical stimulation was shown to correlate with clinical
improvement and has been proposed as an intraoperative method to localize

the STN (Figure 1.7A), the

optimal stimulation contact
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Figure 1.7: Evoked activity is observed in STN but not in
et al., 2015). However, the thalamus (A), and its timing and morphology changes
with the stimulation reaches to the therapeutic levels for
PD symptoms (B). A is adopted from (Sinclair et al.,
other features of the ECA 2018) and B is adopted from (Gmel et al., 2015)
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waveforms such as the resonance damping time have not been investigated
and may provide further details regarding the mechanisms of the DBS therapy.

ECA can have other additional clinical applications such as testing the
integrity of the implant (Rubinstein, 2004), identifying redundant or interacting
electrodes (Boéx et al., 2003), measuring cell survival (R.D., 1990), assessing
the effectiveness of different stimulation paradigms (Miller et al., 2008) and
monitoring the changes in neural response over time (Miller et al., 2008).
Therefore, biomarkers derived from ECA characteristics have promising

functional utility in clinical care such as adaptive DBS (Hoang and Turner, 2019).

1.6 Specific Aims and Outline

The encompassing purpose of this dissertation is to study the modulations
of LFPs recorded from STN in PD subjects with medication and stimulation
therapy. Such work not only contributes to the pathophysiological knowledge of
PD and brain in general, but also helps develop novel therapies such as closed-
loop DBS by means of biomarker identification. Although the exact mechanism
of DBS is still unknown, its therapeutic effect on the cardinal symptoms of PD
by stimulating the STN is well studied. For an optimal outcome, accurate
localization of the DBS electrode in STN to maximize the symptom alleviation
and minimize the side effects by preventing the current spread to surrounding
structures is a crucial step.

Aim-1: Development of a Soft Real-Time System for the Localization

of STN with LFP Guidance: Therefore, after the introductory Chapter 1, an
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online electrophysiological targeting tool for refining the chronic DBS lead
placement is proposed in Chapter 2, prior to investigating the LFP modulations
with treatment. By utilizing bio-signal processing to reveal spatio-spectral
features of LFPs en route to STN, the optimal trajectory and the dorsal border
of the STN for DBS lead implantation was automatically detected and provided
to the clinician. A pilot feasibility study comparing the proposed system to the
clinical practice in a randomized, double-blinded manner was also conducted.

Aim-2: Subband Power Modulations and Cross Frequency Coupling
of STN LFPs in Medication OFF and ON States: Next, with a well-targeted
STN, the modulatory effects of dopaminergic medication on the LFP oscillations
are investigated in Chapter 3. Day-long recordings were performed for each
patient postoperatively using externalized leads while patients were in the
medication OFF and ON states to allow continuous monitoring of the changes
in neural oscillations.

Aim-3: Modulation of High Frequency Oscillations and Evoked
Activity in the STN with Therapeutic and Non-therapeutic DBS: In Chapter
4, a similar investigation of the LFP activity is reported with the acute therapeutic
and non-therapeutic DBS applied to the STN intraoperatively. Since DBS exerts
its effect in a more immediate way, the prolonged recordings were not
necessary, as in the pharmacological study presented in the previous chapter.

Finally, Chapter 5 summarizes the overall outcomes and their scientific
contribution in a broader sense by relating the work presented here to the
literature and assessing its significance.
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2 Development of a Soft Real-Time System for the

Localization of STN with LFP Guidance

This chapter has been accepted for publication under Creative Commons

Attribution (CC-BY) license (Ozturk et al., 2020b).
2.1 Overview

The efficacy of deep brain stimulation (DBS) therapy in Parkinson’s
disease (PD) patients is highly dependent on the precise localization of the
target structures such as subthalamic nucleus (STN). Most commonly,
microelectrode single unit activity (SUA) recordings are performed to refine the
target. This process is heavily experience based and can be technically
challenging. Local field potentials (LFPs), representing the activity of a
population of neurons, can be obtained from the same microelectrodes used for
SUA recordings and allow flexible online processing with less computational
complexity due to lower sampling rate requirements. Although LFPs have been
shown to contain biomarkers capable of predicting patients’ symptoms and
differentiating various structures, their use in the localization of the STN in the
clinical practice is not prevalent.

Here we present, for the first time, a randomized and double-blinded pilot
study with intraoperative online LFP processing in which we compare the clinical
benefit from SUA- versus LFP-based implantation. Ten PD patients referred for
bilateral STN-DBS were randomly implanted using either SUA or LFP guided

targeting in each hemisphere. Although both SUA and LFP were recorded for
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each STN, the electrophysiologist was blinded to one at a time. Three months
postoperatively, the patients were evaluated by a neurologist blinded to the
intraoperative recordings to assess the performance of each modality. While
SUA-based decisions relied on the visual and auditory inspection of the raw
traces, LFP-based decisions were given through an online signal processing
and machine learning pipeline.

We found a dramatic agreement between LFP- and SUA-based
localization (16/20 STNs) providing adequate clinical improvement (51.8%
decrease in 3-month contralateral motor assessment scores), with LFP-guided
implantation resulting in greater average improvement in the discordant cases
(74.9%, n=3 STNSs). The selected tracks were characterized by higher activity
in beta (11-32 Hz) and high-frequency (200-400 Hz) bands (p<0.01) of LFPs
and stronger non-linear coupling between these bands (p<0.05).

Our pilot study shows equal or better clinical benefit with LFP-based
targeting. Given the robustness of the electrode interface and lower
computational cost, more centers can utilize LFP as a strategic feedback

modality intraoperatively, in conjunction to the SUA-guided targeting.

2.2 Introduction

Deep brain stimulation (DBS) is an effective treatment option for patients
suffering from various neurological disorders such as Parkinson'’s disease (PD)
(Benabid et al., 2008; Groiss et al., 2009; Schiefer et al., 2011; Hariz, 2012,

2014; Odekerken et al., 2013; Gunduz et al., 2017; Lee et al., 2018). Although
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the exact mechanism of DBS remains to be explored, it is well-established that
stimulation of the subthalamic nucleus (STN) alleviates the cardinal symptoms
of PD (Limousin et al., 1998; Krack et al., 2003; Herzog et al., 2004; Benabid et
al., 2009). However, stimulation can also result in side effects arising from
unintended activation of structures surrounding the STN (Krack et al., 2001;
Okun et al., 2003; Deuschl et al., 2006; Guehl et al., 2006; Wojtecki et al., 2007;
Benabid et al., 2009; Groiss et al., 2009; Richardson et al., 2009; Zhang et al.,
2016). Moreover, a multi-center study has reported that the sub-optimal
positioning of DBS electrodes accounts for 46% of cases with inadequate
clinical improvement postoperatively (Okun et al., 2005). Thus, the clinical
efficacy of DBS therapy depends critically on accurate localization of the STN
(Zonenshayn et al., 2000; Sterio et al., 2002; Amirnovin et al., 2006; Gross et
al., 2006; Campbell et al., 2019).

Precise placement of the DBS lead can be challenging due to the small size
and the anatomical variability in the human STN (Patel et al., 2008; Richardson
etal., 2009). While MRI-guided asleep DBS is being performed by some centers
(Aziz and Hariz, 2017; Brodsky et al., 2017; Chen et al., 2018; Ho et al., 2018;
Wang et al., 2019; Liu et al., 2020), intraoperative electrophysiology remains to
be an important technique for localizing the STN, despite the variations in the
surgical procedure between medical centers (Zonenshayn et al., 2000; Sterio et
al., 2002; Amirnovin et al., 2006; Gross et al., 2006; Abosch et al., 2013;
Campbell et al., 2019). A worldwide survey involving 143 DBS centers reported
that 83% of them use single unit activity (SUA) recordings for DBS lead
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implantation (Abosch et al., 2013). Typically, up to five microelectrodes are
advanced towards the target structure to obtain a 3-dimensional perspective
(Gross et al., 2006; Benabid et al., 2009; Abosch et al., 2013). SUA is used to
identify cells with firing characteristics consistent with STN neurons and
response characteristics confirming the motor sub-territory of the STN based on
a variety of visual and auditory cues (Hutchison et al., 1998; Magnin et al., 2001;
Rodriguez-Oroz et al., 2001; Abosch et al., 2002; Benazzouz et al., 2002). This
procedure is subjective, heavily experience-based and depends critically on the
neurosurgeon’s or electrophysiologist’s ability to recognize the STN (Benazzouz
et al., 2002; Benabid et al., 2009; Marceglia et al., 2010; Abosch et al., 2013).
Aside from difficulties in interpreting the data and small number of neurons
sampled by 1-5 microelectrodes, challenges in interface stability (e.g., necessity
of turning lights or other devices off in the operating room) and high
bandwidth/sampling frequency requirements may complicate the collection and
real-time analysis of SUA (Novak et al., 2011; Rouse et al., 2011; Thompson et
al., 2014).

Local field potentials (LFPs), which represent the aggregated synaptic
potentials of a population of neurons (Priori et al., 2004; Gross et al., 2006;
Buzsaki et al., 2012), can be obtained from the shaft of the same microelectrode
used for SUA recordings. Although LFPs have been shown to contain
biomarkers capable of predicting Parkinsonian symptoms (Foffani et al., 2003;
Ray et al., 2008; Lopez-Azcarate et al., 2010; Ozkurt et al., 2011; Little and
Brown, 2012; Oswal et al., 2013; Priori et al., 2013; Brittain and Brown, 2014;
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Ozturk et al., 2019) and differentiating basal ganglia structures (Chen et al.,
2006; Telkes et al., 2016; Kolb et al., 2017) only a handful of centers around the
world rely on LFPs for the localization of the STN (Abosch et al., 2013).

Here, we present, for the first time, a randomized, double-blinded study
comparing the targeting performance of SUA- vs LFP-based implantation. While
SUA was interpreted by visual and auditory inspection of the raw traces as done
in clinical practice, we employed real-time intraoperative processing of LFPs to

facilitate the selection of the implantation track.

2.3 Patients and Methods

2.3.1 Patients

Ten patients (four females, six males) with PD undergoing bilateral STN-
DBS implantation at Baylor St. Luke’s Medical Center were included in the
study. Their ages ranged between 40 to 64 (mean * standard deviation =
5518.8) with disease duration ranging from 4 to 16 years (mean + standard
deviation = 94£3.9). Nine patients were implanted with Medtronic lead model
3389, and one was with model 3387 (Medtronic, Ireland). The study protocol
was approved by the Institutional Review Boards of Baylor College of Medicine

and University of Houston. All patients provided written informed consent.

2.3.2 Study Design
This study investigates the functional utility of LFP versus SUA in

targeting the STN with an online processing pipeline (Figure 2.1A) and
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compares both modalities in terms of clinical outcomes postoperatively. The
implantation modality for each hemisphere (SUA vs. LFP) was randomly
identified prior to the surgery. If one hemisphere was implanted using LFP, the
other one was implanted using SUA. Three track MER was performed with only
the guiding waveform provided to the electrophysiologist for decision making,
while the other signal was recorded in the background (blinded recordings) for
off-line comparison. After DBS lead placement in the selected track, an
intraoperative computed tomography (CT) fused with preoperative magnetic
resonance imaging (MRI) was used to verify lead location. Finally, a neurologist
blinded to the recordings tested the patients for clinical benefit and side effects
intraoperatively and 3-months postoperatively (blinded testing). To prevent
possible interference induced by inter-rater variability on the paired statistics
performed in this study, the rating neurologists (authors JS and AT, both MDS-
UPDRS certified) performed the clinical assessment for each patient
consistently (the same rater performed both OFF and ON assessments of a
patient, for both the left and right hemispheres). The systematic testing done at
3-months postoperatively was used to assess the clinical improvement by
stimulation (medication OFF/DBS ON). The clinical scores were computed as
the sum of Movement Disorders Society Unified Parkinson’s Disease Rating
Scale (MDS-UPDRS) Part-lll items 3.3-3.8, 3.15-3.17 of the side contralateral

to the implant.
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Figure 2.1: Randomized double-blinded paradigm (A) and the processing pipeline for LFPs (B).

The description of each panel in Figure 2.1 is: (A) The decision modality
for each hemisphere was determined in the beginning of the operation
randomly. Intraoperative recordings included both SUA and LFP activity.
However, only the decision modality, either SUA or LFP, was made available to
the electrophysiologist. After the implantation site was selected, the final
position was confirmed with intraoperative imaging and clinical testing for motor

improvement and side effects, which was performed by a neurologist blinded to
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the electrophysiological recordings. (B) Signal processing and machine learning
pipeline for LFP-based decision making. The raw traces are de-correlated using
least mean squares (LMS) algorithm with the steepest descent update. Then,
the LFP traces were analyzed in the spectral domain using modified Welch
periodogram with a 1s Hamming window and 50% overlap. Individual spectra
across depths were combined to generate a 2D depth-frequency map (DFM)
representing the depth-varying power spectrum of the LFPs. The track selection
was performed automatically using a linear discriminant analysis (LDA)
classifier developed by Telkes et al. (Telkes et al., 2016), using the power in
beta and HFO bands as input features. License note: The “coin flipping”, “cat
scan” and shaking “hand” icons in Figure 2.1A are downloaded from

nounproject.com under CC-BY license with credits to Oleksandr Panasovskyi,

Sergey Demushkin and Gregor Cresnar respectively.

2.3.3 Intraoperative Recordings

Patients were requested to stop medication at least 12 hours prior to
surgery and all recordings were obtained in the awake state using local
anesthesia. On the morning of the surgery, all patients obtained a head CT after
application of the stereotactic head frame. The stereotactic coordinates and
trajectories to the STN were identified by fusing preoperative MRI and CT scans
on a neuro-navigational platform (StealthStation, Medtronic, Ireland). In each
hemisphere, awake recordings were performed using a set of three parallel
microelectrodes separated by 2 mm (center-to-center) using the 5-cannula
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BenGun with “+” configuration. The preoperative planning using direct targeting
methods determined the “center” track. Among “anterior, posterior, lateral and
medial” tracks, two other tracks were selected by the neurosurgeon on a patient
specific basis by taking into account the subject’s anatomy. The microelectrodes
(NeuroProbe, AlphaOmega, Israel) were initially placed at least 15mm above
the stereotactic target and advanced deeper with 0.5-1mm steps using
NeuroOmega drive (AlphaOmega, Israel), in order to refine the radiographic
target. At each depth, by using the cannula as reference, at least 20s of SUA
from the high-impedance tungsten tip (0.6-0.8 MOhm) and LFP from the low
impedance stainless-steel ring (<10KOhm, 3mm above the tip) on the shaft
were obtained simultaneously. The entire data was recorded with Grapevine
Neural Amplifier (Ripple Neuro, UT) at 30KHz and 16-bit A/D resolution, and

LFPs were down-sampled to 2KHz before further processing.

2.3.4 Signal Processing

The signals were recorded and visualized in real-time with an in-house
built Simulink model and processed with custom MATLAB scripts using version
R2014a (Mathworks, MA) and gHiSys high-speed online processing library
(gTec, Austria). The entire online processing was performed on a 17” laptop
with quad-core (2.4GHz) processor and 12GB memory. The SUA data were
high-pass filtered at 300Hz with a 2" order infinite-impulse response filter and
presented to the electrophysiologist in visual and auditory format, similar to the
commercially available devices. After the mapping was completed, the SUA
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traces were plotted depth by depth form all three tracks for reviewing and final
decision. The entry to and exit from the STN was determined by an experienced
neurophysiologist by listening to and visually observing the firing patterns of
neurons. The entry to the STN was identified with a prominent increase in the
background activity and discharge rates (Figure 2.2A), as reported previously
(Hutchison et al., 1998; Novak et al., 2007). Among three, the track with the
longest span of cell firing and background activity was selected for the chronic
DBS electrode implantation (Abosch et al., 2002; Benazzouz et al., 2002; Gross
et al., 2006). In those hemispheres where the implantation was performed
based on LFPs, the same procedures were used to process SUA data offline,
following the implantation of the DBS electrode.

The LFPs were processed intraoperatively with the real-time
implementation of the signal processing pipeline (Figure 2.1B) provided by
Telkes et al. (Telkes et al., 2016). Specifically, LFP raw traces were visualized
initially and it was noted that tracks were difficult to distinguish, due to common
activity coming from the reference contact (cannula) masking spatially localized
patterns. In order to eliminate the common activity without affecting the localized
neural activity, the LFP from tracks were de-correlated using LMS algorithm with
the steepest descent update. Explicitly, each track was predicted by using a
linear weighted combination of other two channels and the residual was used
for the further processing. With this adaptive approach, the common activity was
eliminated across tracks and only spatially specific information was preserved
(Telkes et al., 2016). LFP traces were then analyzed in the spectral domain
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using a modified Welch periodogram. A fast Fourier transform was computed at
each depth with a 1s Hamming window and 50% overlap and presented to the
electrophysiologist in near real-time in the form of online spectrograms
(Supplementary video). After the mapping was completed, a median spectrum
was calculated from the spectra to eliminate localized artifacts at each depth.
Then, spectra across depths were combined to generate a 2D depth-frequency
map (DFM) representing the depth-varying power spectrum of the LFPs of each
track (Telkes et al., 2016, 2018). The maps were then normalized with the
average baseline of three tracks and transformed into log scale (Figure 2.1B).
The tracks were not normalized by their own baseline but by the mean of all
three tracks in order to compare the signal power between them. The baseline
used for normalization was selected as the highest depths which are assumed
to be in the white matter. The STN was identified by distinct LFP activity in beta
(11-32Hz) and HFO (200-400Hz, high-frequency oscillations) ranges. The track
containing the largest beta and HFO bandpower for the longest span was
selected as the implantation site for the DBS electrode (Zaidel et al., 2010;
Wang et al., 2014; Telkes et al., 2016; van Wijk et al., 2017). This selection was
performed automatically using a linear discriminant analysis (LDA) classifier
developed by Telkes et al. (Telkes et al., 2016). Specifically, after obtaining the
normalized depth-frequency maps, the beta and HFO sub-band powers were
extracted for each track and depth from these maps. Then, the sub-band power
features were normalized between zero and one with a Min-Max normalization
method for the minimization of inter-subject variability in LFP power, and a
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binary LDA classifier was applied for classification. This classifier was trained
by contrasting the LFP sub-band features coming from selected and non-
selected tracks using the data from the 24 PD patients analyzed in (Telkes et
al., 2016). During online classification, the neural data in each track and at each
depth were fed to the classifier. Therefore, each electrode trajectory received a
vote at each depth from the classifier. The decision distance of the LDA
classifier was plotted to give visual feedback regarding the votes and related
confidence of the classifier (Figure 2.1B). The track that received the longest
span of decision distances voting for in-STN was selected for the final DBS
electrode implantation (Figure 2.1B). Once again, in those hemispheres where
the implantation was performed based on SUA, the same signal processing
pipeline was executed offline to process LFPs, following the implantation of the
DBS electrode.

Additional offline analysis was performed postoperatively to investigate
the cross-frequency coupling (CFC) between beta and HFO bands. The
comodulograms representing CFC were computed using the phase-locking
principle (Penny et al., 2008) with amplitude frequency axis from 150 to 450 Hz
with 10 Hz steps and 50 Hz filter bandwidth, and phase frequency axis from 6

to 40 Hz with 1 Hz steps and 3 Hz filter bandwidth.

2.3.5 Statistics
Normality of all distributions was tested using Anderson-Darling test and
it was found that most of them are non-normal (p < 0.05). Statistical tests were
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performed in a paired fashion using non-parametric Wilcoxon signed rank test
to compare the clinical scores in the OFF- and ON- DBS states, the beta and
HFO bandpowers and the coupling strength between them. The sample size

and significance levels are provided throughout the text, when referred.

2.4 Results

A total of 60 microelectrode tracks from 20 STNs were included in this study.
Figure 2.2 illustrates offline comparison of representative LFP and SUA data
from two STNs, where both modalities suggested the same track in one (P15,
left hemisphere) and different tracks in another (Pt10, right hemisphere). The
SUA-predicted tracks were determined by the longest span of background and
spiking activity (Figure 2.2A, B) whereas the longest span of IN-STN vote of the
classifier were considered in LFP-based selection (Figure 2.2C-F). The decision
distance (y-axis of Figure 2.2G and 2H) represented the confidence of the
classifier which used the power in beta and HFO bands of LFP as input features.
Note that, although the randomized decision modality was SUA for the right
hemisphere of patient 10 (Figure 2.2, right panel) suggesting implantation in the
medial track, intraoperative CT favored the center track as the target, which was
used as the final implantation location. The offline analysis of LFPs agreed with

the radiographic decision as well.
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Figure 2.2: Representative SUA- and LFP- raw traces and depth-frequency maps (DFM) from two STNs
where the suggested track by SUA and LFP overlapped (PT5) and did not overlap (PT10).

The description of each panel in Figure 2.2 is: (A, B) SUA raw traces
presented from 5 mm above down to 5 mm below the dorsal border of the STN,
with 0.5 mm steps. The dorsal border is marked by an increased spiking and
background activity. Red stars denote suggested track by the corresponding
modality and black star next to the track name denotes the implanted track. (C,
D) The decorrelated LFP traces are provided in a similar fashion to SUA traces.
Although it can be observed that the oscillatory activity increases after crossing

the dorsal border, the nature of the change can be visualized better in the
41



spectral domain where (E, F) DFMs of the corresponding LFPs are presented.
The entry to STN is characterized with increased activity in both beta (8-32Hz)
and HFO (200-400Hz) ranges. (G, H) Decision plots of the classifier voting
whether each track is in- or out-STN at each traversed depth. The track with the
longest in-STN vote is selected as the implanted track, as indicated with the
black arrows. The SUA activity was stronger in the lateral track (A) and the
corresponding LFPs agreed (G) in the left panel. On the right panel, SUA (B),
which was the decision modality, suggested the medial track. However, after
intraoperative imaging validation the lead was placed in the center track, which
agreed with the LFP-based decision (H).

Distribution of decisions for all hemispheres given by each modality as well
as their randomization is provided in Figure 2.3A. In 16/20 hemispheres, the
SUA and LFP recordings were concordant in their prediction of implantation
track. In those four discordant hemispheres, the LFP was the decision modality
in only one of them and the final implantation validated by intraoperative CT and
clinical testing agreed with LFP-suggested track. In remaining three STNs
where SUA was the decision modality, the lead had to be repositioned based
on intraoperative CT validation and/or stimulation testing. For two STNs (Pt6,
left; Pt10 right), the track suggested by the SUA, did not agree with the track
residing within the target confirmed radiographically (according to intraoperative
CT scans merged with preoperative MRI). Therefore, the DBS electrode was
placed into the most likely track suggested by the radiography. Interestingly, for
these two STNs, the track suggested by the imaging agreed with LFPs. In one
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STN (Pt1, left), the lead was moved to posterior track due to stimulation side-
effects during intraoperative testing and imaging considerations, without the use
of microelectrode recordings. This STN was excluded from further analysis. The
repositioned hemispheres are marked with a star on Figure 2.3A. Overall, the
track favored by SUA was implanted in total of 16 chronic lead placements
whereas LFP-favored track was used in 19. In addition to intraoperative
radiographic validation, all 20 implantations were visualized postoperatively by
merging the preoperative MRI and postoperative CT images using LeadDBS
(Horn and Kuhn, 2015). It was observed that at least one contact of the DBS
lead was within the STN (Figure 2.3B).

The mean lateralized MDS-UPDRS part Ill improvement for 19 STNs was
51.8% at 3-month postoperative programming (mean + standard deviation OFF
score= 16.3+5.4, ON score=6.5+4.6, Figure 3C). When the track decisions were
compared across modalities in terms of outcome measures, the 16 STNs where
both modalities agreed had average clinical improvement of 55.5%. Of the
tracks with LFP-SUA mismatch, the mean improvement in three LFP-
concordant implantations was 74.9% (Figure 3D).

The description of each panel in Figure 2.3 is: (A) The BenGun
representation of suggested and implanted tracks for individual STNs. For each
hemisphere, the randomized implantation modality is written at the bottom.
There were three cases where the decision modality was SUA, but the lead had
to be repositioned (denoted by asterisk): left hemisphere of patient 1 moved to
posterior track due to intraoperative stimulation side effects, without use of
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Figure 2.3: The distribution of selected tracks by SUA and LFP, and the corresponding improvement.

electrophysiology (excluded from further analysis); left hemisphere of patient 6
and right hemisphere of patient 10 repositioned due to discrepancy with the
intraoperative imaging. In the latter two cases, the LFP suggested track agreed
with the final decision. (B) The illustration of implanted DBS leads generated by
merging preoperative MRI and intraoperative CT using Lead DBS toolbox (Horn
and Kuhn, 2015). In all hemispheres, at least one contact was observed to be
in STN. (C) The distribution of total contralateral motor UPDRS scores in the

DBS OFF and DBS ON states for 19 hemispheres. There was a significant
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clinical motor improvement (51.8%) after DBS treatment (p<0.01, n=19). (D)
The tracks suggested by SUA and LFP overlapped for 16 STNs, with average
improvement of 55.5%. When there was a disagreement and the implant
location agreed with LFP (n=3), the average improvement was 74.9%. Individual
data points are presented with circles to emphasize the unequal sample size
between groups.

The average DFMs and CFC comodulograms of selected vs other tracks
from 19 STNs are presented in Figure 2.4. The left hemisphere of patient 1 was
excluded since the electrode was repositioned due to side effects observed
during intraoperative stimulation testing without neural recordings. The STN
was characterized by exaggerated activity in the beta and HFO ranges in the
selected track while the average map of the non-selected tracks contained
weaker beta and HFO activity, as presented in Figure 2.4A. The power of these
two bands were significantly higher in the selected track, both in dorsal and
ventral regions (Figure 2.4B, p<0.01, n=19). Although three patients had
localized HFO activity above the STN border (see representative DFMs in
Figure 2E & F), there was no significant difference in HFO bandpower between
selected and other tracks at this depth range. The dorsal half of STN
demonstrated CFC between the phase of beta and the amplitude of slow HFO
(200-280Hz) oscillations whereas the ventral half was coupled with fast HFO
(280-400Hz) band as illustrated in Figure 2.4C. Amongst all selected tracks,
the beta-HFO coupling strength was significantly higher in both dorsal and
ventral territories, when compared to other tracks (Figure 2.4D, p<0.05, n=19).
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Figure 2.4: LFP patterns of selected and non-selected (other) tracks above and in the STN.

The description of each panel in Figure 2.4 is: (A) DFM averages of LFPs
recorded from selected and other tracks 5mm above and below the dorsal
border of 19 STNs. One hemisphere which was repositioned due to side effects
without recordings was excluded from the electrophysiological averages. The
white dashed lines represent the dorsal border and, the dorsal and ventral
regions of STN. Upon entry to the STN, there was a marked increase in the beta
and HFO activity. The dorsal half was dominated with slow HFOs (200-280 Hz)
whereas the ventral half had HFOs in the 280-400 Hz range. (B) The beta and
HFO bandpowers are contrasted between selected and other tracks in three
spatial regions: above (5 to 0 mm), dorsal (0 to -2 mm) and ventral (-2 to -5 mm)
STN. There was significant difference in both beta and HFO bandpower in
dorsal and ventral regions (p<0.01, n=19). (C) The CFC patterns contrasted
from the same depth regions revealed beta-slow HFO coupling in the dorsal
territory, whereas there was beta-fast HFO coupling in the ventral territory of the
selected track. (D) The mean beta-HFO coupling strength was significantly

higher in both dorsal and ventral territories (p<0.05, n=19).
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2.5 Discussion

In this blinded study, we compared the functional utility of LFPs for the
implantation of DBS electrode against the widely used method, SUA (Benabid
et al., 2009; Przybyszewski et al., 2016; Valsky et al., 2017). We observed an
overall agreement in track prediction between both modalities (16/20
hemispheres) with adequate clinical benefit (55.5%) from chronic DBS,
comparable to previous reports (Limousin et al., 1998; Krack et al., 2003; Walter
and Vitek, 2004). In the three discordant cases, our findings suggest that the
mean improvement in motor symptoms with LFP guided implantation may be
greater.

The large overlap between optimal tracks predicted by both SUA and LFP
is not a surprise as firing activity and field potentials have shown to be linked
(Kuhn etal., 2005; Buzsaki et al., 2012; Telkes et al., 2016; Meidahl et al., 2019),
and supports the use of LFP-guided lead placement. A possible explanation for
the mismatched hemispheres could be the stability issues in the electrode tip -
tissue interface (Amirnovin et al., 2006; Hill et al., 2011; Harris et al., 2016). In
one STN presented in Figure 2.2B, although the background activity in center
track SUA increases after the border (0 mm), a potential tip failure (i.e., bending
or damage to the fine tip of microelectrode that could reduce the high
impedance, which is essential to capture SUA) could have prevented the
isolation of individual neurons. Since the LFP traces (Figure 2.2D) and DFM
(Figure 2.2F) of the same STN show strong activity correlated with

intraoperative CT, a technical or hardware issue specific to the tip of the
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microelectrode is a distinct possibility. Even without any damage, the SUA tip
may not necessarily isolate single neurons at every site (Benazzouz et al., 2002;
Weinberger et al., 2006; Sharott et al., 2014) by being too far to the cells or by
damaging them (Buzsaki, 2004; Harris et al., 2016). In such instances, the
electrophysiologist faces the uncertainty of missing the target or missing the
neurons. By contrast, the stainless-steel ring on the shaft where LFPs are
recorded has more structural integrity, larger surface and smaller impedance
(Lenz et al., 1988; Gross et al., 2006), and captures the oscillatory activity from
a population of neurons (Priori et al., 2004; Gross et al., 2006; Buzsaki et al.,
2012), thereby limiting the chances of missing the electrophysiological activity
(Buzsaki et al., 2012; Priori et al., 2013; Thompson et al., 2014). Supporting the
favorability of LFP recordings, we found that among three cases where SUA
was the deciding modality but the implantation track had to be modified, two of
the final locations agreed with the LFP-based track selection (Figure 2.3A).
Intraoperative  electrophysiological recordings for the accurate
localization of STN have been a vital step for DBS electrode implantation
(Zonenshayn et al., 2000; Sterio et al., 2002; Amirnovin et al., 2006; Gross et
al., 2006; Abosch et al., 2013; Campbell et al., 2019). SUA has been the most
commonly used electrophysiological signal for targeting (Gross et al., 2006;
Abosch et al., 2013; Campbell et al., 2019), which strongly relies on subjective
interpretation of single unit firings (Benazzouz et al., 2002; Benabid et al., 2009;
Marceglia et al., 2010; Abosch et al., 2013). Recently, there have been reports
to ameliorate this disadvantage by identifying and clustering firing types (Kaku
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etal., 2019, 2020) or by detecting entry and exit of the STN automatically (Wong
et al., 2009; Zaidel et al., 2009; Pinzon-Morales et al., 2011; Valsky et al., 2017;
Thompson et al., 2018a). However, the volatile interface stability and increased
computational power requirement arising from higher sampling rates might still
favor LFPs (Rouse et al., 2011; Buzsaki et al., 2012; Priori et al., 2013;
Thompson et al.,, 2014). Growing literature supports the utility of LFPs in
intraoperative mapping (Chen et al., 2006; Przybyszewski et al., 2016; Telkes
et al., 2016; Kolb et al., 2017; Lu et al., 2019). Our results also support the use
of LFPs intraoperatively for DBS lead implantation. The processing pipeline and
real-time visualization tool (supplementary video) presented here can facilitate
this process.

The exploration of disease biomarkers for the development of novel
technologies such as closed loop DBS have been of great interest lately (Little
and Brown, 2012; Priori et al., 2013; Meidahl et al., 2017; Hell et al., 2019). In
this regard, LFPs can provide variety of non-binary patterns including power of
distinct oscillatory bands and their nonlinear interactions. There is an
abundance of studies reporting the response of LFP-derived biomarkers to
medication (Foffani et al., 2003; Priori et al., 2004; Marceglia et al., 2006; Kane
etal., 2009; Lopez-Azcarate et al., 2010; Ozkurt et al., 2011; Ozturk et al., 2019)
and DBS (Kuhn et al., 2008; Eusebio et al., 2011; McConnell et al., 2012)
therapies, as well the correlation between these biomarkers and cardinal
symptoms of PD (Kuhn et al., 2006; Weinberger et al., 2006; Ray et al., 2008;
Lopez-Azcarate et al., 2010; Oswal et al., 2013; Brittain and Brown, 2014;
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Ozturk et al., 2019). We and others have previously shown that these patterns
can provide utility in contact selection (Ince et al., 2010; Connolly et al., 2015)
or targeting the optimal location for DBS implantation (Chen et al., 2006;
Thompson et al., 2014; Telkes et al., 2016; Kolb et al., 2017; Lu et al., 2019).
Specifically, oscillations in the beta and HFO range and their cross-frequency
interactions have been used to pinpoint the “sweet spot” for DBS (Wang et al.,
2014; Connolly et al., 2015; Telkes et al., 2016; Horn et al., 2017; van Wijk et
al., 2017; Hell et al., 2019). When comparing the selected track with others, we
have observed that the bandpowers of beta and HFO oscillations were
significantly higher in both dorsal and ventral parts of the STN. Postoperative
analyses revealed that the coupling pattern between phase of beta and
amplitude of HFO differed in dorsal and ventral territories, similar to previous
reports distinguishing both regions with electrophysiology (Rodriguez-Oroz et
al., 2001; Theodosopoulos et al., 2003; Zaidel et al., 2009; Telkes et al., 2018).
This difference is expected as the dorsolateral STN has been associated with
motor functions and exhibited distinct oscillatory/bursting single unit firings
whereas ventromedial STN is associated with limbic functions and tonic firings
(Abosch et al., 2002; Gross et al., 2006; Zaidel et al., 2010; Thompson et al.,
2018a; Campbell et al., 2019; Kaku et al., 2020). Interestingly, we also noted
HFOs above STN in three patients (see Figure 2.2E). This activity could be
originating from other structures such as thalamus or zona incerta (ZI)
(Thompson et al., 2014; Yang et al., 2014; Lu et al., 2019; Meidahl et al., 2019).
Previous work has shown that dorsolateral STN and ZI stimulation provides the
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greatest improvement in PD motor symptoms (Gourisankar et al., 2018), which
correlates with our observation. However, lack of activity in the bulk of our
recordings begs for further investigation regarding the out-of-STN oscillatory
activity in more patients.

In this report, we assessed the functional utility of LFP-based lead
implantation against the gold standard SUA method using intraoperative online
signal processing and compared these modalities in terms of clinical outcomes.
Our results suggest that the LFP oscillations can be a more stable, less
processing-intensive method that can be integrated in the intraoperative
workflow together with SUA-based mapping, without affecting the surgical
procedure. In addition to the functional role of LFPs in intraoperative target
mapping, the fact that LFPs can also be recorded from the chronic DBS lead
after the surgery is another potential advantage that might guide therapeutic
programming to a higher efficacy and efficiency. Here, we provided results of a
pilot study with ten patients. Future clinical trials with more subjects will be

needed to establish if LFPs can become the standard of care for intraoperative

mapping.
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3 Subband Power Modulations and Cross Frequency
Coupling of STN-LFPs in Medication OFF and ON

States

This chapter has been published and its content is used with permission

from the publisher (Ozturk et al., 2019).
3.1 Overview

Cross-frequency coupling has been reported in the subthalamic nucleus
of patients with Parkinson’s disease, but its significance and functional role are
still not well understood. This study investigates pharmacological modulations
of subthalamic oscillations and their non-linear cross-frequency interactions
across three consecutive cycles over unique 24-hour-long recordings.

We recorded local field potentials three weeks post-operatively from
externalized leads in nine patients and correlated the neural patterns with
improvements in motor signs over three medication intake cycles. We used two
modalities to assess symptoms in the unmedicated OFF and the levodopa-
induced motor ON state: a subsection of the Unified Parkinson’s Disease Rating
Scale and a keyboard tapping score measuring bradykinesia.

In the OFF state, the amplitude of high-frequency oscillations in 200-
300Hz range was coupled with the phase of low-beta (13-22Hz) in all patients.
After transition to the ON state, three distinct coupling patterns were observed
among subjects. Amongst these, patients showing ON coupling between high-

beta (22-30Hz) and high-frequency oscillations in the 300-400Hz range had
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significantly greater improvement in bradykinesia, according to the keyboard
scores.

Observing diminished coupling in the ON state, previous studies have
hypothesized that the sole existence of coupling in the subthalamic nucleus has
an “impeding” effect on normal processes, and thus it was considered it to be
pathological. In contrast, our observation of ON state coupling at distinct
frequencies associated with the improvements in motor features suggest that
the underlying mechanism of coupling might have impeding or enhancing

effects depending on the coupled frequencies.

3.2 Introduction

The identification of neuro-biomarkers in Parkinson’s disease (PD) that
can describe motor manifestations is important for both clinical neuroscience
and the neuromodulation field. Such biomarkers can help objectively assess the
patient’s clinical state and facilitate the development of individualized therapies.
In particular, local field potential (LFP) recordings from the subthalamic nucleus
(STN) have revealed the existence of distinct frequency bands that have been
correlated to the motor impairment in PD (Brown et al., 2001; Levy et al., 2002;
Foffani et al., 2003; Priori et al., 2004; Kane et al., 2009; Lopez-Azcarate et al.,
2010). Furthermore, modulation of these oscillations in response to
dopaminergic medication (Brown et al., 2001; Priori et al., 2004; Kuhn et al.,
2006; Weinberger et al., 2006; Ray et al., 2008) along with motor improvement

suggests that they have potential to serve as neurophysiological biomarkers.
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Consequently, we and others have previously discussed the importance of LFP
oscillations and their functional role in understanding and treating movement
disorders (Brown and Williams, 2005; Ince et al., 2010; Little et al., 2013; Priori
et al., 2013; Thompson et al., 2014).

Among all the frequency ranges, the beta (13-30 Hz) band has attracted
the most attention, and the presence of exaggerated beta band activity is widely
accepted as the leading indicator of akinetic Parkinsonian features (Ray et al.,
2008; Oswal et al., 2013; Brittain and Brown, 2014). STN oscillations in higher
frequency bands have also been ascribed relevance to PD clinical
manifestations (Foffani et al., 2003; Kane et al., 2009). Initially, high-frequency
oscillations (HFOs) above 300Hz were reported in the resting medicated (ON)
state (Foffani et al., 2003) and were proposed as a marker for the pro-kinetic
state (Foffani et al., 2003; Oswal et al., 2013). However, more recent work has
reported HFOs at a lower frequency range (200-300Hz) in the unmedicated
(OFF) state of Parkinsonian patients as well (Lopez-Azcarate et al., 2010;
Ozkurt et al., 2011; van Wijk et al., 2016), and that the lower-range HFO shifts
to frequencies higher than 300Hz following dopaminergic treatment, confirming
the earlier findings of Foffani et al.(Foffani et al., 2003). Together these
observations suggest that the presence of HFO is not a marker of the motor
state, but rather the change in the center frequency may be more important.

Accordingly, the non-linear interactions between low and high frequency
bands have gained increasing interest. Recent studies have demonstrated that
the amplitude of HFOs and the phase of beta oscillations from the STN of PD
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patients are coupled (Lopez-Azcarate et al., 2010; Ozkurt et al., 2011; Yang et
al., 2014; van Wik et al., 2016; Shreve et al., 2017). In unmedicated patients,
the cross-frequency coupling (CFC) has consistently been shown to occur
between 20Hz in the beta and 250Hz in the HFO range; whereas in medicated
patients, the coupling strength diminishes dramatically, and its peak shifts either
in the beta (Lopez-Azcarate et al., 2010) or HFO (Ozkurt et al., 2011; van Wijk
et al., 2016) ranges. Although a correlation between coupling in the OFF state
and severity of akinetic symptoms was reported by Lopez-Azcarate et
al.(Lopez-Azcarate et al., 2010), the exact nature and significance of coupling—
especially in the ON state—has yet to be fully addressed.

Here, we sought to explore the pharmacological modulation of LFP
subbands as well as the coupling between them, in nine patients with PD
through a prolonged monitoring period of 24 hours. We show that different
patterns of CFC exist in the STN in OFF and ON states, and importantly, that
distinct cross-frequency relationships in the ON state can distinguish between

patients with better levodopa-induced motor improvement.

3.3 Patients and Methods

3.3.1 Patients and Medication

Nine patients with idiopathic PD who underwent unilateral DBS electrode
implantations in the STN at Fairview Hospital of the University of Minnesota
participated in the study. The patients were unilaterally implanted to treat the

more severely affected side first. Data analysis was performed at the University
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of Houston. The study was approved by the Institutional Review Board of the
University of Minnesota and the University of Houston, and all patients provided
informed consent for participation.

The demographics and prescribed medication levels of the patients are
provided in Table 1. In an effort to minimize variability, immediate-release
levodopa was administered to each patient for the ON state testing, with the
levodopa-equivalent dose calculated from their routine out-patient medication

schedule (Ince et al., 2010).

Table 3.1: Subject demographic information.

Mean Mean Mean Total

L L-dopa

. Keyboard Bradykinesia UPDRS

Pt Gender Age Side Scores Subscore Subscores I(J;sc)a Dyskinesia
(OFF/ON) _ (OFFION) _(OFFION) g
124.7

1 Mo 70 Left bl 9/37 18/57 200 None
> M 43 Left ?2628/ 13/03  26.3/03 500 None
3 M 61 Right 23933{ 117/1  17.3/37 250 Mild
4 M 68 Left 5192'135/ 73/15  12/33 400 Mild
5 F 62 Right 5192'737/ 127/23  26/37 200 None
6 M 58 Right 11113652/ 113/6  17.3/97 150 None

. 107.8/
7 F 69 Rignt O0° 12/07  185/15 150 None
8 M 39 Left 3‘13'228/ 133/2  247/47 200 Mild
9 M 54 Right 2% 95/25  153/5 300 None

UPDRS: Unified Parkinson’s Disease Rating Scale
OFF: Motor state without medication
ON: Motor state with dopaminergic treatment

In Table 3.1, the keyboard scores are reported as average taps per 30
seconds. The UPDRS subscore has a maximum value of 32. The bradykinesia

subscore has a maximum value of 16. All behavioral scores provided are the

56



average of assessments from three trials. Levodopa dose is the equivalent pre-
surgery dose of all dopaminergic medications taken by each patient and was
calculated using the formula given in Ince et al. 11. Note that Pt6 and Pt9
(marked bold) were given additional 50mg levodopa after 20 and 40 minutes
respectively in their first trials due to no clinical response to the initial dose (the

values in the table are the total amount given in the second and the third trials).

3.3.2 Surgery and Post-operative Recordings

The study timeline is provided in Figure 3.1. A quadripolar DBS lead
(Model #3389, Medtronic, MN) was placed in the target region of the STN per
standard clinical procedure as described previously (Abosch et al., 2002).

Three weeks after the implantation, the electrode leads were
externalized as described earlier (Ince et al., 2010). Prior to the surgical
placement of the implantable pulse generator (IPG), the LFPs were recorded
from the externalized lead in the epilepsy monitoring unit (EMU) with a wearable
amplifier (XLTEK-EMU40, Natus, CA) in monopolar configuration for ~24 hours
continuously. The signals were digitized at 1024Hz sampling frequency and 16-
bit ADC resolution with an anti-aliasing filter at 400Hz. The data were annotated
appropriately either in real time or offline by reviewing synchronized video and
bipolar electromyogram (EMG) recordings obtained from upper and lower limbs.

Recordings began in the morning (at least 12 hours after the last dose of
any PD medication) with a 30-minute baseline recording in the motor OFF state,
followed by administration of the calculated dose of levodopa (annotated as
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‘Med IN”). Subjects were instructed to report when they felt that their
medications had kicked in, in terms of motor function (marked as “Verbal ON”).
When symptoms returned and the effects from the prior dose had completely
worn off, the cycle was repeated two more times. As depicted in Figure 3.1, this
cycle is referred to as a “trial”. Hence, the entire 24-hour recording for a patient
included three trials. The first two trials were on the first day and the third one

was in the next morning before IPG implantation.

ﬁ DBS Lead Implantation
o
W < < <7
=0
™ Electrode Externalization
Med IN Verbal ON
- Trial 1 l l
> — OFF1 a\S ONT1
<
o Med IN Verbal ON
Trial 2 l l
— OFF2 A\ ON2
Med IN Verbal ON
Trial 3 l l
N —— OFF3 a\ ON3
2
D
IPG Implantation

Figure 3.1: Study design diagram outlining the timing of the medication intake and recording periods.

3.3.3 Clinical and Behavioral Assessment
All patients were assessed within 30 minutes before the medication
intake and within 30 minutes after their verbal confirmation of transition to the

ON state. A subsection from the motor section of Unified PD Rating Scale
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(UPDRS) was used for the unilateral evaluation of the patients: hand and foot
tremor (UPDRS item 20); upper and lower extremity rigidity (UPDRS item 22);
and finger tapping, hand open/close, hand pronation/supination and leg agility
(UPDRS items 23-26). The clinical assessment was performed for all trials and
states separately.

Together with the UPDRS testing, a computer-based keyboard task was
performed as an objective behavioral measurement, alternative to the
bradykinesia score (Tavares et al., 2005). The task was to press left and right
arrow keys on a computer keyboard sequentially as fast as possible for 30
seconds, using the index and middle fingers. The task was performed twice
with a 1- to 2-minute break in between and the total number of key presses for
each run was saved on the computer for further analysis. For the correlation
statistics between keyboard task and neural measures, the improvement in
keyboard tapping was represented as the log-scale ratio of ON and OFF state
performance to reduce the skewness of the distribution.

In the following analyses, only keyboard and bradykinesia subscore
results are reported in detail, due to their comparability. More details on the

correlations involving the UPDRS subscores can be found in Table 3.3.

3.3.4 Signal Processing

Signals were processed in MATLAB version R2014a (Mathworks, MA).
The LFP data for each trial was exported, starting 30 minutes before the
medication intake and extending up to 120 minutes after the verbal confirmation
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of the ON state. Zero phase finite-impulse response filters were employed for
pre-processing. The raw data was high-pass filtered at 1.5Hz to remove DC
offset and the baseline wander, and notch filtered at 60Hz and its harmonics to
eliminate the power line noise. After preprocessing, monopolar LFP channels
were converted to bipolar derivation by subtracting adjacent channels.

In order to visualize spectro-temporal dynamics of the pharmacologically
modulated LFPs over long duration, artifact-rejected time-frequency (TF) maps
were generated using short time Fourier transform (Thompson et al., 2018b).
The TF maps were visualized for each bipolar pair of each trial to investigate
patient specific transitions from OFF to ON state. The power spectral density
(PSD) of each state was estimated from manually selected 10-minute-long
segments with minimal movement and artifact by scrutinizing the video and
EMG recordings. The peak frequencies and the relative band powers of theta-
alpha (4-12Hz), beta (13-30), gamma (70-90Hz), slow HFO (sHFO, 200- 300Hz)
and fast HFO (fHFO, 300-400Hz) ranges were obtained from these estimates.
Additionally, the beta band was further divided into low and high beta based on
the peaks observed (13-22Hz and 22-30Hz) (Lopez-Azcarate et al., 2010;
Oswal et al., 2016; van Wijk et al., 2016) to prevent having multiple peaks per
band (Figure 3.2). Prior to obtaining band powers in each trial, PSDs were
normalized with the average power between 120-160Hz computed from the
OFF state, due to consistent peak-freeness of this region. Similar normalization
techniques were previously employed (Foffani et al., 2003; Hirschmann et al.,
2016) to eliminate the variations due to subject dependent parameters (e.g.,
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electrode impedance) and thus, have comparable power levels among subjects
for averaging and statistical analyses. As different frequency bands (e.g., beta,
gamma, HFO) peaked in different contact pairs, the average of normalized
spectra from three bipolar derivations was used for band power calculations in
order to ensure that no peak is excluded from the analysis (van Wijk et al.,
2016). The log-scale powers for individual bands and sHFO/fHFO power ratio
(Ozkurt et al., 2011; Hirschmann et al., 2016) were then extracted from average
spectra for the correlation analyses with behavioral data.

Figure 3.2 illustrates how the cut-off between low and high beta was
determined. Three subjects with one peak in the beta range (‘1-peak’ group)

had an average peak frequency in *

the low beta band (18.5Hz). Those = —
subjects with two peaks in the beta Ié 25
range had one peak in the low (mean j;; N
2 —
peak frequency: 16.7Hz) and another § 2 _
in the high beta band (mean peak § 15 o .
frequency: 25Hz). The high peak was 1-peak  2-peak 2_pea|%igh

significantly different from the other Figure 3.2: Peak frequency distribution for beta band.

two distributions (p=0.02, Mann-Whitney U test). Therefore, the beta band was
further divided into low-beta (13-22Hz) and high-beta (22-30Hz).

CFC was estimated using a method based on the phase-locking principle
(Cohen, 2008; Penny et al., 2008). The 10-minute long segments selected for
PSD estimation were used for calculation of CFC as well. The comodulograms
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representing the CFC have amplitude frequency axis from 190 to 410 with 10Hz
steps and 50Hz filter bandwidth and phase frequency axis from 4 to 36 with 1Hz
steps and 3Hz filter bandwidth. These parameters were selected after observing
the average spectra. Since the peak coupling did not always appear in the same
contact pair of the DBS electrode in the OFF and ON states (Figure 3.3), the
comodulograms were averaged over all contact pairs to obtain a single map per
trial per state (van Wik et al., 2016). For inter-patient comparability, the
comodulograms from each trial were normalized by the mean value of the OFF-
state map of the same trial. In each comodulogram, the coupling values in 13-
22 Hz and 200-300 Hz, 4-12 Hz and 300-400 Hz and 22-30 Hz and 300-400 Hz
were averaged to obtain mean low-beta — sHFO, theta-alpha — fHFO and high-
beta — fHFO coupling strength respectively. In order to group trials with similar
coupling patterns, a k-means clustering (Duda et al., 2000) with squared

Euclidean distance measure was used.

Cc23

Cc12

co1

10 20 30 40 10 20 30 40

Figure 3.3: Coupling strength per contact pairs show distinct variations between pharmacological states.
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Figure 3.3 displays representative OFF and ON coupling maps for Pt2
(left) and Pt10 (right). Due to spatial variability in appearance of neural markers,
we averaged spectra and coupling maps over contact pairs for each trial and

state, instead of picking one contact pair. Color scale is consistent across maps.

3.3.5 Statistical Analysis

SAS Version 9.4 (SAS Institute, NC) and MATLAB version R2014a (Mathworks,
MA) were used for statistical analyses. A mixed linear model (PROC MIXED
procedure in SAS) was used to examine linear associations between neural and
behavioral measures on a trial by trial basis, and for analysis of mean
differences across trials in the OFF and ON state. A mixed linear model was
selected because of its ability to account for non-independence across
observations made on the same individual and to accommodate imbalance in
repeated measures data (Wolfinger and Chang, 1995; Algina and
Swaminathan, 2011). This approach is different from the traditional mixed
models in the way that it does not involve the use of expected mean squares
but attempts to model the residual covariance matrix. For repeated measures
analyses, the mixed model approach used in PROC MIXED is more flexible and
more widely applicable than either the univariate or multivariate approach since
it provides a larger class of covariance structures and a better mechanism for
handling missing trials (Wolfinger and Chang, 1995; Algina and Swaminathan,
2011). Therefore, by using PROC MIXED, one can use all available data in the

analysis instead of ignoring subjects with missing data, hence having more
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statistical power. Although the effects of state, trial, and trial by state interaction
were examined through the univariate and multivariate approaches to the
repeated measures as well, those effects were not reported due to redundancy,
even though they are consistent with the mixed model findings in terms of
significance.

The variables entered the model were the neural and behavioral
measures referred in the manuscript, namely, bandpowers (e.g., low-beta, high-
beta, gamma, sHFO, fHFO) and the behavioral performance measurements
(e.g., UPDRS scores, keyboard taps). The only effects in the models are state,
trial, and trial by state for the analyses of the repeated measures. There was no
adjustment for multiple comparisons since the effects of state, trial, and the
interaction are typically each tested at .05 as these represent the design factors
in the repeated measures experiment. Additionally, there was no adjustment for
the number of dependent variables since each neural measure is viewed as its
own experiment for type-| error control.

In the mixed models used to estimate the correlation, only the measure
that is being correlated with the outcome is in the model. The mixed model is
used as an approach to estimate the “total” correlation which consists of within
person and between person parts. The between person component is the
correlation between the means; the within person component removes the
association between the means and focuses on the deviations around the
person level means. To estimate correlations, the mixed linear model was used
to fit a simple regression model for standardized variables. In this model, the
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Table 3.2: Output of mixed model statistics analysis regarding the state and trial effects on neural and
behavioral measures.

State Trial State by Trial Interaction
Outcome Num | Den Num | Den Num | Den
F p F fo) F fo)
Df | Df Df | Df Df | Df

bradykinesia 1 8 |73.99 | <.0001| 2 15 |0.50(0.6177| 2 14 10.32]0.7284

I LADED 1 8 | 56.45|<0001| 2 | 15 [1.28/0.3061| 2 | 14 |0.68|0.5247

rigidity
keyboard 1 8 |13.90| 0.0058 | 2 14 |1.47|0.2625| 2 13 [0.19]0.8284
tremor 1 8 |10.09| 0.0131 | 2 15 |0.10[0.9043 | 2 14 10.05]0.9483
UPDRS 1 8 |52.75|<.0001 | 2 15 |0.38|0.6907 | 2 14 10.97 |10.4014
fHFO power 1 8 849 | 0.0195| 2 15 |1.75/0.2068 | 2 14 | 1.46 10.2656

gamma power 1 8 6.75 | 0.0317 | 2 15 |2.09/0.1583 | 2 14 12.31]0.1357

high-beta power 1 8 1.28 | 0.2907 | 2 15 |0.57|0.5788 | 2 14 | 0.63|0.5446

high-beta — fHFO

CFC 1 8 542 | 0.0483 | 2 15 |0.10(0.9052| 2 14 10.01]0.9892

low-beta power 1 8 8.55 | 0.0192 | 2 15 |1.52|0.2499 | 2 14 10.25]0.7789

low-beta — sHFO

CFC 1 8 129.01 | 0.0007 | 2 15 10.92|0.4212| 2 14 1 0.05]0.9482

sHFO power 1 8 1.33 | 0.2828 | 2 15 |1.85(0.1921| 2 14 12.10]0.1591

theta-alpha power | 1 8 |11.38|0.0097 | 2 15 |2.83|0.0905| 2 14 1 0.61]0.5563

slope for the predictor is the correlation because we have one regression
coefficient. The t-statistic associated with the regression coefficient is the ratio
of the estimate to its standard error and the p-value associated with the t-statistic

is the reported p-value. The correlations reported take into account both within
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and between patient interactions and give appropriate standard errors due to
the repeated measures aspect of the data — i.e., the fact that each person
contributes multiple observations to the association between the predictor and
the outcome. The peak frequencies and the mean bandpower changes were
contrasted between states using non-parametric Wilcoxon signed-rank test for

paired samples.

3.4 Results

Nine unilateral recordings with three medication trials per patient were
included in this study, constituting 27 OFF and 27 ON states in total. The neural
data from one trial of one patient was corrupted and thus it was completely
excluded from further analysis. Another trial had missing neural data in the ON
state only. There were significant (p<0.05) differences detected between OFF
and ON states for all behavioral and all neural measures except high-beta and
sHFO. However, trial and state-by-trial effects were not significant (p>0.05), as
the response of a patient was consistent across trials (Table 3.2). Thus, findings
will not be contrasted across trials. Data from all trials are included in all analysis
as repeated measurements, unless otherwise stated.

The mean time gap between the medication intake and verbal ON
confirmation was 58+12 minutes. As representative examples, the spectral
dynamics of LFPs over the transition from OFF to ON state with related clinical
and behavioral data for two patients are provided in Figure 3.4. While both

patients improved in terms of their motor signs, these patients demonstrated
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opposite behavior in the beta band

characteristics were similar.
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Figure 3.4: Summary of neural and behavioral data from representative trials from Pt2 and Pt7.

The description of each panel in Figure 3.4 is: (A, F) Representative raw

LFP data as well as beta and fHFO filtered signals in the OFF and ON states.

Although there is an increase in fHFO activity in both patients after transition to

the ON state, LFP recordings from Pt2 demonstrate a clear suppression in beta

band whereas Pt7 has an overall beta band enhancement. (B, G) Time evolving

LFP spectra from the same patients (C, H) Normalized OFF-ON spectra

estimated using 10-minute long segments.
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observations, a narrow band gamma enhancement between 70-90Hz is seen
concomitant to fHFO in PT2. (D, I) Cross-frequency coupling maps from 10-
minute segments in the OFF and ON states. Although the strength varies, the
pattern of coupling is similar between the two patients. Transition to the ON
state causes a change in the coupled frequencies in both beta and HFO ranges.
(E, J) UPDRS bradykinesia subscore and keyboard score changes upon
transition to ON state. Both patients had marked improvement in their keyboard
and contralateral bradykinesia scores, indicating an improvement in motor
symptoms. Pt7 was noted as an outlier due to the unusual beta enhancement

in the ON state LFP recordings, despite obvious motor improvement.

3.4.1 Behavioral Response

Bradykinesia and keyboard scores were significantly different between
the states (mean OFF=11.2, mean ON=2.5, p<0.001; mean OFF=91.6, mean
ON=152.3, p=0.002 respectively). However, as shown in Table 1 and Figure
3.5, the response in bradykinesia and keyboard scores did not match in every
case. Although the UPDRS bradykinesia subscore revealed an improvement for
Pt6 and Pt9, they showed minimal to no improvement according to their
keyboard task performance. Therefore, these patients might not have
experienced a true ON state according to the computer-based measurements.
Later, we show that these patients can be isolated/predicted based on their CFC

patterns.

68



The description of each panel in Figure 3.5 is: (A) Keyboard task score:
average of the number of alternating keystrokes in two 30-second executions.
Mean OFF=91.6, mean ON=152.3, p=0.002, 85+83% increase, Wilcoxon
signed rank test. (B) Bradykinesia UPDRS: subitems 23-26. Mean OFF=11.2,
mean ON=2.5, p<0.001, 78+22% decrease, Wilcoxon signed rank test (C) The
keyboard and bradykinesia score difference between states (ON score - OFF
score) for individual patients and trials. The red line marks the no change level.
Bradykinesia scores improved in all patients after transitioning to the ON state,
whereas keyboard scores worsened in some trials for Pt6 and Pt9. Note that
one trial (Pt4) was excluded due to corruption in the recordings and another trial
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3.4.2 Modulations of LFP Subbands

The grand averages of time-varying spectral changes for a 60-minute
period centered around the medication intake and verbal ON response are
presented in Figure 3.6A. The grand average spectra in each state is also
provided in Figure 3.6B. Spectral analysis of LFPs in the OFF and ON states
revealed distinct peaks in theta-alpha, beta, gamma and HFO bands. The OFF
state was characterized by an exaggerated activity in the low-beta and sHFO
bands. After the transition to the ON state, low-beta band activity was
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The description of each panel in Figure 3.6 is: (A) Grand average of 1-
hour-long normalized time-frequency maps aligned with levodopa
administration and verbal confirmation of ON state onsets. (B) Grand average
of normalized spectra, representing spectral content of the OFF and ON state
LFPs. (C) Change in the bandpowers averaged over trials with OFF to ON state
change. The red line represents no change level. Except high-beta and sHFO,
all bands have significantly changed after the transition to the ON state (mean
change for theta-alpha: 2.6 dB, low-beta: -6.5 dB , gamma: 1.5 dB, fHFO: 1.8
dB, ™’ denotes significant change, p<0.01, Wilcoxon signed rank test). As shown
in HFO range spectra in Figure 3.6B, despite having a distinct peak in the OFF
state, the band power of the sHFO region was not significantly different between
the states, likely due to masking from the wideband fHFO in the ON state. Thus,
normalized power of HFO may not be a suitable metric for investigating its role.
Alternatively, the ratio between sHFO and fHFO (i.e., sHFO/fHFO bandpower
ratio for OFF and ON states) can be utilized to obtain a relative measure for
each motor state as proposed previously (Ozkurt et al., 2011; Hirschmann et
al., 2016). (D) HFO peak frequencies from spectra — peaks at 241+12.6 Hz in
the motor OFF state and at 306149.4 Hz in the ON motor state (p<0.02,
Wilcoxon signed rank test). The two outliers are Pt6 and 9, whose motor

symptoms did not improve according to the keyboard task score (Figure 3.7).
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Figure 3.7: Representative trials for patients without improvement based on keyboard assessment, from
Pt6 (left column) and Pt9(right column)

The description of each panel in Figure 3.7 is: (A, D) Time evolving LFP
spectra including 30 minutes before the medication intake and at least 30
minutes after the verbal confirmation of ON state. (B, E) Cross-frequency
coupling maps in the OFF and ON states. The ON state pattern is in the same
cluster as the OFF state, indicating a lack of change in the locked frequencies.
(C, F) UPDRS bradykinesia subscore and keyboard score changes upon
transition to ON state. Both patients appear to have marked improvement in

contralateral bradykinesia scores, but not according to keyboard task.

3.4.3 Cross-frequency Coupling

The grand average coupling maps in the OFF and ON states are
provided in Figure 3.8A. The comodulograms related to the OFF state
consistently peaked within the low-beta — sHFO range (18.8+2.2 Hz and
243.3+15.8 Hz, Figure 3.8B) in all subjects indicating that the phase of the low

beta band modulated the amplitude of sHFO. In the ON state, the coupling
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between low-beta — sHFO vanished and moved to the fHFO range. In particular,
the amplitude of fHFOs (354.3+9.8 Hz) were modulated by the phase of theta-

alpha (6.5+2.43 Hz) and high-beta (26.2+1.3 Hz) oscillations.
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Figure 3.8: Analysis of the beta-HFO coupling indicates distinct CFC patterns in the medicated state.

In order to investigate the variability of these coupling patterns among all
subjects across trials, the CFC between beta and HFO ranges in the OFF and
ON states are visualized as a scatter plot in Figure 3.8C. After employing a k-
means clustering method and selecting the k value by elbow method (Figure
3.8C, indent), interestingly, the data formed three clusters: C1, C2 and C3. The
average CFC patterns of clustered patients are provided in Figure 3.8D. Two of

these clusters (C1 and C2) included ON state trials only. The third cluster (C3)
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included all trials from the OFF state and six trials from ON state. It was noted
that each patient follows one of the ON coupling patterns consistently. More
importantly, the patients in cluster C1 with high-beta — fHFO coupling had
significantly greater improvement in their keyboard scores than the rest of the
patients whereas the patients whose ON state coupling was in cluster C3 (Pt6
and Pt9) showed little to no improvement in keyboard tapping (p<0.01, Figure
3.8E). Bradykinesia scores failed to show any significant difference between
these neural data driven clusters (Figure 3.8F).

The description of each panel in Figure 3.8 is: (A) The grand average of
CFC response in the OFF and ON states. Three regions depicted as R1, R2
and R3 are averaged to obtain low-beta — sHFO, theta-alpha — fHFO and high-
beta — fHFO coupling strength values respectively. (B) The average CFC
strength across beta and HFO frequency ranges. The plot on the right and left
are obtained by averaging the OFF and ON maps over x and y axes
respectively. The peaks in the average comodulograms shown here are similar
to the LFP spectra shown in Figure 3.6B, especially in the <40 Hz range,
indicating a possible relationship between bandpower and coupling strength.
(C) CFC strength obtained from R1 and R3 regions are presented in a scatter
plot according to the clinical state of the patient. Each point represents a trial
corresponding to the patient index. K-means clustering formed three clusters:
C1, C2, C3. OFF state was uniquely represented in C3 whereas ON state was
distributed across all three clusters. The optimal k value is chosen by inspecting
the summation of intra-cluster distance (Dk) for different k values. In particular,

74



we gradually increased k from 1 to 9 and observed the curvature of Dk with
respect to different k values. The optimal cluster number generally corresponds
to the index (elbow of the curve) when adding more clusters doesn't contribute
much to the reduction of Dk. This observation resulted in k=3. (D) Average
coupling maps of patients in each cluster. (E, F) Group comparison of behavioral
data from keyboard and bradykinesia scores respectively (* indicates
significance p<0.01, mixed model). Keyboard scores reveal that patients in C1
had the greatest improvement (mean 104.2 strokes) followed by C2 (mean 58.6
strokes), and the patients whose ON state coupling was in C3 showed minimal
to no improvement (mean 5.8 strokes). Bradykinesia scores failed to show
significant differences between groups. (G) Correlation between the ratio of ON
and OFF keyboard scores vs normalized low-beta — sHFO CFC strength
change (r=-0.71, p< 0.001). Each square represents a trial, but the correlation

value is obtained with mixed model statistics.

3.4.4 Correlations Between Clinical Parameters and Neural Data

In order to explore the predictive power of LFP features, the correlation
between motor improvement and the neural data was estimated (Table 3.3). It
was observed that the improvement in keyboard score always correlated with
neural patterns better than the bradykinesia subscore. Specifically, low-beta —
sHFO coupling change was associated with the highest correlation with the
improvements (Figure 3.8G, r=-0.71, p<0.001) where low-beta power had
correlation value of 0.5 (p=0.03).
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Table 3.3: Pairwise correlations between improvement in behavioral scores and changes in neural

markers.

. . Total

lfrtzybc::rd Bradykinesia BTg¥k;3ﬁs'a Tremor UPDRS
pping gicity Subscore

theta-alpha r=0.47, r=0.35, r=0.35, r=0.22, r=0.34,
power p=0.04 p=0.07 p=0.04 p=0.08 p=0.02
low-beta power r=-0.5, r=-0.2, r=-0.4, r=-0.06, r=-0.25,
P p=0.03 p=0.37 p=0.06 p=0.75 p=0.2

amma power r=0.59, r=0.29, r=0.37, r=0.33, r=0.17,

g P p=0.02 p=0.26 p=0.12 p=0.17  p=0.35
SHFO power r=-0.01, r=-0.06, r=-0.12, r=-0.11, r=-0.21,
: p=0.96 p=0.77 p=0.28 p=05  p=0.24

fHFO power r=0.29, r=0.17, r=0.31, r=0.33, r=0.1,

P p=0.35 p=0.58 p=0.23 p=0.14 p=0.65
sHFO/fHFO r=-0.54, r=-0.37, r=-0.37, r=-0.15, r=-0.31,
power ratio p=0.01 p=0.1 p=0.06 p=0.37 p=0.08
low-beta r=-0.71, r=-0.45, r=-0.41, r=-0.22, r=-0.33,
—sHFO coupling p<0.001 p=0.03 p=0.02 p=0.11 p=0.03
high-beta r=0.41, r=0.21, r=0.08, r=0.1, r=0.07,
—fHFO coupling p=0.08 p=0.4 p=0.75 p=0.61 p=0.75
120-160Hz r=0.08, r=0.22, r=0.26, r=0.48, r=0.38,
power-OFF state p=0.8 p=0.45 p=0.41 p=0.11 p=0.21
com“ggﬁ:‘fiam_ r=-0.05, r=0.17, r=0.12, r=-0.1,  r=0.04,
OFF stgte p=0.73 p=0.27 p=0.35 p=0.3 p=0.71

UPDRS: Unified Parkinson’s Disease Rating Scale

In Table 3.3, the predictive power of neural measures is tested against
various behavioral measures. The correlations with a p value of 0.01 and less
are highlighted with bold text. The improvement in keyboard score always

correlated better than bradykinesia subscore for all neural markers. Last two
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rows are the 120-160Hz power from OFF state spectrum used for normalization
of the OFF and ON state spectra and the mean of the OFF state comodulogram
used for the normalization of OFF and ON state maps. They are not correlated

with the improvement in any of the behavioral measures.

3.5 Discussion

In this study, we recorded STN-LFPs from externalized DBS electrodes
over three consecutive medication-intake cycles across nine subjects, and
assessed motor performance by UPDRS and a custom keyboard task
performed in the OFF and ON states. Our results show that CFC between beta
and HFO rhythms does not only exist in the OFF state but also in the
medication-induced motor ON state. Importantly, we observed distinct patterns
of coupling in the ON state —for the first time— and present preliminary evidence
regarding their clinical relevance. Although beta and HFO bandpower changes
discriminated the OFF and ON states most of the time, the CFC patterns
explained the degree of levodopa-induced motor improvement at an individual

level, with an added dimension of detail.

3.5.1 Dynamics of Beta and HFO Rhythms

The suppression of beta band activity in STN of PD patients has been
observed in previous studies, and has been shown to correlate with motor
improvement following administration of anti-Parkinson’s medications (Brown et

al., 2001; Priori et al., 2004; Kuhn et al., 2006; Weinberger et al., 2006; Ray et
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al., 2008) and with DBS (Wingeier et al., 2006; Kuhn et al., 2008; Eusebio et al.,
2011). Hence, exaggerated beta synchronization has been described as a
dependable biomarker for PD, that can be used for adaptive or closed-loop DBS
(Little et al., 2013; Priori et al., 2013), and for the selection of optimal DBS
contacts (Ince et al., 2010). We observed beta band suppression in the ON state
in all improved patients except one (Pt7 in Figure 3.4, right column) who
demonstrated increased power in the low and high beta bands but still showed
improvements in both bradykinesia scores and keyboard task. One can argue
that the elevation observed here is not specific to the beta band. In that case,
however, there would be an increase in the rest of the spectrum as well, absent
distinct peaks in the low (13Hz) and high (27Hz) beta ranges (Figure 3.4H).
Moreover, time-varying spectrum (Figure 3.4G) shows that the increase in the
beta band power is not momentary or artefactual but, on the contrary, sustained
throughout the ON state. The fact that this patient manifested the neural and
behavioral markers of the ON state observed in improved patients, except beta
suppression, perhaps indicates a multi-modal pathophysiology for PD, such that
generalization of a single feature might not provide a reliable estimation of
symptom severity.

HFOs have also been previously observed in the STN (Foffani et al.,
2003; Kane et al., 2009; Lopez-Azcarate et al., 2010; Ozkurt et al., 2011; van
Wijk et al., 2016) despite having different peak frequencies and spectral
morphologies. In this study, we observed sHFO in the OFF state between 200-
300Hz and a shift to fHFO (300-400Hz) upon motor state change, similar to
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recent reports (Lopez-Azcarate et al., 2010; Ozkurt et al., 2011; van Wijk et al.,
2016). We also investigated the ratio between sHFO and fHFO (i.e.,
sHFO/fHFO bandpower ratio for OFF and ON states) to obtain a relative
measure for each motor state (Ozkurt et al., 2011; Hirschmann et al., 2016) and
found this ratio to be significantly correlated with the degree of improvement

(Table 3.3).

3.5.2 Cross-frequency Interactions as in OFF-ON States

CFC has been implicated in the pathophysiology of PD in the STN
(Lopez-Azcarate et al., 2010; Ozkurt et al., 2011; Yang et al., 2014; van Wijk et
al., 2016; Shreve et al., 2017) and it is hypothesized that exaggerated coupling
in the STN in the OFF state prevents neurons from initiating firing patterns as
expected during movement (Lopez-Azcarate et al., 2010; van Wijk et al., 2016).
However, these investigations found reduced or no coupling between beta band
and HFOs in the ON state. While we observed coupling between the amplitude
of sHFO and the phase of the low-beta in the OFF state in all patients, we also
found distinct strong coupling in the ON state in all subjects except two, who
lacked clinical improvement as discussed before, possibly related to suboptimal
levodopa dosing. We found new coupling patterns in theta-alpha — fHFO and
high-beta — fHFO ranges when patients transitioned to the ON state.
Importantly, those patients with high-beta — fHFO coupling in the ON state had
significantly better improvement in their performance, according to the keyboard
task (Figure 3.8E).
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Nonlinear interactions in the form of phase-amplitude coupling have
previously been associated with various neural processes of motor (Miller et al.,
2012; Yanagisawa et al., 2012) and cognitive origin (Canolty et al., 2006;
Lakatos et al., 2008). Since larger neuron populations tend to oscillate at lower
and smaller populations at higher frequencies (Buzsaki, 2006), CFC can act as
the mechanism of coordination between them (Canolty and Knight, 2010; Aru
et al., 2015). Consequently in PD electrophysiology, widespread beta band is
coupled with more localized HFO (Lopez-Azcarate et al., 2010; van Wijk et al.,
2017; Telkes et al., 2018) in the STN. Our results suggest that the true correlate
of the motor state is not simply the existence of coupling, but the frequency pair
that is coupled. Similar to the distinction between low-beta/high-beta and
sHFO/fHFO bandpower changes, coupling at low-beta — sHFO could represent
the pathological akinetic form of coupling, whereas high-beta — fHFO coupling
might be prokinetic and physiological or could be unrelated to the motor
impairment. Further work is necessary to more definitively elucidate the clinical
and pathophysiologic implications of CFC in PD between OFF and ON states.
Additionally, a possible explanation for theta-alpha - fHFO coupling can be
dyskinesia, as discussed in the next section along with exaggerated theta-alpha

and gamma bands.

3.5.3 CFC and Levodopa-Induced Dyskinesias
Theta-alpha oscillations were reported previously in the STN with
medication (Priori et al., 2004; Lopez-Azcarate et al., 2010) and DBS (Priori et
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al., 2006). It was suggested that excessive synchronization in the STN at low
frequencies in the levodopa-induced ON state might indicate dyskinesia
(Alonso-Frech et al., 2006). Similarly, sharp-peaked gamma oscillations in the
cortex and the STN of medicated subjects were also associated with
dyskinesias (Swann et al., 2016). We observed an overall increase in power of
the theta-alpha band -which was coupled to fHFO- and sharp gamma
oscillations in 6/9 patients in the ON state but could not relate it to the severity
of symptoms measured. Although we observed mild-moderate dyskinesias in
three patients (Table 1), we could not detect an exclusive pattern either in their
theta-alpha band or in any other LFP measures investigated. It is fair to note
that our records of dyskinesias were based on the notes of attending
clinician/nurse and observation of continuous video recordings by an
experienced neurologist. We did not perform any specific measurements for this

purpose.

3.5.4 Reliability of CFC Estimation

Coupling in the motor cortex between beta phase and broadband gamma
(50-200Hz) amplitude was reported previously by de Hemptinne et al. (de
Hemptinne et al., 2013, 2015). Yet, recent studies have suggested that this
coupling could have originated from the harmonics of non-sinusoidal sharp-
edged beta band activity (Lozano-Soldevilla et al., 2016; Cole et al., 2017). The
HFO activity we observed, however, does not appear as a broadband signal.
Both sHFO and fHFO were band-limited and had clear peaks as well as the
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CFC estimates, similar to the beta band. These observations suggest that our
CFC patterns are products of band-limited frequency components with clear
peaks in the beta and HFO ranges. Conversely, we discuss why CFC patterns
we observed are not solely an outcome of bandpower changes next.
Theoretically, phase-amplitude coupling estimation is dependent on the
accurate detection of the phase of beta band and the amplitude of HFO. Thus,
having a sufficient signal-to-noise ratio (SNR) where beta phase and HFO
amplitude can reliably be estimated is important (Penny et al., 2008; Aru et al.,
2015). Going back to our results, visual observation suggests that the frequency
pair in beta and HFO ranges where coupling peaks were similar to the peaks
observed in the LFP spectra, especially in the beta range (see Figure 3.6B and
Figure 4.4B). Furthermore, we observed a correlation between low-beta power
and low-beta — sHFO coupling strength (mean over trials, Spearman r=0.45,
p=0.03) but we failed to find a significant correlation between high-beta power
and high-beta — fHFO CFC strength. Similarly, we did not find sHFO or fHFO
strength to be correlated with CFC strength. These observations overlap with
reports by van Wijk et al. (van Wijk et al., 2016) but contradicts with Ozkurt et
al. (Ozkurt et al., 2011), since latter study claims that one cannot infer coupled
frequencies from the power spectra. It is important to note that Ozkurt et al.
(Ozkurt et al., 2011) selected the contact with maximum HFO power for CFC
analysis. In conclusion, the bandpower might have an effect due to SNR

improvement but CFC is not solely dependent on it. The literature also attributed
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distinct meaning to coupling (Lopez-Azcarate et al., 2010; Ozkurt et al., 2011;
Yang et al., 2014; van Wijk et al., 2016; Shreve et al., 2017).

Although we agree that bandpower and coupling strength can be parallel
since it helps with SNR, we also provided a clear example of bandpower and
coupling strength mismatch in Pt7 (Fig2, right column). Despite the increased
beta power, the coupling pattern still changes in a similar way to the other
subjects with behavioral improvement. Moreover, if the CFC strength solely
depended on the beta bandpower, the correlation between beta power and
behavioral scores would be at least as high as the correlation of CFC strength
change. Yet, our findings suggest that the correlation between keyboard
improvement and low-beta bandpower change was significant (r=-0.5, p=0.03),
but low-beta — sHFO CFC change had a higher correlation (r=-0.71, p<0.001).

It is possible that previous studies failed to capture fHFO coupling in the
ON state because of the parameters selected for CFC analysis. A narrow-band
filter might have missed fHFO interactions which have a wider bandwidth and
resulted in false negatives (Berman et al., 2012; Aru et al., 2015). We selected
the filter cutoffs based on the bandwidths of beta and HFO observed from
spectra. Another potential explanation for our novel findings compared to other
groups is the time gap between the initial surgery and the post-operative LFP
recordings. Recordings obtained a short duration after the implantation are
more likely to be influenced by the micro-lesion effect (Granziera et al., 2008),
which can temporarily disrupt the bandpower dynamics (Rosa et al., 2010). Our
recordings were performed three weeks after the lead implantation whereas
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other studies included recordings from 1 to 6 days after the initial operation
(Kiihn et al., 2006; Lopez-Azcarate et al., 2010; Ozkurt et al., 2011), a time
period during which the microlesion effect can more likely be a confounding
factor.

In conclusion, among all neural measures we explored, the change in
coupling at low-beta — sHFO between OFF and ON states had the highest
correlations with objectively quantified motor improvement in the keyboard task
(Table 3.3, r=-0.71), which mitigates the potential bias of unblinded UPDRS
assessments that was performed. Together with the differences in the ON state
coupling according to the degree of motor improvement, our observations
suggest that CFC patterns provide a broader insight into pathophysiologic
mechanisms in PD, and have potential utility as a biomarker for the clinical state
of patients for various applications such as closed-loop DBS. Combined with
the beta band dynamics as a control signal, as has been previously proposed
(Little et al., 2013; Priori et al., 2013), CFC patterns may help monitor motor
fluctuations with higher accuracy. With the advancement of chronic recording
systems, future studies with larger patient populations will be needed to validate

the ON state coupling patterns presented here.
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4 Modulation of High Frequency Oscillations and
Evoked Activity in the STN with Therapeutic and

Non-therapeutic DBS

4.1 Overview

Despite the remarkable utility in treating movement disorders, lack of
understanding in the underlying mechanisms of deep brain stimulation (DBS)
limits its effectiveness. Here we investigate the modulations in local field
potentials (LFP) induced by electrical stimulation of the subthalamic nucleus
(STN) in ten Parkinson’s disease patients undergoing DBS surgery.

We present that in the STN, therapeutic high-frequency stimulation (130-
180 Hz) induces high-frequency oscillations (200-400 Hz, HFO), similar to the
effect of dopaminergic medication. Accompanied with HFOs, we also
observed evoked compound activity (ECA) after each stimulus. While this
activity was observed in both therapeutic and non-therapeutic (20-40Hz)
stimulation, it was significantly more resonant with the former (lasting 18 ms
versus 10 ms after the cessation of stimulation, p<0.05). The bandpower of
induced HFOs with therapeutic stimulation and the ECA amplitude correlated
as well (r=0.83, p<0.01).

We speculate that high frequency STN-DBS tunes the neural oscillations
to their healthy state, similar to pharmacological treatment. The induced HFOs
can, therefore, be utilized as a marker of successful recalibration of the

dysfunctional circuit generating PD symptoms.
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4.2 Introduction

Chronic high-frequency (>100 Hz) deep brain stimulation (DBS) is an
established medical treatment for movement disorders such as Parkinson’s
disease (PD) and being explored for the treatment of many other neurological
and psychiatric disorders (Mclntyre and Hahn, 2010; Miocinovic et al., 2013).
Yet, despite decades of clinical use, its underlying therapeutic mechanism is still
unclear (Mclntyre and Hahn, 2010; Miocinovic et al., 2013).

The electrophysiological studies seeking a basis for the mechanisms of DBS
have focused on the investigation of neuronal spiking and oscillatory activity
from the basal ganglia. Early hypotheses suggested that high frequency DBS
mimics lesioning by inhibiting the neuronal firings from the stimulated structure
(Benazzouz et al., 2000; Dostrovsky et al., 2000; Filali et al., 2004; Welter et al.,
2004; Meissner et al., 2005). Shortly after, new evidence was found in favor of
increased firing output with electrical stimulation through recordings from the
downstream nuclei (Anderson et al., 2003; Hashimoto et al., 2003; Montgomery,
2006; Vitek et al., 2012). This paradoxical observation was explained by models
demonstrating that the stimulation directly activated axons and suppressed cell
bodies through activation of the inhibitory synaptic terminals (Mcintyre et al.,
2004a). Experimental and modeling studies verified this phenomenon and found
that the axonal response time was synchronized to stimulus frequency, which
regularized the neuronal activity (Hashimoto et al., 2003) and ameliorated the
Parkinsonian symptoms (Zhuang et al., 2018). Additionally, the high-frequency

stimulation was shown to suppress the pathological excessive beta (13-30 Hz)
86



oscillations in the basal ganglia (Brown et al., 2004; Kiuhn et al., 2008; Xu et al.,
2008; Eusebio et al., 2011; McConnell et al., 2012). Ergo, it was proposed that
DBS therapy overrides the pathological burst-type firings with a stimulus
induced regular (tonic) pattern. This effect is not only in the stimulated structure
but also travels downstream to the basal ganglia-thalamo-cortical circuit
(Hashimoto et al., 2003; Xu et al., 2008) and creates an “informational lesion”
preventing the relay of pathological firings and oscillatory activity (Grill et al.,
2004). However, recent studies suggest that DBS, by regularizing basal ganglia
activity, enhances the information processing and restores responsiveness of
the thalamocortical cells to the incoming sensorimotor information (Rubin and
Terman, 2004; Guo et al., 2008; Johnson et al., 2008), suggesting that rather
than causing “lesioning”, DBS might exert its therapeutic effect through
promotion of neural activity similar to the “healthy” state (Saenger et al., 2017).

Local field potentials (LFP) of basal ganglia have long attracted interest due
to their utility as a feedback modality for closed-loop DBS. Particularly in the
subthalamic nucleus (STN), one of the frequently targeted structures in PD
patients (Gross et al., 2006; Benabid et al., 2009), excessive beta band
oscillations are considered as the hallmark (Oswal et al., 2013; Brittain and
Brown, 2014) and have shown to diminish with DBS (Brown et al., 2004; Xu et
al., 2008) and dopaminergic medication therapies (Brown et al., 2004). Other
biomarkers derived from LFPs include finely tuned gamma (70-90 Hz) and
broadband high-frequency oscillations (200-400 Hz, HFO) and cross-frequency
coupling (CFC) between beta and HFO bands (Ozkurt et al., 2011; Swann et
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al., 2016; Hoang and Turner, 2019; Ozturk et al., 2019). Although the
pharmaceutical modulations of the LFP oscillations (e.g., suppression of beta
and enhancement in the HFO bands) and coupling between them have been
well-documented (Foffani et al., 2003; Lopez-Azcarate et al., 2010; Ozkurt et
al., 2011; van Wijk et al., 2016; Ozturk et al., 2019), the large stimulus artifact
observed during DBS have hindered further investigation of these biomarkers
for closed-loop applications (Zhou et al., 2018). Consequently, the contribution
of LFPs to uncovering the mechanisms of DBS have been limited.

Here, we recorded LFPs intraoperatively from 12 hemispheres and studied
the modulations above and in STN during multiple low- and high-frequency
stimulation paradigms. LFPs were obtained from the stainless-steel ring contact
during microelectrode recordings. We observed HFOs similar to the ones in the
medically treated patients with high-frequency therapeutic DBS. In conjunction,
we noted evoked activity after each stimulus pulse. This activity was only
resonant with high-frequency stimulation. The HFO power and the amplitude of

the evoked activity correlated.

4.3 Patients and Methods

4.3.1 Patients

Eight patients (four females, six males) with PD undergoing bilateral
STN-DBS implantation at Baylor St. Luke’s Medical Center were included in the
study. Their ages ranged between 40 to 64 (mean * standard deviation =

5518.8) with disease duration ranging from 4 to 16 years (mean + standard
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deviation = 94£3.9). Recordings from four patients were obtained bilaterally with
out- and in-STN stimulation testing and four patients were recorded unilaterally
on the more affected hemisphere with additional multiple frequency testing. The
study protocol was approved by the Institutional Review Boards of Baylor

College of Medicine and University of Houston.

4.3.2 Surgery and Recordings

Patients were requested to stop medication at least 12 hours prior to the
surgery and all recordings were obtained in the awake state using local
anesthesia. The stereotactic coordinates and trajectories to the STN were
identified by fusing preoperative magnetic resonance imaging (MRI) and
computerized tomography (CT) scans on a neuro-navigational platform
(StealthStation, Medtronic, Ireland). In each hemisphere, awake recordings
were performed to validate the targeting, using a set of two parallel
microelectrodes separated by 2 mm (center-to-center) using the 5-cannula
BenGun with “+” configuration. Additional to the center track, one of the anterior,
posterior, lateral or medial tracks was selected by the neurosurgeon on a patient
specific basis by taking into account the subject’s anatomy. The microelectrodes
(NeuroProbe, AlphaOmega, Israel) were initially placed at 15mm above the
target (ventral border of the STN) and advanced towards the target in 0.5-1mm
steps using NeuroOmega drive (AlphaOmega, Israel). The dorsal and ventral
borders of STN were determined by an experienced neurologist via visual and
auditory inspection of the single unit firings from the high-impedance tungsten
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tip (0.4-0.8 MOhm), per standard clinical protocol. The dorsal STN border was
identified with a prominent increase in the background activity and spiking. The
LFPs from the stainless-steel ring (3mm above the tip, 3-4KOhm impedance)
on the shaft were recorded by using the cannula as reference at 10mm and
2mm below the dorsal border, where stimulation experiments were performed
(Figure 4.1). The recordings were obtained with the gHiamp bio-amplifier (gTec,
Austria) at 38.4 KHz sampling frequency, 24bit A/D resolution and £250 mV
input range. The stimulation was delivered monopolarly using the Grapevine
neural processor (Ripple, UT) at 30KHz resolution. The data was stored in a

computer hard drive for offline processing.

4.3.3 Signal Processing

The data acquisition, stimulation and processing were performed using
custom developed scripts in Matlab R2014a (Mathworks, MA). The raw LFP
traces were visualized to ensure the recordings were within the input range of
the amplifier (£250 mV). The traces were forward and backward filtered with a
2" order Butterworth high-pass filter with 2Hz cut-off frequency. The spectral
analyses were conducted using Thompson multi-taper estimate with 4 slepian
windows for each 1s of data (with 50% overlap). The spectra were normalized
using the mean activity between 500-600 Hz to account for amplitude
differences between patients. The beta and HFO bandpowers were calculated

by mean power between 13-30Hz and 200-400Hz respectively.
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Evoked activity waveforms were processed by subtraction of a fitted
exponential first, to remove the decaying response from the amplifier settling.
The waveform was then smoothed with a Savitzky-Golay filter. The processing
did not affect the morphology or the duration of the evoked activity.

Inter-pulse evoked activity was reconstructed from the segmented
traces, in order to investigate if HFO activity is an artifact caused by the evoked
waveform. The peaks of stimulus pulses were detected, and the 22s of data
during each stimulation was aligned with respect to the peak. A moving template
was extracted using the Principal Component Analysis method over each 1s of
data with 50% overlap. The largest eigenvector corresponded to the stimulus
artifact and accompanying inter-pulse evoked activity. Each waveform in the
aligned data was reconstructed in this way and the residual was calculated by

subtraction of the reconstructed data from the original raw trace.

4.3.4 Statistical Analysis

Statistical analyses were performed in Matlab as well, using paired non-
parametric tests (signed-rank tests and Spearman correlation) given the non-
normal distribution of most variables studied. The significance of the decay of

evoked activity was tested with one-tailed t-test.

4.4 Results

The LFPs recorded from eight awake PD patients (four bilateral and four

unilateral) depth by depth from two microelectrodes separated by 2mm, as
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depicted in Figure 4.1A. The recordings started 15mm above the intended target
(ventral border of STN) and at 10mm above, the “out-STN” stimulus was
performed. The “in-STN” experiments were performed 2mm below the dorsal
border of STN, characterized by the increased background activity and neuronal
spiking recorded from the fine microelectrode tip. One electrode was the
recording electrode whereas the other was used to deliver monopolar, biphasic,
cathodic stimulation with 2mA, 60us pulse width at various frequencies for 22
seconds. The recorded waveform was verified to be within the amplitude range

of the amplifier (Figure 4.1B).
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Figure 4.1: Experimental paradigm and sample stimulation segments with and without saturation.

4.4.1 Therapeutic DBS Modulates HFO and Evokes Resonant
Compound Activity in the STN
Figure 4.2A illustrates the changes in LFP spectrum before, during and
after high-frequency stimulation, out- and in-STN for a representative subject.

Top panels are the time-frequency maps (TFM) showing the temporal changes
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whereas the bottom panels represent the average spectral content of baseline
and stimulation periods of the corresponding TFMs. There was a consistent
enhancement around 300 Hz induced by high-frequency therapeutic stimulation
in-STN, whereas no modulation was present out-STN (Figure 4.2C). The
modulated HFO disappeared after the cessation of the stimulation. The lack of
modulation out-STN suggests that the enhanced activity is not a stimulation
artifact. Figure 4.2B illustrates the average spectral response to therapeutic in-
STN stimulation from all patients. The HFO and beta bandpowers were
compared between baseline and stimulation periods using non-parametric
Wilcoxon signed-rank test for paired samples, given the distributions were not
normal (Anderson-Darling test, p<0.05). There was a significant suppression in
the beta band accompanied by a significant enhancement in the HFO range
(p<0.001). The beta and HFO bandpowers or their change were not significantly
correlated (r=0.1, p>0.05).

DBS in the therapeutic frequencies also evoked resonant compound
activity in-STN between pulses (Figure 4.1B) as well as at the end of stimulation
(Figure 4.2D). Similarly, lack of observation of evoked activity out-STN suggests
that this response is specific to STN and not a stimulation artifact (Figure 4.2D).
The amplitude of the evoked activity, calculated by the difference between the
first positive and the first negative peaks, was significantly higher in-STN (Figure
4.2E). Interestingly, the enhanced HFO bandpower was significantly correlated

with evoked activity amplitude (Figure 4.2F, r=0.83, p<0.01). Although beta
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band was also suppressed with stimulation, no significant correlation was found

with evoked activity strength.
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Figure 4.2: HFO and resonant evoked compound activity are observed during various high-frequency
DBS only in the STN.

4.4.2 Low-frequency DBS Only Evokes Non-resonant Compound
Activity
The modulation observed in the HFO range with therapeutic high
frequency stimulation was not present with non-therapeutic 20 Hz stimulation.
Figure 4.3A illustrates representative time-frequency maps from before, during
and after high and low frequency stimulation respectively in a representative

patient. Unlike therapeutic stimulation, there was no significant change in
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neither beta nor HFO band during stimulation when compared to baseline
(Figure 4.3B).

Despite the lack of modulation in the LFP spectrum, interestingly, the
evoked compound activity was still present with low frequency stimulation
(Figure 4.3C). While there was a slight decrease in amplitude (Figure 4.3D), the
activity was no longer resonant, compared to 130 Hz stimulation, as illustrated
in Figure 4.3E. To quantify the resonance, the envelope of the ECA was
detected using Hilbert transform (Figure 4.3F) and first 20 ms of the envelope
was compared to the mean envelope between 20-25ms after stimulation (one
tailed t-test, p<0.05). Compared to 130 Hz, the evoked waveform dampened
significantly faster after 20 Hz stimulation (18 ms vs 10 ms, Figure 4.3F). Unlike
high-frequency stimulation, HFO bandpower change was not correlated with the

evoked activity amplitude with the low frequency stimulation (Figure 4.3G).
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Figure 4.3: Low-frequency DBS does not induce HFO but evokes non-resonant compound activity.
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4.4.3 HFO Power is Independent from the Evoked Resonant Compound

Activity

The correlation observed between induced HFO bandpower and evoked
resonant compound activity during high-frequency stimulation was relatively
high (Figure 4.2F, r=0.83, p<0.01). To test whether these two phenomena are
dependent, a moving average template removal filter was applied to the raw
data, in order to isolate the evoked peaks during stimulation. Figure 4.4A
illustrates the representative raw data aligned and segmented around the
detected stimulation pulses whereas Figure 4.4B is the reconstructed templates
of the stimulation artifact and the evoked activity during stimulation. The residual
data (raw-reconstructed) was considered as denoised (Figure 4.4C). As
illustrated in Figure 4.4D, the denoising process removed the stimulation artifact
and achieved amplitude ranges comparable to the baseline segment before the
stimulation, except the short transient periods in the beginning and the end.
Figure 4 4E, F further demonstrate that not only the large stimulus artifact but
also the inter-pulse evoked activity was also removed. As illustrated in a
corresponding TFM (in Figure 4.4G, H) and spectra (in Figure 4.41), although
this process suppressed the very large stimulus-caused artifacts in the
spectrum, it did not change the spectral content of the data in the beta and HFO

ranges (or any other frequency range of interest).

96



A Raw B Reconstructed C Residual
a i
$ 1000 1000 1000
=
Q
[2]
= 2000 2000 2000
£
P 3000 3000 | 3000
50 100 150 200 50 100 150 200 50 100 150 200
Samples (n) Samples (n) Samples (n)
D Baseline Stim Recovery E Raw F Residual

1000

500

~ Raw
—— Residual

500

Amplitude (uV)
o

-500

-1000 -500

0 50 100 150 200 ’ 0 50 100 150 200
Samples (n) Samples (n)
Residual I 3
it ] ~N baseline
I = stim
=
= residual
= 2
2
‘@
c
)
o
.
o
: /4
(o] f
i il o e T e
20 40 60 20_ 40 60 200 300 400
Time (s) Time (s) Frequency (Hz)

Figure 4.4: HFO induced by therapeutic DBS is present even after removal of evoked waveform
between stimulation pulses.

444 High-frequency DBS Causes Temporal Adaptation in ECA

The analysis of segmented and aligned data around stimulus pulses

have revealed that the inter-pulse evoked activity adapts to a steady state with

high-frequency stimulation. While the time between pulse and the first peak of

the evoked activity stayed the same throughout the low frequency stimulation,

it took 3-10s for the evoked activity to reach the steady state (Figure 4.5A). The

adaptation between different high frequency stimulations were different but we

could not find a consistent pattern across four patients where the multi-
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frequency experiment was performed, indicating that the response could be
patient specific. The representative evoked waveforms at the end of stimulation
revealed that 20 and 40 Hz had similar non-resonant ECA whereas 130, 160
and 180 Hz stimulation induced resonance in ECA (Figure 4.5B). The degree of
HFO enhancement was also visually similar during high-frequency stimulation
in the representative subject (Figure 4.5C). We further investigated population
response. Figure 4.5D illustrates that there was no significant difference

between 20 and 40 Hz stimulation in ECA amplitude. The same analysis
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revealed a trend that ECA amplitude after 130 Hz was larger than 160 Hz and
that was larger than 180 Hz (Figure 4.5E). However, the difference was not
significant, perhaps due to the low sample size. A similar trend was observed in
HFO enhancement but again, the difference was not significant. Finally, we
correlated the HFO enhancement with ECA amplitude for patients with multi-
frequency therapeutic stimulation (Figure 4.5G, n=4 hemispheres with 130, 160
and 180 Hz per each hemisphere, 12 stimulations) and with all patients (Figure
4.5H, n=12 hemispheres, 20 stimulations combined). There was a consistent
correlation of 0.80 (p<0.01) between ECA amplitude and HFO power change in

both cases.

4.5 Discussion

To investigate the mechanisms of therapeutic high-frequency chronic DBS
therapy, we have studied the modulations of STN-LFP oscillations recorded
from PD patients intraoperatively during stimulation. We have observed an
increased activity in the HFO range as well as an independent evoked resonant
compound activity with high-frequency stimulation. When DBS was delivered at
non-therapeutic low-frequency, the HFO did not modulate and the evoked
compound activity was not resonant. We also observed that the evoked activity
adapts to a steady state with high-frequency DBS only but due to the low sample
size, could not assess the significance of the outcomes. Regardless, our
findings suggest that DBS may exert its therapeutic effect by bringing neuronal

populations to a “healthy” oscillatory state.
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4.5.1 Modulation of the Healthy HFO Activity with Therapeutic DBS

There is an abundance of reports regarding the modulation of ~300Hz
HFO in the STN of PD patients undergoing dopaminergic therapy (Foffani et al.,
2003; Lopez-Azcarate et al., 2010; Ozkurt et al., 2011; van Wiik et al., 2016;
Ozturk et al., 2019). This activity appears concurrently with the therapeutic
effect of the medication, representing the “ON state” (Foffani et al., 2003; Lopez-
Azcarate et al., 2010; Ozturk et al., 2019). This rhythm was suggested to be a
“coordinated clock” that paces the neural excitability (Foffani et al., 2003).
Although there are no reports of LFP activity in the healthy human STN, similar
HFO activity has been observed in the healthy non-human primates and
disappeared after 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine  (MPTP)
treatment inducing PD (Escobar et al., 2017). In 12 STNs recorded, we
observed a consistent enhancement in the HFO range as well (Figure 4.2A, B),
indicating that the high-frequency therapeutic DBS may have similar
mechanisms to pharmaceutical therapy (Stefani et al., 2011), which is to drive
the basal ganglia circuit into a physiological oscillatory equilibrium (Foffani et
al., 2003; Saenger et al., 2017).

Previous work has shown the regularizing effects of therapeutic STN-
DBS on firing rates of STN (Garcia et al., 2005b; Zhuang et al., 2018) and other
basal ganglia structures (Hashimoto et al., 2003; Reese et al., 2011; McConnell
et al., 2012; Cleary et al., 2013). Recently, a unique case report presenting the
firing patterns and LFP activity from the STNs of a PD patient after dopaminergic
treatment reported that there were no pathological burst-type firings associated
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with PD (Ozturk et al., 2020a). This is in accordance with the healthy non-human
primate studies reporting an increase in bursting neuronal activity and
instantaneous firing rates after MPTP treatment (Bergman et al., 1994; Soares
et al,, 2004). In this patient, unlike recordings from PD patients in the
unmedicated state (Kaku et al., 2020), tonic (regular) spiking was observed
together with ~300Hz HFOs instead of bursts-type firings, further strengthening
that DBS may function by promoting neural activity similar to the stable

physiological state in the basal ganglia (Garcia et al., 2005b).

4.5.2 Resonant versus Non-resonant ECA and Their Relation to HFO
Evoked potentials have been reported in the various structures of the
nervous system, such as hippocampus (Stypulkowski et al., 2011), spinal cord
(Kent et al., 2015; Parker et al., 2020) as well as the STN of PD patients (Gmel
et al., 2015; Sinclair et al., 2018, 2019). In PD-STN, it was shown that the
evoked activity during therapeutic DBS can be used to identify clinically
beneficial amplitudes (Gmel et al., 2015). Using a custom stimulation scheme,
Sinclair et al. (Sinclair et al., 2018) recently has demonstrated that evoked
resonant activity can also be used to locate the most beneficial stimulation site.
We also observed evoked resonance during high-frequency DBS (Figure 4.2D).
Additionally, we studied stimulation at different frequencies and found that the
evoked response exists with every stimulus pulse (Figure 4.5A). Both the high-
and the low-frequency stimulation produced similarly strong evoked activity
(Figure 4.3D). However, the response was significantly more resonant with
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high-frequency stimulation and lasted longer after cessation of DBS (18 versus
10 ms, Figure 4.3F).

Due to its presence after every stimulus pulse in the STN, we speculate
that the evoked activity could be the immediate involuntary response of the
neurons within the volume of tissue activated (VTA). From a control theory
perspective, if a single pulse is an impulse input to the network, then the evoked
response is an output of the neurons in the VTA. The reason for the longer
lasting effect of high-frequency stimulation can be explained with a pendulum
analogy. Each stimulus pulse is the force hitting the pendulum in one direction.
With low-frequency stimulation, there is a longer period between each hit and
that time is enough for the pendulum to reach equilibrium. Therefore, we
observe a steady response over 22s of stimulation (Figure 4.5A). However, with
frequent hits not allowing the pendulum to come to a stop, high-frequency
stimulation starts to activate a larger pool of neurons than the initial VTA. The
adaptation on the inter-pulse evoked response (Figure 4.5A) shows that the
network reaches a steady state after an initial ramp-up period (3-10s). In that
sense, therapeutic DBS entrains the pendulum to its steady state oscillation
(HFO) and the resonance in the evoked activity could also be a sign of that
entrainment. In favor of this claim, we found a significant correlation between
HFO enhancement and evoked response amplitude (Figure 4.2F). The
difference in adaptation with various high-frequency stimulations could be
related to the phase they hit the pendulum as well as the patient specific
physiological oscillatory state. Thus, although multiple high-frequency DBS
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might work for a patient, we may pinpoint the most efficient one by checking the
adaption of the evoked activity and modulation of the HFO band.

It is possible that even 20Hz stimulation with high amplitude might cause
a longer lasting evoked response, similar to a large push to the pendulum
causing a longer lasting swing. However, an animal study reported that even at
high amplitudes, 20Hz stimulation did not pace the subthalamic neurons, as it
did during >100Hz stimulation (Garcia et al., 2005b). The same group also
reported that the pulses must be close enough to one another to override the
deleterious STN activity (Garcia et al., 2005a). Our take is that the evoked
response, regardless of stimulation frequency, is local and specific to structures
(Sinclair et al., 2018) and can be used for identification of the optimal target
whereas HFO is the network activity generated by the circuit and can be used

for the detection of the “motor ON” or the “healthy state”.

4.5.3 Modulated HFO Is not an Artifact and Is Independent of ECA

The relatively high stimulation voltage (V range) and subsequent artifact
in the recording systems have historically prevented the exploration of LFPs (uV
range), especially in the HFO band due to overlapping artifact harmonics.
Therefore, in addition to recording with an amplifier with large input amplitude
range, we performed the stimulation experiments in- and out-STN to verify that
our observations of HFO and evoked activity are not due to stimulus or hardware
artifacts (Figure 4.1A). We also ensured that the recorded waveforms were
within the range of our amplifier (Figure 4.1B). While HFO was induced only with
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high-frequency therapeutic DBS in-STN, evoked activity was resonating with
therapeutic stimulation and non-resonant with low-frequency DBS. Similar to
HFO, there was no evoked response during out-STN stimulation experiments,
indicating that both HFO and evoked activity are specific to the structure and
they are not mere artifacts.

The dependence of HFO and evoked resonant activity was tested by the
comparison of spectral analyses of raw and denoised data. By employing a
temporal template extraction filter, we reconstructed the DBS artifact at each
pulse and the associated evoked response between pulses, devoid of LFP
activity. This reconstruction was then subtracted from the raw signal to obtain
the denoised (residual) data. When the spectral content of the raw and residual
data was compared (Figure 4.4G-l), we observed no decrease in the HFO
activity while the DBS artifacts and the evoked waveform were substantially
eliminated. Furthermore, we observed an evoked activity at a similar amplitude
with 20-40 Hz stimulation as well (Figure 4.5B) but the HFO enhancement did
not occur (Figure 4.5C). Observation of HFO activity even after removal of the
evoked response and observation of evoked activity without HFO suggests that

HFO modulation is independent of the evoked response.

4.5.4 Going Beyond the Beta Band

Suppression of exaggerated beta band oscillations in the STN of PD
patients after DBS (Kuhn et al., 2008; Eusebio et al., 2011; McConnell et al.,
2012) and dopaminergic therapy (Foffani et al., 2003; Priori et al., 2004; Kane
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et al., 2009; Lopez-Azcarate et al., 2010; Ozturk et al., 2019) is a well-
established phenomenon. We also observed a significant decrease in beta
power with high-frequency stimulation as well but there was no correlation with
evoked activity amplitude and indirectly, with symptom improvement (Sinclair et
al., 2019). A compelling argument for the lack of such a relationship could be
that the beta band is associated with many healthy functions in the brain, such
as its suppression with movement or even planning or imagination of it (Kihn et
al., 2004, Litvak et al., 2012), its modulations with wakefulness (Urrestarazu et
al., 2009; Thompson et al., 2018b) and decision-making (Leventhal et al., 2012).
Therefore, despite established reports of its modulations in PD, the multifaceted
involvement of beta band in physiological processes might make it a poor
biomarker by itself for the diseased state, especially in the freely behaving
patients with a chronic DBS implant. It is likely that, as Foffani et al. (Foffani et
al., 2003) proposed, there might be a high frequency “clock” that is not directly
involved in motor functions, but rather regulating the neural synchrony in order
to guarantee the specific modulation of individual actions that are controlled by
lower frequencies. Therefore, we speculate that beta band must be -at least-
combined with other state specific biomarkers for robust and reliable operation

of long-term adaptive stimulation schemes such as closed-loop chronic DBS.

4.5.5 Limitations
The predicting power of the HFO and evoked activity on the patient’s
symptoms would be a great addition to our study. However, due to the
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experimental paradigm (22s stimulation), it was not possible to test patients
intraoperatively during this short period. Fortunately, Sinclair et al. (Sinclair et
al., 2019) were able to perform this testing due to their extended stimulation
period and have shown that the amplitude of evoked resonant activity is a
predictor of symptom improvement. Thus, we utilized the evoked activity
amplitude as an indirect measure of clinical benefit.

Additionally, the studies involving medicated PD subjects have reported
slower HFOs around 250Hz before the medication intake (Lopez-Azcarate et
al., 2010; Ozkurt et al., 2011; van Wijk et al., 2016; Ozturk et al., 2019). Yet, we
did not observe this activity in most of our patients in the baseline. This could
be due to the micro-lesion effect caused by the fresh disruption of the tissue by
the microelectrodes, which has been reported to alter neural dynamics
(Granziera et al., 2008; Rosa et al., 2010). The aforementioned studies
recorded LFPs several days or even weeks postoperatively, where the tissue-
electrode interface might have come to an equilibrium already.

Finally, despite consistency of our observation and satisfactory statistical
significance of our results, our sample size is -at best- exploratory. Especially
the analyses regarding multi-frequency stimulation lacked in statistical power
despite visible trends. Therefore, more studies with additional subjects are

warranted, in order to discover the parameter specific effects of DBS further.

106



5 Significance and Concluding Remarks

PD is the second most common neurological disorder and the surgical
treatment for it allows recording neural activity from the various depths of the
brain. Investigation of such activity can reveal the secrets of the physiological
and pathological neural circuits. Moreover, modulations to these various
electrophysiological readings during treatment can also help us decipher the
corrective mechanisms induced by the treatment as well and consequently,
this knowledge can be used to devise novel diagnostic or therapeutic tools, as

presented in this dissertation.

5.1 Clinical Relevance and Future Implications

First, we demonstrated an online processing pipeline for the purpose of
assisting with clinical decision making in refining the STN targeting for the
implantation of DBS lead. This is a crucial step that must be taken prior to the
analysis of modulations in LFP, as non-optimal targeting could result in false-
negative outcomes. On the clinical side, accurate localization of the target
contributes to the efficacy of DBS by reducing the stimulation voltage and
associated side effects. To that end, we developed an automated approach by
processing LFPs from multiple tracks to localize the dorsal border of STN and
predict the optimal implantation track in a randomized, double-blinded pilot
study for the first time. Ten patients referred for bilateral DBS were implanted

randomly with SUA in one hemisphere and with LFP on the other. While SUA
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side was implanted by visual and auditory observation of the spiking patterns
depth by depth, as done in commercial clinical systems, different sub-bands of
microelectrode LFPs in beta and high-frequency ranges were utilized to identify
the optimal track for chronic DBS electrode placement in the other hemisphere.
We demonstrated that the LFP-based implantations achieved equal or better
improvement with the robust readings of oscillations, compared to the fragile
electrode tip used for the SUA recordings. Since LFP acquisition does not
require any additional hardware or clinical procedures, we believe that it can be
integrated into the existing mapping systems in the operating room with our
automated processing pipeline presented here. Although we demonstrated the
targeting of STN, similar systems can be built for other DBS targets in the future
if the classifier is trained with LFP signatures from those nuclei.

Once the DBS lead is implanted in the right location, we studied the
modulations of LFPs with dopaminergic medication therapy. Neural oscillations
have long been investigated under medication and movement in order to
characterize the role of specific bands in PD pathophysiology. However, due to
long wash-in and wash-out times associated with pharmacological therapy,
these changes must be studied through long-duration recordings. We have
recorded LFPs for 24-hours from nine patients referred for unilateral DBS after
their leads were externalized for the battery connection. During this time,
patients were given medication three times and thus, the pharmacological
response of LFPs were studied over three repetitive trials. We not only verified
the previously reported changes in the bandpowers of beta, gamma and HFO
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bands, but also recorded strong non-linear CFC patterns in the medicated state
for the first time. This is an important observation for the neuroscientific
community, since CFC in the STN was thought to be pathological. We believe
that, similar to CFC in the other parts of the brain, this coupling can be
physiological or pathological depending on the frequencies involved. Although
CFC is a computationally costly analysis, future developments in the algorithms
for its estimation could help integrate it into closed-loop DBS systems.

Finally, we investigated the effects of therapeutic and non-therapeutic
DBS on LFPs oscillations, in order to help decipher the mechanisms of DBS
and to find suitable biomarkers for the closed-loop stimulation paradigm. Due to
the near-immediate effect of STN-DBS, we performed the LFP recordings from
eight patients intraoperatively under 22 second stimulus periods. For the first
time, we observed induced HFO activity only with therapeutic stimulation,
similar to the healthy non-human primates and medicated PD patients. This
observation implicates that the healthy basal ganglia might have a fast-
oscillatory state, as in a microprocessor base clock, and only DBS parameters
restoring this activity can have a therapeutic effect. Additionally, we observed a
resonant ECA with the therapeutic high-frequency stimulation in the STN
whereas ECA was still present but not resonant with the non-therapeutic low-
frequency stimulation. The rapidly adapting response of ECA, alternatively, can
also be utilized for selection of optimal parameters for an effective and energy
efficient DBS therapy. In this study, we only discerned the effects of high- and
low-frequency stimulation conclusively. However, future research that further
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investigates the electrophysiological modulations induced by other parameters
of DBS will be needed for the development of truly independent closed-loop

systems.

5.2 Conclusion

PD pathophysiology is well-studied with the serendipitous discoveries of
PD inducing MPTP substance and high-frequency DBS therapy. Despite
numerous animal studies and years of clinical use, the underlying mechanisms
of DBS have not been deciphered yet and this lack of understanding limits its
effectiveness. We postulated that through the study of modulations of LFPs,
which is a promising electrophysiological measure readily recordable from the
current clinical electrodes, we not only uncover insights regarding the
pathophysiology of the PD but also identify signature oscillatory patterns
indicating the healthy and the diseased state. After demonstrating the
feasibility of LFP-based clinical targeting system, we presented interesting and
consistent modulations in neural oscillations, especially in the HFO range with
pharmacological and electroceutical therapies. Our observations support the
idea that basal ganglia might have oscillatory patterns specific to the healthy
or diseased state. More practically, these patterns are promising biomarkers
that can be used for diagnostic purposes such as target localization, and
treatment purposes such as selection of optimal stimulation parameters and

adaptive closed-loop DBS.
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