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ABSTRACT
Prefrontal Cortical Modulation of Motor and Non-Motor Functions in Parkinson’s Disease

Witney Chen

The prefrontal cortex is involved in various cognitive and affective functions. In
neuropsychiatric conditions in which these functions are perturbed, such as Parkinson’s
disease, prefrontal activity is not well characterized, in part due to methodological constraints
that limit the ability to assess neural activity with high spatial and temporal resolution in humans.
We utilized high resolution invasive neurophysiology in Parkinson’s patients undergoing awake,
deep brain stimulation surgery to study the prefrontal cortex in Parkinson’s disease.

In Chapter 1, we introduce Parkinson’s disease and circuit models of disease informed
by invasive recordings. Next, we discuss two studies in which we used invasive recordings to
characterize prefrontal activity during movement inhibition and during emotional face
processing. In Chapter 2, we introduce evidence of a prefrontal hyperdirect pathway in humans,
and we characterize its topography. We found broad prefrontal innervation, with a preferential
localization of fast fibers in the inferior frontal cortex. We also show inferior frontal-subthalamic
co-modulation during movement inhibition, providing evidence for human hyperdirect
involvement in stopping. Finally, we discuss an exploratory study of prefrontal activity during
emotional face processing, where we found that Parkinson’s disease is characterized by
prefrontal hyperactivity (Chapter 3). These two studies expand our understanding of the

prefrontal mechanisms of cognitive and affective functions in Parkinson’s disease.
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CHAPTER1

INTRODUCTION

Parkinson’s disease

Parkinson’s disease is a neurodegenerative disorder characterized by both motor and
non-motor symptoms. Non-motor symptoms include cognitive impairment, sleep disorders,
autonomic dysfunction, and psychiatric symptoms such as depression and anxiety (K. R.
Chaudhuri, Healy, Schapira, & National Institute for Clinical, 2006; K. Ray Chaudhuri &
Schapira, 2009). These symptoms often predate motor symptoms, comprising the prodrome
period of the disease (Kalia & Lang, 2015). The cardinal motor symptoms, of which two must be
present to make a clinical diagnosis, are bradykinesia, muscle rigidity, rest tremor, and postural
instability (Jankovic, 2008; Kalia & Lang, 2015). Motor and non-motor phenotypes are often
heterogeneous across patients (Jankovic, 2008; Kalia & Lang, 2015).

Despite phenotypic heterogeneity, Parkinson’s disease is characterized by consistent
pathology. Hallmark features include the loss of dopaminergic neurons in the substantia nigra
pars compacta and Lewy pathology, arising from misfolding of the a-synuclein protein (Kalia &
Lang, 2015).

Symptomatic therapy for Parkinson’s disease begins with medications. Treatment of
motor symptoms involves pharmacological agents that increase dopamine release, such as
levodopa, or stimulate dopamine receptors (Kalia & Lang, 2015). Management of non-motor
symptoms is more variable, but may involve psychotropics (K. R. Chaudhuri et al., 2006; K. Ray
Chaudhuri & Schapira, 2009). In later stages of the disease with the emergence of levodopa-
induced dyskinesias, motor fluctuations, or dopamine-unresponsive symptoms, treatment
options include surgical interventions such as deep brain stimulation of the subthalamic nucleus

or globus pallidus interna (DeLong & Wichmann, 2015).



In spite of well characterized neuropathology, brain network abnormalities underlying
parkinsonian signs and symptoms are not well understood. Circuit models of Parkinson’s

disease have been informed by invasive brain recordings.

Invasive Brain Recordings in Humans

Field potentials are measures of extracellular voltage deflections generated by
populations of neuronal elements (Pesaran et al., 2018). In humans, these potentials can be
recorded using depth electrodes, subdural electrocorticography (ECoG), and scalp
electroencephalography (EEG). These methods have temporal resolutions in the millisecond
range, but they differ in their spatial resolution and degree of invasiveness. Depth electrodes
and ECoG offer finer spatial resolution compared to EEG, but they require invasive
neurosurgical placement. These methods have the capability of assessing low frequency
rhythms important for inter-region communication (Fries, 2005, 2015), as well as broadband
high frequency activity that assays local cortical activation at very fast time scales (Manning,
Jacobs, Fried, & Kahana, 2009; Mukamel et al., 2005).

For patients with movement disorders undergoing deep brain stimulation (DBS) surgery,
invasive recordings can be used to characterize cortical-basal ganglia network activity. Acute,
intraoperative recordings from DBS electrodes capture local field potentials in the basal ganglia,
and temporarily placed cortical ECoG electrodes capture cortical field potentials (Panov et al.,
2017). These research platforms are opening new avenues for understanding brain circuits in

human disease.

Motor Cortico-Basal Ganglia Circuits
Invasive brain recordings have informed the “oscillatory model” of the parkinsonian
hypokinetic phenotype (de Hemptinne et al., 2013; de Hemptinne et al., 2015; Hammond,

Bergman, & Brown, 2007). Oscillations represent rhythmic, synchronized sub- or supra-



threshold neural activities from groups of neurons near the recording electrode (Buzsaki &
Draguhn, 2004). Neural networks can oscillate across many frequency ranges from 0.5-500 Hz,
and different oscillatory frequencies have been linked to different behavioral states (Csicsvari,
Jamieson, Wise, & Buzsaki, 2003; Hammond et al., 2007). Neural oscillations provide one of the
key mechanisms for encoding, storing, and processing information across neural circuits by
biasing the probability of neuronal spiking activity (Fries, 2005; Llinas, 1988). In Parkinson’s
disease, the oscillatory model posits that the cardinal motor signs are related to changes in
oscillatory synchronization in beta frequencies (13-30 Hz) within and between structures of the
motor network.

Elevated beta synchrony in Parkinson’s disease has been linked to symptom severity.
Cortico-cortical beta coherence is reduced by therapeutic levodopa and subthalamic DBS
(Silberstein et al., 2005) and pallidal-cortical beta coherence is reduced by pallidal DBS
(Malekmohammadi et al., 2018; D. D. Wang et al., 2018). Furthermore, cross frequency
interactions between beta phase and gamma amplitude appear to be elevated in the
parkinsonian state. Cross frequency coupling is an important mechanism for communication
within and between neuron ensembles in different brain regions, via coordinated timing of
neuronal activity in connected networks (Canolty et al., 2010; Canolty & Knight, 2010).
Excessive coupling may entrain neuronal firing in an inflexible pattern that limits information
encoding by spatiotemporal selectivity (Litvak et al., 2011). In the parkinsonian basal ganglia,
excessive beta phase coupling to the high-frequency (200-400 Hz) amplitude in the STN is
modulated by dopaminergic state (Lopez-Azcarate et al., 2010). Excessive phase-amplitude
coupling also exists within the motor cortex and between the motor cortex and basal ganglia (de
Hemptinne et al., 2013; de Hemptinne et al., 2015), which is reversibly suppressed by DBS (de
Hemptinne et al., 2015). These abnormally synchronized activities throughout the motor network
may result in hypokinesia by prohibiting the natural, dynamic neural modulation required to

initiate and execute fluid movements.



Importantly, field potential oscillations themselves are not necessarily pathological. In
healthy subjects, cortical beta is modulated during movement (Doyle, Yarrow, & Brown, 2005;
van Wijk, Beek, & Daffertshofer, 2012) and may play a role in maintaining a motor state (Engel
& Fries, 2010). However, perturbations in normal oscillatory activity may produce behavioral
dysfunction. Beyond canonical motor networks, oscillatory perturbances may underlie non-

motor symptoms.

Prefrontal Cortico-Basal Ganglia Circuits

Multi-site LFP and ECoG recordings have largely been utilized to understand motor
networks, but non-motor circuits remain poorly characterized in humans. These tools can
similarly be used to study non-motor circuits in order to advance our understanding of cognitive
and affective functions.

Prefrontal-basal ganglia circuits are involved in a variety of cognitive and affective
processes, such as decision-making, reward-based learning, and emotion regulation.
Furthermore, circuit dysfunction is associated with psychiatric disease (Gunaydin & Kreitzer,
2016). However, prefrontal-basal ganglia physiology in humans is not well characterized. In this
dissertation, | focus on two functions that putatively involve prefrontal circuitry: cognitive control
of movement inhibition (Aron, Behrens, Smith, Frank, & Poldrack, 2007; Atsushi Nambu,
Tokuno, & Takada, 2002) and the appraisal of emotional stimuli (Carr, lacoboni, Dubeau,
Mazziotta, & Lenzi, 2003; Fusar-Poli et al., 2009; Hariri, Bookheimer, & Mazziotta, 2000;

Montgomery & Haxby, 2008; Phillips, Drevets, Rauch, & Lane, 2003; Rolls, 2004).

Direct brain recordings of basal ganglia LFP and ECoG potentials have greatly informed
our understanding of motor cortico-basal ganglia network activity in Parkinson’s disease. These
high spatiotemporal resolution metrics of population activity have ushered in the “oscillatory

hypothesis” of movement disorders, placing an emphasis on pathological oscillatory activity in



the diseased state. From these evolving models, we can expand the use of invasive recording
techniques to inform non-motor domains. While evidence points to broad range of functions of
the prefrontal cortex, there is a lack of characterization of prefrontal physiology in Parkinson’s
disease. In this thesis, we use invasive neurophysiology to characterize the role of the prefrontal

cortex in modulating movement inhibition (Chapter 2) and affective processing (Chapter 3).



CHAPTER 2

HYPERDIRECT MODULATION OF MOVEMENT INHIBITION

Abstract

The ability to dynamically change motor outputs, such as stopping an initiated response,
is an important aspect of human behavior. A hyperdirect pathway between the inferior frontal
gyrus and subthalamic nucleus is hypothesized to mediate movement inhibition, but there is
limited evidence for this in humans. We recorded high spatial and temporal resolution field
potentials from both the inferior frontal gyrus and subthalamic nucleus in 21 subjects. Cortical
potentials evoked by subthalamic stimulation revealed short latency events indicative of
monosynaptic connectivity between the inferior frontal gyrus and ventral subthalamic nucleus.
During a stop signal task, stopping-related potentials in the cortex preceded stopping-related
activity in the subthalamic nucleus, and synchronization between these task-evoked potentials
predicted the stop signal reaction time. Thus, we show that a prefrontal-subthalamic hyperdirect
pathway is present in humans and mediates rapid stopping. These findings may inform

therapies to treat disorders featuring perturbed movement inhibition.



Introduction

Stopping a movement that has already been initiated is critical for motor control.
Movement inhibition is thought to be mediated by a “hyperdirect” monosynaptic pathway
between the inferior frontal gyrus (IFG) and subthalamic nucleus (STN) (Aron et al., 2007;
Atsushi Nambu et al., 2002). In non-human primates, anterograde tracer studies demonstrate a
lateral prefrontal projection to the ventral STN (Haynes & Haber, 2013). Because of
methodological constraints, however, there is limited evidence in humans that a monosynaptic
IFG-STN pathway exists or that hyperdirect activation is involved in stopping. Tractography
studies have identified white matter tracts between the IFG and STN (Aron et al., 2007),
although imaging lacks the ability to isolate pathways that are monosynaptic. Scalp
electroencephalography (EEG) studies have identified short latency evoked potentials in the
frontal-central cortex elicited from STN stimulation, indicating monosynaptic connectivity (Ashby
et al., 2001; Baker, Montgomery, Rezai, Burgess, & Luders, 2002; Walker et al., 2012).
However, EEG lacks the spatial resolution to discern whether the pathway originates in the IFG
or if it is a distributed pathway across the frontal-central cortex.

Functionally, the IFG and STN are thought to be involved in stopping (Aron, Herz,
Brown, Forstmann, & Zaghloul, 2016), but activity in this pathway has not yet been
characterized with high spatio-temporal resolution. Initial functional imaging studies indicated
that blood oxygenation in the STN region and IFG were modulated during a stop signal task.
Single-site invasive electrophysiology studies showed that beta band (~11-30 Hz) activity in the
field potentials of the STN (Alegre et al., 2013; Kuhn et al., 2004; Ray et al., 2012) and IFG (N.
Swann et al., 2009; N. C. Swann et al., 2012), assessed independently, increase during
successful stopping, prompting the hypothesis that synchronized oscillatory activity in these
structures mediates movement inhibition.

We utilize high-resolution, invasive electrophysiology in both the IFG and STN to

characterize prefrontal hyperdirect topography and its functional relevance during stopping. In



Parkinson’s disease patients undergoing awake neurosurgery for implantation of deep brain
stimulation (DBS) electrodes, we used intraoperative electrocorticography (ECoG) targeted to
the IFG, and DBS electrodes targeted to the STN. We performed evoked potentials experiments
to characterize monosynaptic connectivity, and we used the stop signal task to characterize
stopping-related activity. We provide physiological evidence for the existence of a prefrontal-
subthalamic hyperdirect pathway in humans, show that IFG and STN are tightly synchronized
during stopping, and that IFG-STN synchronization predicts stop signal reaction time across

subjects.



Methods

Subjects

Subjects with Parkinson’s disease with a clinical indication for DBS surgery were
recruited from the University of California San Francisco and the San Francisco Veterans Affairs
Medical Center. Inclusion criteria were: diagnosis of idiopathic Parkinson’s disease confirmed by
movement disorders neurologists, primary rigid-akinetic motor phenotype, Unified Parkinson’s
Disease Rating Scale Part Ill score > 30, and motor fluctuations on versus off dopaminergic
medications. Both male and female subjects were recruited. Patients were off parkinsonian
medications for at least 12 hours prior to surgery. All patients consented to have a temporary
ECoG strip for research purposes during their DBS surgeries. Subjects provided informed

consent prior to surgery, per protocol approved by the Institutional Review Board.

DBS and ECoG placement

Unilateral neural recordings were collected from each subject, with a DBS electrode
targeted to the basal ganglia and ECoG electrodes targeted to the inferior frontal cortex. The
ECoG strip was placed ipsilateral to the DBS electrode.

Subjects had DBS electrodes targeted to the STN, GPi, or the ventralis intermedius
nucleus of the thalamus. While the STN was the primary subcortical region studied, some
subjects with pallidal and thalamic electrodes were also studied for comparison. STN DBS leads
contain 4 electrodes of 1.5 mm length and 1.27 mm diameter, spaced 0.5 mm apart (Medtronic
Model 3389), and GPi and thalamic leads contain 4 electrodes of 1.5 mm length and 1.27 mm
diameter, spaced 1.5 mm apart (Medtronic Model 3387). DBS electrodes were placed under
standard surgical protocol (Starr, 2002). The intended depth of STN leads was determined by
the location of the dorsal and ventral borders of STN, mapped intraoperatively by single unit

microlectrode recordings (Starr, 2002). The most dorsal contact (contact 3) was placed outside



of, and immediately dorsal to, the dorsal border of the STN. Contact 2 was placed in the dorsal
(motor) territory of the STN; while contacts 1 and 0 were in the ventral STN.

A temporary, high-resolution, subdural ECoG strip (Ad-tech, Racine, WI) was inserted in
the cortex ipsilateral to the STN electrode, through the same 15 mm burr hole used for DBS
insertion (Panov et al., 2017). The 28-contact ECoG strip consisted of 2 rows of 14 contacts.
Each contact was 1.2 mm in diameter and spaced 4 mm center-to-center. The strip was
targeted to one of the three regions of the IFG: pars opercularis, pars triangularis, or pars
orbitalis. Stereotactic targeting was performed with preoperative MRI using surgical planning
software (Medtronic Framelink v5.1, Minneapolis, MN). Neural recordings began at least 30 min
after cessation of propofol, after which it does not affect neuronal activity (Herrick et al., 1997;
Raz, Eimerl, Zaidel, Bergman, & Israel, 2010). No other sedatives were used during awake

neural recordings.

Anatomic localization of electrodes

To anatomically localize ECoG and basal ganglia contacts, we fused intraoperative CT
images with the preoperative MRI (Panov et al., 2017). The preoperative T1 MRI was used to
reconstruct individual cortical surface models in FreeSurfer (Dale, Fischl, & Sereno, 1999; Fischl
et al., 2002). We projected ECoG contacts on to the cortical surface mesh using the img_pipe
toolbox (Hamilton, Chang, Lee, & Chang, 2017) and a surface vector projection method
(Kubanek & Schalk, 2015). Individual cortical surfaces were fit to the Desikan-Killiany atlas brain

to generate cortical anatomy labels for each ECoG contact (Desikan et al., 2006).

Evoked potentials stimulation
To assess hyperdirect topography in the STN, each subject received ventral and dorsal
STN stimulation while ipsilateral cortical activity was recorded. Each stimulation block was 30 s

in duration, using 10 Hz pulses and biphasic square waves with 100 us pulse width. We tested

10



multiple stimulation settings at each site, varying the stimulation current and electrode
configuration, to ensure that evoked potentials were not artifactual. We tested stepped
stimulation currents between 3 and 6 mA to see if evoked responses scaled with current. We
tested stimulation paradigms that reversed the polarity of the stimulation artifact and assessed
the polarity of the evoked potentials. For bipolar stimulation, we reversed the cathode/anode
configuration. For monopolar stimulation, we tested two biphasic square wave designs: negative

phase followed by positive phase and vice versa.

Stop signal task

A visual stop signal task was programmed using PsychToolbox for MATLAB
(Mathworks, Natick, MA). Subjects performed 196-288 total trials, depending on intraoperative
time constraints. During GO trials (66% of all trials), subjects were presented with an arrow
pointing left or right, instructing a left or right button press, respectively. Subjects performed the
task with the hand ipsilateral to the recorded side, unless there was significant tremor in that
hand. During STOP trials (33% of all trials), a stop cue appeared after a variable stop signal
delay, and subjects were instructed to halt movement. A staircase procedure was used to adjust
stop signal delays in order to achieve approximately 50% stopping success for each subject

(Verbruggen et al., 2019).

Signal recordings

Evoked potential experiments were conducted using the Neuro Omega system (Alpha
Omega, Nazareth, Israel), which delivered stimulation through the STN channels and
simultaneously recorded ECoG potentials. Custom MATLAB scripts were written to implement
stimulation. The Neuro Omega signals were recorded at a 22 KHz sampling rate and 0.075-
3500 Hz bandpass filtered. Neural data during the stop signal task were collected on either the

Neuro Omega or TDT PZ5 (Tucker Davis Technologies, Alachua, FL). The TDT signals were

11



recorded at 3 kHz and 0.45-1350 Hz bandpass filtered. We recorded ECoG potentials with two
different referencing schemes to rule out the contributions of the reference electrodes to the
evoked potentials. All ECoG potentials were recorded referenced to either an ipsilateral scalp

needle placed subcutaneously in the vertex or scalp needles placed bilaterally in the mastoids.

Evoked potentials analysis

To generate the cortical responses to subthalamic stimulation, 250 of the 300 total
ECoG epochs were time-locked to stimulation and averaged. The 50 trials near the onset and
offset of the entire stimulation block were discarded due to potential artifacts. The evoked
responses were smoothed using a moving average filter. Peaks and troughs, and their
associated amplitudes, were identified using MATLAB function findpeaks. To normalize evoked
potential amplitudes per patient, the largest amplitude evoked potential was identified per ECoG
strip. All other evoked potential amplitudes across the ECoG strip were normalized as a
percentage of that maximum evoked potential. We excluded ECoG electrodes with high

impedances or high amplitude noise.

Stop signal task analysis

Behavioral data were analyzed to ensure that the assumptions of the race model were
met. Subjects were excluded when their mean unsuccessful STOP reactions times were greater
than their mean successful GO reaction times (Verbruggen et al., 2019). In subjects who did not
violate the race model, the stop signal reaction time was estimated by subtracting the mean
stop signal delay from the mean go reaction time.

Temporal and spectral properties of the neural data were assessed during the task. To
generate event-related potentials (ERPs), time series data were first low pass filtered below 250
Hz to remove high frequency intraoperative noise. Epochs of ECoG and STN potentials were

time-locked to the STOP cue and averaged. To assess the similarity and time lag of cortical and

12



STN potentials, cross correlations were generated for the averaged ECoG and STN ERPs.
Statistical analyses of cross correlations were performed using bootstrapping, with 10,000
surrogate cross-correlations time-locked to shuffled points. To verify the lag calculated using
cross correlations, the temporal offset between cortical and STN ERPs were also calculated
with a second method: in channel pairs where we could identify distinct matching deflections in
the ERPs, we calculated the time lag between the maxima of the deflections in the cortex and
the STN. Spectral properties of the cross-correlations were assessed by calculating the power
spectral density using Welch’s periodogram.

To generate task-related spectrograms, data were down-sampled to 1000 Hz.
Frequency decomposition was performed using wavelet convolution (Canolty et al., 2007). Data
were filtered with Gabor wavelets into 128 center frequencies ranging from 2.5-250 Hz. Epochs
of data were time-locked to either the GO or STOP cue. We randomly sub-selected the trials for
each condition to equalize the total number of trials that contributed to GO and STOP
spectrograms. The epochs were averaged and each frequency in the spectrogram was baseline
corrected by subtracting the average power of a 500 ms window in the preceding inter-trial
interval. Spectrograms were z-score normalized with bootstrapping: we generated a surrogate
distribution of task-related activity time-locked to 10,000 shuffled points. Within subjects, an
average spectrogram per anatomic region was calculated by averaging all contacts within the
same region. Grand averaged spectrograms were then generated by averaging across all
patients. Task-related power was quantified for the following frequency ranges: delta (1-4 Hz),
theta (4-8 Hz), alpha (8-13 Hz), beta (13-30 Hz), and gamma (50-150 Hz). To calculate task-
related coherence, we calculated coherence per frequency range between each IFG contact
and the ventral STN in each subject. We averaged coherence in all channel pairs per patient.

For analysis of patient-specific narrow band beta modulation, we first identified the
channel with the maximum task-modulated beta power per patient: based on the z-scored trial-

averaged spectrograms, we selected the channel with the maximum mean 13-30 Hz beta

13



modulation in the 500 ms window surrounding the SSRT. For this single channel per patient, we
specified a patient-specific narrow band beta by identifying the maximum frequency in the peak
of the power spectra, within the 13-30 Hz range. We took a 6 Hz window around that peak
frequency and filtered the data in that frequency band. Beta burst thresholds were identified
using the empirical method (Shin, Law, Tsutsui, Moore, & Jones, 2017). Briefly, we calculated
the mean and standard deviation of the beta amplitude envelope. Bursts were identified as
events that crossed a threshold, and we tested multiple threshold values, which were stepped
increments of the standard deviation. We chose the threshold that yielded bursts that were most
highly correlated with overall beta amplitude. We quantified beta amplitude, burst rate, burst
size, and burst duration across all trials in the 250 ms window before and after the SSRT and as

well as before and after the GO RT. These metrics were averaged across trials per patient.

Statistical analyses

Data are represented as mean + standard deviation. Kolmogorov-Smirnov tests for
normality were used to determine whether parametric (t-test) or non-parametric (Wilcoxon
signed rank, Wilcoxon rank sum) statistical tests were used. Pearson correlation was used for
correlations between two continuous variables, and Spearman correlation was used for
correlations involving ordinal variables. Bootstrapping was used to identify significant task-
related modulations. A p-value < 0.05 (corrected for multiple comparisons where appropriate)

was considered statistically significant. Statistical tests are reported in the main text.
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Results
Subjects

We enrolled 21 subjects with Parkinson’s disease: 16 subjects participated in the evoked
potentials experiments and 15 subjects performed the stop signal task (10 subjects participated
in both) (Table 2.1, Table 2.2). Evoked potentials data from 2 subjects were excluded due to
technical failures. Stop signal task data from 5 subjects were excluded due to violation of the
race model, in which unsuccessful STOP reactions times were greater than successful GO
reaction times (Verbruggen et al., 2019). Subjects were off dopaminergic medications for 12
hours. The mean DBS electrode coordinates for the right STN, aligned to the anterior
commissure-posterior commissure line, were 10.7 + 0.6 (lateral), -3.5 + 1.7 (anterior-posterior),

-6.2 + 1.4 (vertical). Coordinates for the left STN were -11.5+0.7,-3.4+£1.1,-7.4 £ 1.5. The

mean age of subjects was 67.5 + 6.3 years and mean disease duration was 8.6 + 3.4 years.

15



Table 2.1. Patient characteristics in movement inhibition study

Disease
Duration UPDRS-lII Evoked Stop Signal Dominant
Age = Sex (years) ON/OFF Meds Potentials Task Hand Task Hand

PD 159 64 M 8 23/49 X

PD 160 61 M 10 9/33 X

PD 162 65 M 3 21/41 X

PD 165 59 M 10 4/44 X R R
PD 166 60 M 11 8/21 X X R R
PD 167 66 M 7 38/46 X X R R
PD 168 76 M 3 28/36 X R L
PD 173 59 M 10 29/46 X R L
PD 176 63 M 3 18/32 X X R R
PD 177 57 M 10 23/44 X R R
PD 183° 60 M 13 20/36 X

PD 184 71 M 10 16/39 X R R
PD 186 63 M 7 30/47 X X R R
PD 187 68 M 17 41/60 X X R R
PD 188*° 59 M 7 35/55 X X R R
PD 189* 51 F 7 11/28 X X R R
PD 193 67 M 5 21/41 X

PD 194* 71 F 8 --/68 X X R L
PD 198* 71 M 7 37/60 X X R R+L
PD 199* 76 M 10 38/58 X X R R
PD 200 67 M 11 25/33 X

M = male; F = female; UPDRS-III = Unified Parkinson’s Disease Rating Scale Part Ill; R = Right; L = Left

* Stop signal data excluded
° Noisy data

16



Table 2.2. Electrode locations in movement inhibition study

Number of ECoG Contacts

Recorded DBS IFG pars IFG pars IFG pars Rostral Middle Superior
Hemisphere = Target opercularis orbitalis = triangularis = Pre-central Frontal Temporal
PD 159 R STN 6 0 0 9 8 5
PD 160 R STN 0 9 14 0 0 0
PD 162 L STN 0 0 12 0 12 4
PD 165 R STN 5 11 11 0 0 0
PD 166 R STN 10 0 6 0 6 6
PD 167 R STN 10 0 6 0 6 6
PD 168 L VIM 0 10 14 0 2 0
PD 173 L STN 8 0 5 0 11 4
PD 176 R STN 6 0 0 9 9 3
PD 177 R STN 0 5 17 0 6 0
PD 183 R STN 4 0 2 5 6 8
PD 184 R STN 16 0 0 1 3 8
PD 186 R STN 4 0 8 2 0 12
PD 187 R STN 2 0 6 6 8 6
PD 188 R STN 0 4 14 0 10 0
PD 189 R STN 0 0 4 0 6 0
PD 193 R STN 2 0 11 0 10 5
PD 194 L GPi 13 0 0 1 8 6
PD 198 L STN 17 0 0 0 5 4
PD 199 R GPi 22 0 0 0 4 2
PD 200 R STN 11 0 2 0 5 8

R = right; L = left; STN = subthalamic nucleus; VIM = ventralis intermedius nucleus of the thalamus; GPi =
globus pallidus interna
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STN stimulation evokes cortical potentials after ~2 ms

First, we found evidence for a prefrontal-subthalamic hyperdirect pathway in humans by
stimulating in the STN and examining antidromic evoked activity in the prefrontal cortex. Short
latency potentials in the cortex support the existence of a fast-conducting monosynaptic
connection. Figure 2.1 illustrates evoked cortical activity in a single subject example. Contacts
were localized both with imaging (Fig 2.1a,b) and electrophysiology (Fig 2.1¢). Bipolar
stimulation in the right STN in the two most ventral STN contacts evoked activity in the
ipsilateral ECoG after ~2 ms (Fig 2.1d). Because the short latency evoked potential was small
in amplitude, we summed the evoked potentials elicited from two stimulation settings with
reversed anode and cathode configurations, similar to previous EEG studies (Walker et al.,
2012). We quantified the amplitude of the 2 ms evoked potential to characterize the subthalamic
and cortical topography of the hyperdirect pathway. We found that ventral STN stimulation
elicited larger amplitude potentials than dorsal STN stimulation, suggesting stronger prefrontal-
ventral STN connectivity (p=4.0*10, Wilcoxon signed rank; Fig 2.1e). Furthermore, greater
evoked potential amplitudes were found in channels covering the IFG regions compared to
neighboring regions, suggesting stronger hyperdirect connectivity for the IFG than more distant

cortical regions (Fig 2.1f).
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Figure 2.1. A fast cortical potential evoked by STN stimulation demonstrates retrograde
hyperdirect activation (example from a single subject). a) 3D reconstruction of ECoG channel
locations from intraoperative CT. b) DBS lead location in the STN (marked with arrow) in an
axial view of the preoperative MRI fused with the intraoperative CT. ¢) Placement of DBS lead
(right) according to microelectrode map (left). Single units with 20-50 Hz irregular discharge,
marked with dots, are used to define the borders of the STN. Cells that responded to passive
arm or leg movements (red dots) localized the dorsal (motor) STN. d) Cortical evoked potentials
in channels 1-14 elicited from ventral subthalamic stimulation (C0O-C1+, 6 mA). Earliest latency
potentials occur at ~2 ms. e) Ventral STN stimulation elicits larger amplitude evoked potentials
than dorsal STN stimulation. f) Cortical topography of evoked potential amplitudes in this
subject. Amplitudes are higher over inferior frontal regions. g) Reversal of the stimulating anode
and cathode reverses the polarity of the stimulation artifact, but not the polarity of the 2 ms
potential (see inset), arguing against an artifactual origin of the 2 ms potential.
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We ruled out artifactual contributions to this short latency, low amplitude event by
manipulating stimulation and recording paradigms. Reversal of the stimulating anode and
cathode reversed the stimulation artifact, but not the polarity of the evoked potential (Fig 2.1g).
We performed additional control experiments in 5 subjects. Evoked potentials scaled with
stimulation current (Fig 2.2a), were invariant to ECoG referencing scheme (Fig 2.2b), were not
a cumulative effect of constant 10 Hz stimulation (Fig 2.2c), and did not arise from pallidal

stimulation (Fig 2.2d).
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Figure 2.2. Control experiments for evoked potentials. a) Hyperdirect evoked potential
amplitude scales with current amplitude. b) Hyperdirect evoked potential is invariant to
referencing method. The potential at 2 ms is present using bilateral scalp needles in the
mastoids for reference and using a scalp needle placed in the vertex. ¢) Hyperdirect evoked
potential is not introduced by cumulative effects of regular 10 Hz stimulation. Regular 10 Hz
stimulation and irregular stimulation that averages to 10 Hz produce similar early latency evoked
potentials. d) Hyperdirect pathway is specific to cortex and STN. In two subjects with pallidal
stimulation, there was no evoked potential at 2 ms.
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Across all subjects, we conducted matched analyses of evoked potential latency,
subthalamic topography, and cortical topography. The mean latency of the earliest cortical
evoked potential following STN stimulation was 2.2 + 0.2 ms (Fig 2.3a). Ventral STN stimulation
elicited larger amplitude evoked potentials than dorsal STN stimulation (p=4.9*10*, Wilcoxon
signed rank test; Fig 2.3b). In the cortical regions that we covered, evoked responses were
greatest in the IFG and the perisylvian region of the superior temporal lobe, with a tapering of

amplitudes in peripheral regions (Fig 2.3c, Fig 2.4).
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Figure 2.3. Prefrontal cortical evoked potentials across all subjects show topography of the
hyperdirect pathway. a) Histogram of latencies for the earliest evoked potential across all
patients (mean 2.2 + 0.2 ms). b) The mean and standard deviation of the difference between
ventral versus dorsal evoked potential amplitudes are plotted for each subject, showing larger
potentials from ventral stimulation in most subjects. ¢) Composite 3D heatmap of the normalized
evoked potential amplitudes. Color indicates the EP amplitude compared to the highest
amplitude recorded in the same ECoG strip. The highest amplitudes are within the IFG regions
(dotted black line) or perisylvian temporal cortex in close proximity to IFG. Sulci appear larger in
the atlas brain compared to an individual brain.
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Figure 2.4. Cortical topography of hyperdirect evoked potentials in all subjects. Amplitude of
earliest latency evoked potential per cortical region per subject.

Hyperdirect evoked potentials were elicited in the hemisphere ipsilateral to the
stimulated STN, in subjects with left or right ECoG coverage. To compare evoked activity in
both hemispheres, we evaluated evoked potentials in a single subject who received both left
and right ECoG during two separate surgeries (Fig 2.5a). We found similar evoked responses
~2 ms after left and right STN stimulation, indicating that prefrontal projections to the STN are
not strongly lateralized (Fig 2.5b). The latency of the evoked response was earlier on the right
hemisphere than left (p=5.9*10*, Wilcoxon rank sum; Fig 2.5¢). Cortical topography was similar

on both sides (Fig 2.5d), with the smallest evoked responses in contacts furthest from the IFG.
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Figure 2.5. Comparison of evoked potentials in left and right cortex in a single subject. This
subject had ECoG placed on each hemisphere during two separate surgeries for DBS
implantation. a) 3D reconstruction of ECoG locations in the left and right hemispheres. b)
Evoked potential traces for a single ECoG channel in left pars triangularis and right pars
triangularis (marked with arrows in A). Hyperdirect potential is elicited in both hemispheres. c)
Histogram of latencies for hyperdirect potentials in left and right cortex. d) Cortical topography of
evoked potential amplitudes left and right hemispheres.

Following the 2 ms potential, the next distinct cortical evoked event occurred 6.0 £ 0.35
ms after stimulation (Fig 2.6a). Even at this longer latency, conduction is still rapid enough to be
mediated by retrograde activation of hyperdirect fibers, so we also assessed the topography of
this longer latency potential. We found subjects in which the topography of the 6 ms potential
clearly differed from that of the 2 ms potential, with larger amplitudes over dorsolateral prefrontal
cortex than over the IFG, although in other subjects the topographies did not differ (examples in

Fig 2.6b). Across all subjects, the 6 ms potential was more broadly distributed across the

prefrontal cortex (Fig 2.6¢). This suggests that a more “diffuse” hyperdirect pathway from
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widespread prefrontal areas could utilize slightly smaller diameter axons, while the largest

diameter, shortest latency fibers are relatively more restricted to IFG-STN pathway (Fig 2.3c).
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Figure 2.6. Comparison of cortical topography for the 6 ms and 2 ms evoked potentials. a)
Histogram of latencies for the 6 ms evoked potential across all patients (mean 6.0 + 0.35 ms).
b) Examples of cortical topography of the 2 ms and 6 ms evoked potentials in two subjects. In
the left example, the two potentials have similar topography and in the right example, the
topography differs. ¢) Composite 3D heatmap of the normalized evoked potential amplitudes for
6 ms potential for all subjects. Color indicates the EP amplitude compared to the highest
amplitude recorded in the same ECoG strip, as in Figure 2.3c. Highest amplitude potentials are
broadly distributed across the covered prefrontal cortical regions.
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Synchronized task-related potentials in the IFG and STN are correlated with stopping speed

To characterize the role of the prefrontal-subthalamic hyperdirect pathway in movement
inhibition, subjects performed a visual stop signal task (Fig 2.7a). In 66% of trials, a left or right
arrow cued a left or right button press, respectively (GO trials). In 33% of trials, a stop cue
followed the go cue after a variable delay, signaling a halt in movement (STOP trials). Across all
subjects, mean GO trial accuracy was 86 + 10% and mean STOP accuracy was 66 + 11% (Fig
2.7b). Mean GO reaction time was 779 + 193 ms, mean stop signal delay was 441 + 209 ms,
and estimated stop signal reaction time was 384 + 76 ms (Fig 2.7b).

We generated event-related potentials (ERPs) of cortical and STN evoked activity during
the task. After the STOP cue in successful stop trials, ERP deflections appear in both the cortex
and STN after ~200-300 ms (Fig 2.7¢). To quantify the lag between cortical and subthalamic
ERPs, we calculated the cross correlation (Fig 2.7d). Across subjects, the average cross
correlation lag between all cortical-STN channel pairs was -90 + 131 ms, with cortex leading the
STN (p=0.029, t-test; Fig 2.7e). We validated our metric for prefrontal-STN lag by quantifying
the temporal offset of cortical and STN ERPs with one alternative method. In ECoG and STN
channels where we could identify distinct, matching ERP deflections, we calculated the
difference in time between the deflection onset (maximum point in the upward deflection). Both
calculations of cortico-STN ERP latency offset indicate that cortical activity precedes
subthalamic activity during stopping (Fig 2.7e).

Next, we asked if the degree of circuit co-activation was linked to behavior. The mean
prefrontal-subthalamic correlation across subjects was 0.46 + 0.15 (Fig 2.7f). Across subjects,
the degree of correlation was inversely related to the stop signal reaction time (p=0.040, r=0.65,
Spearman correlation; Fig 2.7g), suggesting that greater hyperdirect circuit activity is linked to
faster stopping. Although movement inhibition is impaired in Parkinson’s disease (Gauggel,

Rieger, & Feghoff, 2004), we did not find physiology or stopping behaviors to be correlated with
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parkinsonian severity: subjects’ total scores on the Unified Parkinson’s Disease Rating Scale
were not correlated with the stop signal reaction time (p=0.82, r=0.084, Pearson correlation) or

with cortico-STN correlation during stopping (p=0.72, r=0.13, Pearson correlation).
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Figure 2.7. Stopping-related potentials in the cortex and STN are correlated and their
correlation predicts stop signal reaction time. a) Schematic of visual stop signal task. b)
Behavioral performance on the task. ¢) Averaged event-related potentials of 41 successful stop
trials time-locked to the stop cue in a single subject. Potentials were recorded from the ventral
STN and from one cortical contact (location indicated with arrow on the brain reconstruction on
the left). d) Cross correlation between cortical and subthalamic potentials for the subject in c.
Red region indicates significant cross correlation. e) Cortico-subthalamic lag during stopping,
calculated using two analytic methods, showing that prefrontal potentials precede those in the
STN. Using cross correlation, the distribution of lags for all cortico-subthalamic channel pairs
had a median lag of -71 + 297 ms (blue). In channels with clear ERP deflection onset, we
calculated the offset between ERP deflections, and the median lag was -61 + 113 ms (red).
Boxplot on the right shows the distribution of mean cross correlation lags for each subject. f)
Maximum correlation during stopping. All cortico-subthalamic channel pairs with significant
cross correlation plotted in the left histogram, and boxplot on the right shows distribution of
mean cross correlation values for each subject. g) The average cortico-subthalamic cross
correlation during stopping is inversely correlated with estimated stop signal reaction time.
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Within subjects, we looked for physiological predictors of behavior that would
differentiate between successful and failed stop trials. We hypothesized three different models
that could produce success versus failure: 1) IFG-STN activity is more correlated during
successful stopping, 2) IFG-STN lag is shorter during successful stopping, or 3) IFG-STN
activity is initiated more quickly during successful stopping. Within subjects, we did not find
differences in cortico-subthalamic correlation (p=0.73, t-test; Fig 2.8a) or IFG-STN lag (p=0.93,
t-test; Fig 2.8b) during successful versus failed stopping. We found that cortical ERPs during
successful stopping preceded activity during failed stopping within subjects, with a mean lag of -
12 + 21 ms (p=0.050, one sample t-test; Fig 2.8c), suggesting that faster initiation of IFG-STN

activity is important for successful stopping.
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Figure 2.8. Within subjects, IFG-STN activity is initiated more quickly in successful versus failed
stopping. a) Three schematics illustrating potential models of IFG-STN activity during successful
versus failed stopping. b) Histograms of ECoG-STN correlation during successful versus failed
stopping in all channel pairs (left) and average correlation per patient (right). There is no
difference in successful versus failed stopping. ¢) Histograms of ECoG-STN lag during
successful versus failed stopping in all channel pairs (left) and average lag per patient (right).
There is no difference in successful versus failed stopping. d) Histograms of ECoG lag during
successful versus failed stopping in all ECoG (left) and average lag per patient (right). Average
lag is significantly different from zero.
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IFG and STN modulate delta and beta frequencies during successful stopping

Previous studies characterizing single-site activity in either the IFG or the STN during
stopping have linked modulations of beta power to successful stopping (Alegre et al., 2013;
Kuhn et al., 2004; Ray et al., 2012; N. Swann et al., 2009; N. C. Swann et al., 2012). We
therefore conducted frequency domain analyses to characterize stopping related oscillatory
activity in the IFG and STN and stopping related coherence between these structures.

Fig 2.9a illustrates activity in a single cortical and single STN channel for an example
patient. In single trials, delta activity in the IFG and STN increases immediately after the stop
cue. The onset of delta power modulation has a consistent temporal relationship with the onset
of the STOP cue, and it does not appear after the GO cue (Fig 2.10a), suggesting that it is a
modulation specific to the stopping process. Beta power decreases after the GO cue, and then
increases after the STOP cue in the IFG and STN (Fig 2.9a, Fig 2.10a). These delta and beta
modulations were significant in the trial-averaged spectrograms (Fig 2.10). The increase in beta
power occurred after the estimated time of stopping. Pooled activity across all subjects show
similar modulations in the grand-averaged spectrograms (Fig 2.9). We used the grand average
spectrograms to characterize the cortical topography of stopping-related activity. In the regions
covered, the IFG had the greatest task-related delta and beta power (p<0.05 multifactorial
ANOVA, with post-hoc Tukey’s HSD pairwise comparisons; Fig 2.9c).

Since stopping-related delta activity in the frequency domain analyses is of short
duration, it does not necessarily reflect an oscillatory phenomenon. This frequency domain
modulation likely reflects the same ERP captured in the time domain. In support of this, task-
evoked delta power was correlated with amplitude of the ERP (p=0.03, r=0.17, Spearman

correlation; Fig 2.9d).
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Figure 2.9. Beta power is modulated during stopping, but IFG-STN beta coherence is not
correlated with stopping behavior. a) In a single subject example, trial-by-trial modulation of
delta (top) and beta (bottom) power during stopping, in the IFG (location indicated with arrow in
brain reconstruction on the left) and STN. Trials are aligned to the STOP cue. b) Grand-
averaged task-related spectrograms for all subjects. ¢) Quantification of task-related power
modulation in the delta and beta frequencies for all subjects. Power in each frequency range
was quantified in the 500 ms window surrounding each subject’s stop signal reaction time. d)
Correlation between stopping-related delta power and ERP peak amplitude for single ECoG
channels. Delta power and ERP peak amplitudes are z-score normalized per patient. e)
Average stopping-related beta coherence (in 500 ms window surrounding stop signal reaction
time) is not correlated with stop signal reaction time.
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Figure 2.10. Qualitatively similar stopping-related activity in the right and left IFG. a) 3D
reconstruction of ECoG location for a single patient with right ECoG. b) Trial-averaged activity in
the IFG (top) and STN (bottom). Columns indicate trial type and cue for time-locking. Color
indicates normalized power. ¢) 3D reconstruction of ECoG location for a single patient with left
ECoG. d) Trial-averaged activity in the IFG (top) and STN (bottom). Columns indicate trial type
and cue for time-locking. Color indicates normalized power. Contoured regions indicate
significant modulation (bootstrapping, false discovery rate corrected p<0.05).
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Finally, we asked whether beta modulations in IFG and STN, or coherent beta band
interactions between IFG and STN, predicted stopping behaviors, either between or within
subjects. Beta power at each site individually, quantified in the 13-30 Hz range and in 250 ms
window before and after the SSRT, was not predictive of SSRT (Bonferroni-corrected p>0.05,
Spearman correlation). Next, we analyzed beta in subject-specific narrow frequency bands,
assessing beta amplitude and beta bursts in both the IFG and STN. Beta amplitude, burst rate,
burst size, and burst duration (Hannah, Muralidharan, Sundby, & Aron, 2019) in both sites were
not predictive of SSRT independently (Bonferroni-corrected p>0.05, Spearman correlation), or
in a combined multivariate regression model (p=0.22, R?>=0.35). Within subjects, these metrics
also did not differentiate successful versus failed stopping (Bonferroni-corrected p>0.05,
Wilcoxon signed rank). Furthermore, we did not find that beta amplitude or beta bursts were
predictive of GO reaction times in either the IFG or STN (Bonferroni-corrected p>0.05,
Spearman correlation).

Oscillatory coherence between the IFG and STN was also not predictive of SSRT in the
beta band (p=0.57, r=-0.21, Spearman correlation; Fig 2.9e), or in any other frequency range
(Fig 2.11). We also looked for oscillatory interactions between IFG and STN by analyzing the
power spectrum of the time-domain measure of synchronization discussed above, the cross
correlation of the IFG and STN ERPs. These power spectra were calculated across all contact
pairs then averaged for each patient. We found some patients with a visible peak in the beta
band, consistent with an oscillatory coherence between prefrontal cortex and STN during
stopping, though not all patients showed this peak (examples in Fig 2.12). However, there was
no difference in SSRT between patients with and without a beta peak (p=0.062, Wilcoxon rank
sum). Thus, in this population of PD patients off of dopaminergic medication, we did not find

evidence for a relationship between beta modulation and stopping or going in this circuit.
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Figure 2.11. IFG-STN coherence during stopping is not related to stopping behavior. a)
Quantification of power modulation in all subjects and in all frequency ranges during successful
stopping. Multifactorial ANOVA with post-hoc Tukey’s HSD, *p<0.05. b) Correlation between
stop signal reaction time and stopping-related coherence in all frequency ranges.
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Figure 2.12. Power spectra of cortico-subthalamic cross correlograms, in 1 second window
around stop and go signals, reveal beta peaks (local maxima) in some subjects but not all. a)
Power spectra of cross correlograms during stopping for two example subjects. b) Power
spectra of cross correlograms during going for two example subjects. To generate each plot,
power spectra for cross correlations in all cortico-subthalamic contact pairs were calculated and
averaged per patient. Power spectra on the left do not have a peak in the beta range, while
those on the right do have a beta peak (by visual inspection).
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Discussion

We used invasive brain recordings in Parkinson’s disease patients to characterize the
IFG-STN circuit and its activity during stopping. By stimulating in the STN and recording in the
prefrontal cortex, we identified a fast evoked potential that provides the first physiological
evidence of hyperdirect (monosynaptic) connectivity between the IFG and ventral STN in
humans. During a stop signal task, we show correlated stopping-related evoked activity in both
the IFG and STN, and the degree of co-activation of these structures is predictive of stopping
speed across subjects. Although we did find increases in IFG and STN beta at the estimated
time of stopping, beta coherence was not correlated with stopping speed. Our study is the first
to show that the hyperdirect circuit co-modulation is linked to stopping behaviors, which has

broad implications for stimulation-based therapies to treat maladaptive movement inhibition.

Short latency evoked potentials identify a prefrontal-subthalamic hyperdirect pathway in humans
The hyperdirect pathway was initially proposed to be a rapid connection from motor
cortical regions to the STN, bypassing the striatum and providing rapid modulation of basal
ganglia output (Atsushi Nambu et al., 2002). Subthalamic innervation from primary motor,
supplementary motor, and premotor afferents was first identified in non-human primates using
electrophysiological and histological techniques (Monakow, Akert, & Kunzle, 1978; A. Nambu,
Takada, Inase, & Tokuno, 1996; Atsushi Nambu, Tokuno, Inase, & Takada, 1997). In humans,
subthalamic stimulation elicits fast latency evoked potentials in motor cortical regions, recorded
using EEG (Ashby et al., 2001; Baker et al., 2002; Walker et al., 2012) and ECoG (Kelley et al.,
2018; Miocinovic et al., 2018), consistent with retrograde activation of a hyperdirect pathway.
More recently, attention has focused on a possible prefrontal-subthalamic pathway and its role
in the cognitive control of inhibition. Histological tracing in non-human primates have identified

prefrontal projections to the STN, with a topography favoring more ventral regions of the STN
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(Haynes & Haber, 2013). However, there has been limited anatomic or physiological
characterization of this pathway in humans.

Our study is the first to use invasive electrodes at both the origin and the termination of
the prefrontal-subthalamic hyperdirect pathway to show monosynaptic connectivity. Consistent
with evoked potentials latencies reported in the EEG literature, we found an average latency of
2.2 ms for the earliest evoked event across all subjects. This evoked potential likely reflects
rapid axonal back-propagation, with a conduction time of about 25 m/s, assuming a 5 cm
distance between the prefrontal cortex and STN. These fibers are slower than the large axon
fibers of corticospinal tract, which have conduction velocities of 41 m/s (Ashby, Strafella,
Dostrovsky, Lozano, & Lang, 1998). This is consistent with rodent tract tracing studies showing
that corticospinal fibers that collateralize to the STN have smaller diameter fibers than
corticospinal axons that do not collateralize (T. Kita & Kita, 2012). We also found a longer
latency evoked potential at 6 ms, suggesting hyperdirect fibers of different conduction velocities.
Although a monosynaptic projection of opposite directionality (STN to cortex) has been
identified histologically in rats (Degos, Deniau, Le Cam, Mailly, & Maurice, 2008; Jackson &
Crossman, 1981; H. Kita & Kitai, 1987), evoked potentials at 2 ms and 6 ms are too fast to
include both axonal conduction and trans-synaptic events.

Using evoked potential amplitude as a surrogate metric for the density of axons
extending from the cortex to the STN (Buzsaki, Anastassiou, & Koch, 2012), we found that IFG
regions had preferential innervation with the faster hyperdirect fibers (2 ms latency) compared to
neighboring regions, including the rostral middle frontal area and portions of the superior
temporal lobe (Fig 2.3c). Evoked potentials from contacts covering superior temporal lobe likely
arise from IFG activation within the Sylvian fissure rather than from the temporal lobe itself. The
6 ms evoked potential had a broader topographic distribution across the prefrontal cortex,
consistent with nonhuman primate tracing studies suggesting broad prefrontal cortical

innervation (Haynes & Haber, 2013). Furthermore, we found a topography of stronger prefrontal
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projections to the ventral STN, consistent with anatomical (Haynes & Haber, 2013) and
functional (Pasquereau & Turner, 2017) evidence from nonhuman primates. Dorsal STN
stimulation did evoke the hyperdirect potential, but at a smaller amplitude. This may arise from
current spread in this small nucleus, or from incomplete segregation of motor and nonmotor

pathways (Haynes & Haber, 2013).

IFG-STN hyperdirect pathway mediates rapid movement inhibition

The IFG and STN are thought to be involved in stopping, but we have lacked precise
physiological characterization of circuit activity during stopping in humans. Initial functional
imaging studies found increased blood oxygenation in IFG, STN, and pre-SMA during
successful stopping (Aron et al., 2007; Aron & Poldrack, 2006; C. D. Chambers, Garavan, &
Bellgrove, 2009). Subsequent invasive studies in humans benefitted from higher temporal
resolution recordings, but only had coverage of either the IFG or STN. In each site, assessed
independently, successful stopping was associated with increased beta activity (Alegre et al.,
2013; Kuhn et al., 2004; Ray et al., 2012; N. Swann et al., 2009; N. C. Swann et al., 2012),
leading to the hypothesis that coherent beta activity between the IFG and STN mediates
hyperdirect stopping.

We provide the first human evidence of IFG-STN communication consistent with
hyperdirect modulation of stopping. First, the topography of stopping-related cortical activation
coincided with that of hyperdirect connectivity, with both centered in the IFG (Fig 2.9¢). Second,
a task-evoked potential (probably corresponding to delta modulation in the frequency domain)
appeared after the stop cue but before the estimated time of stopping. Cortical and subthalamic
ERPs were highly correlated, with cortical activity leading the STN. Third, synchronization of
evoked activity in the IFG and STN predicted faster stopping (Fig 2.7g), indicating a link

between stopping behavior and activation of the hyperdirect pathway.
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Similar to prior single site electrophysiology studies (Alegre et al., 2013; Kuhn et al.,
2004; Ray et al., 2012; N. Swann et al., 2009; N. C. Swann et al., 2012), we also found
increases in cortical and subthalamic beta band power during successful stopping. The beta
modulation was strongest in IFG regions (Fig 2.9¢). However, we did not find a relationship
between IFG-STN coherence and stopping speed or successful versus failed stopping. In
addition, stopping related beta increases in IFG tended to occur later than the estimated time of
stopping, whereas an electrocorticography study in patients undergoing invasive monitoring for
epilepsy showed an earlier onset of the stopping-related beta increase (N. Swann et al., 2009).
While our data support a model in which IFG-STN interaction is mediated primarily by a fast
evoked potential rather than by oscillatory synchronization, the parkinsonian state does perturb
beta band activity in the classical thalamocortical motor loop (Brittain & Brown, 2014), and might
likewise do so in the prefrontal cortex. This could reduce or delay a putative beta-band
modulation of hyperdirect stopping. Although levodopa medication is not thought to affect SSRT
(Obeso, Wilkinson, & Jahanshahi, 2011), our subjects’ GO and STOP reaction times are slower
than those previously reported, and Parkinson’s disease is associated with deficits in behavioral
inhibition (Frank, Samanta, Moustafa, & Sherman, 2007; Jahanshahi, Obeso, Baunez, Alegre, &
Krack, 2015). Alternatively, if not causally involved in stopping, the beta modulation in the IFG
and STN may reflect a rebound of activity related to action termination, which has been
described in other regions involved in motor control, such as the sensorimotor cortex (Crone et
al., 1998; Kuhn et al., 2004), supplementary motor area (Ohara, 2000), STN (Gauggel et al.,
2004), and putamen (Sochurkova & Rektor, 2003).

The prefrontal hyperdirect pathway is likely to function as a brake during inhibitory
processes beyond those probed in the stop signal task, such as during decision conflict (Frank
et al., 2007; B. Zavala et al., 2016; B. A. Zavala et al., 2014) and during surprising events
(Wessel & Aron, 2013). Thus a better understanding of the hyperdirect pathway is important for

developing therapies to treat maladaptive behavioral inhibition, such as freezing of gait in
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Parkinson’s disease. Direct cortico-STN projections are thought to be perturbed in Parkinson’s
(Chu, Mclver, Kovaleski, Atherton, & Bevan, 2017), and one therapeutic mechanisms of STN
DBS is hypothesized to arise from altering hyperdirect activity (Gradinaru, Mogri, Thompson,
Henderson, & Deisseroth, 2009). Modulation of stopping-related activity in this pathway may be

therapeutic.
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CHAPTER 3

PREFRONTAL ACTIVITY DURING EMOTIONAL FACE PROCESSING

Abstract

Parkinson’s disease patients often experience non-motor symptoms including cognitive
deficits, depression, and anxiety. Cognitive and affective processes are thought to be mediated
by prefrontal cortico-basal ganglia circuitry. However, the topography and neurophysiology of
prefrontal cortical activity during complex tasks are not well characterized. We used high-
resolution electrocorticography in the prefrontal cortex of Parkinson’s disease and essential
tremor patients, during implantation of deep brain stimulator leads in the awake state, to
understand disease-specific changes in prefrontal activity during an emotional face processing
task. We found that Parkinson’s patients had less task-related theta-alpha power and greater
task-related gamma power in the dorsolateral prefrontal cortex, inferior frontal cortex, and lateral
orbitofrontal cortex. These findings support a model of prefrontal neurophysiological changes in
the dopamine-depleted state, in which focal areas of hyperactivity in prefrontal cortical regions
may compensate for impaired long-range interactions mediated by low frequency rhythms.
These distinct neurophysiological changes suggest that non-motor circuits undergo

characteristic changes in Parkinson’s disease.
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Introduction

Parkinson’s disease is a movement disorder that is also characterized by non-motor
symptoms, such as cognitive deficits, depression, and anxiety (K. R. Chaudhuri et al., 2006).
These non-motor symptoms are an integral component of the disease itself, comprising the
prodromal stage and advancing with disease progression (Schapira, Chaudhuri, & Jenner,
2017). A specific deficit in affective and cognitive functioning is the impaired ability to recognize
emotional face images (Enrici et al., 2015; Wagenbreth, Wattenberg, Heinze, & Zaehle, 2016;
Wieser et al., 2006). However, neural activity during emotional face recognition tasks in the
dopamine-depleted state remains poorly understood.

Unlike non-motor circuits, the physiology of motor networks in Parkinson’s have been
studied extensively. High spatio-temporal resolution human brain recording techniques have
informed the “oscillatory model” of the parkinsonian hypokinetic phenotype (de Hemptinne et al.,
2013; de Hemptinne et al., 2015; Hammond et al., 2007). This model posits that cardinal motor
signs of Parkinson'’s are related to changes in oscillatory synchronization within and between
structures in the motor network. Electrocorticography (ECoG) and subcortical local field
potential (LFP) recordings have been implemented acutely during deep brain stimulation (DBS)
surgeries to study canonical motor regions (Panov et al., 2017). These methods have the
capability of assessing low frequency rhythms important for inter-region communication (Fries,
2005, 2015), as well as broadband high frequency activity that assays local cortical activation at
very fast time scales (Manning et al., 2009; Mukamel et al., 2005). However, these tools have
not yet been widely applied to the study of non-motor circuits in Parkinson’s disease.

Here we utilized high-resolution ECoG over lateral prefrontal and orbitofrontal regions, in
patients undergoing surgery for DBS lead implantation in the awake state, to understand
disease-specific changes in prefrontal cortical activity during an emotional face processing task.
The prefrontal cortex is thought to be involved in cognitive and affective processes, including the

appraisal of emotional stimuli (Carr et al., 2003; Fusar-Poli et al., 2009; Hariri et al., 2000;
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Montgomery & Haxby, 2008; Phillips et al., 2003; Rolls, 2004). In order to determine whether
Parkinson’s is characterized by distinct prefrontal physiology during a complex task, we
compared Parkinson’s patients to a cohort of essential tremor patients. While essential tremor is
also associated with psychiatric and other non-motor symptoms (Chandran & Pal, 2012;
Lombardi, Woolston, Roberts, & Gross, 2001), they are generally milder than in Parkinson’s and
are unlikely to be connected to dopamine depletion. We found that Parkinson’s patients had
less task-related theta-alpha and more gamma activity during an emotional face processing
task, suggesting prefrontal neurophysiological changes characteristic of the dopamine-depleted

state.
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Methods

Subjects

Subjects with idiopathic Parkinson’s disease or essential tremor were recruited from the
University of California San Francisco or the San Francisco Veterans Affairs Medical Center.
Diagnoses were confirmed by movement disorders neurologists, and motor evaluations were
conducted prior to DBS surgery using the Unified Parkinson’s Disease Rating Scale (UPDRS)
for Parkinson’s patients. All Parkinson’s patients had neuropsychiatric evaluations conducted by
a psychiatrist or clinical psychologist as a part of routine clinical care. Inclusion criteria for
Parkinson’s patients included: primary rigid-akinetic motor phenotype, UPDRS-III > 30, and
motor fluctuations on versus off dopaminergic medications. Inclusion for essential tremor
patients included tremor that was inadequately responsive to medication. All patients consented
to have a temporary, subdural ECoG strip placed intraoperatively, during their DBS surgeries,
on the prefrontal cortex for research purposes. All patients provided informed consent prior to

surgery, per protocol approved by the Institutional Review Board.

DBS and ECoG placement

Parkinson’s patients had DBS electrodes targeted to the STN or globus pallidus internus
(GPi) and essential tremor patients had DBS electrodes placed in the thalamic ventralis
intermedius. DBS electrodes were placed under standard surgical protocol (Starr, 2002). A
temporary, high-resolution, subdural ECoG strip (Ad-tech, Racine, WI) was inserted through the
same burr hole used for DBS implantation (Panov et al., 2017). The 28-contact ECoG strip
consisted of 2 rows of 14 contacts, and each contact was 1.2 mm in diameter, spaced 4 mm
center-to-center. The strip was targeted to one of three prefrontal regions: dorsolateral
prefrontal cortex (dIPFC), orbitofrontal cortex (OFC), or inferior frontal cortex (IFG). For

unilateral DBS patients, the ECoG strip was placed ipsilateral to the DBS electrode, and for
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bilateral DBS patients, ECoG was placed over the hemisphere contralateral to the first side
implanted with a DBS lead. Targeting and placement were guided by surgical planning software
(Medtronic Framelink v5.1, Minneapolis, MN), which provided image guidance with

intraoperative CT fused to the preoperative MRI.

Electrode localization

Postoperative image analyses were performed to localize each ECoG contact.
FreeSurfer was used to reconstruct cortical surface models from the preoperative T1 MRI, and
then the individual cortical surfaces were fit to the Desikan-Killiany atlas brain to generate
cortical anatomy labels (Dale et al., 1999; Desikan et al., 2006; Fischl et al., 2002). The
img_pipe toolbox was used to fuse the intraoperative CT and preoperative MRI, project ECoG
contacts onto the cortical surface mesh, and obtain the anatomic locations of each ECoG
contact (Hamilton et al., 2017). We implemented an electrode projection method using surface
vectors (Kubanek & Schalk, 2015), which visually minimized the distortion of projected strip
electrodes and improved estimates of electrode location. Code for imaging analyses can be

found at https://github.com/MichaelLebrand/img pype.

Emotional face processing task

Subjects performed Tap That Emotion (Posit Science, San Francisco, CA), an emotional
go/no-go task developed for the iPad (Apple, Cupertino, CA) (Fig 3.1). Six patients performed
the task before DBS lead insertion and 6 patients after DBS lead insertion. An iPad was
positioned 2 feet in front of the subject, and patients were presented with 50-100 images of
emotional face images. 40% of trials were happy faces, 40% were sad faces, and 20% were
neutral faces. Trial order was randomized. Subjects were instructed to identify the emotion type
for each image and to respond as follows: for happy and sad faces, press a button on the iPad,

and for neutral faces, withhold movement. Images were presented for 500 ms, with a variable
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inter-trial interval between 500 and 1500 ms. The maximum period for response was 1000-2000
ms before the trial timed out. Of note, this task was designed to be easily and quickly performed
in the stressful environment of the operating room, not to maximally challenge the subject with

difficult or subtle distinctions.

Sad
40% Trials

Happy
40% Trials

Neutral
20% Trials

Figure 3.1. Emotional face processing task design.
Subjects were instructed to identify the emotional valence of the image and to respond with a
button press for sad and happy faces, but not for neutral faces.

47



Signal recordings

ECoG potentials were recorded on the Neuro Omega (Alpha Omega, Nazareth, Israel)
or the TDT PZ5 (Tucker Davis Technologies, Alachua, FL) acquisition systems. The Neuro
Omega signals are recorded at a 22 KHz sampling rate and 0.075-3500 Hz bandpass filtered.
The TDT signals are recorded at 3 kHz and 0.45-1350 Hz bandpass filtered. All ECoG
potentials were recorded referenced to an ipsilateral scalp needle, which was placed

subcutaneously over the vertex.

Neural data analysis

Custom MATLAB scripts were used to analyze electrophysiology data. Task-related data
were downsampled to 1000 Hz. Spectral power at rest was calculated using the Welch
periodogram method using a Fast Fourier Transform of 512 points. Task-related spectrograms
were generated using wavelets (Canolty et al., 2007). In a single patient, ECoG potentials for
each channel were filtered with Gabor Wavelets into 128 center frequencies ranging from 2.5-
250 Hz. Epochs of data were time-locked to the image onset of each trial, and all epochs were
averaged. Each frequency in the spectrogram was baseline corrected by subtracting the
average power of the 500 ms preceding the cue, corresponding to the inter-trial interval.
Spectrograms were z-score normalized with bootstrapping. First, a distribution of 10,000
surrogate spectrograms were generated using permutations of the task spectrograms at random
time points. Then, each point on the task spectrogram was transformed into a z-score using the
mean and standard deviation generated from the surrogate spectrogram distribution. Within
patients, an average spectrogram per anatomic region was calculated by averaging all contacts
within the same region. All trial types (happy, sad, and neutral face images) were included.
Grand averaged spectrograms were generated by averaging patients. To quantify task-related

power, the average value of task-related power from image onset (0 ms) to the mean reaction
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time for all patients was calculated for the following frequency ranges: delta (1-4 Hz), theta (4-8

Hz), alpha (8-13 Hz), beta (13-30 Hz), low gamma (30-50 Hz), and high gamma (50-150 Hz).

Statistical Analyses

Factorial analyses of variance (ANOVA) were performed to compare task-related power
between disease groups and between anatomic regions. Post-hoc Bonferonni tests were
conducted for pair-wise comparisons. A Bonferonni corrected p-value <0.05 was considered

statistically significant for grouped data.
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Results
Subjects

Twelve patients were enrolled in this study: 7 Parkinson’s (3 male/4 female) and 5
essential tremor (4 male/1 female) subjects (Table 3.1). The mean age of the Parkinson’s and
essential tremor patients were 61.7 + 10.0 years and 69.0 + 6.4 years, respectively. The
average disease duration for Parkinson’s patients was 8.1 + 4.6 years and for essential tremor
patients was 35.0 + 12.8 years. Four out of 7 Parkinson’s subjects and 2 out of 5 essential
tremor subjects were prescribed medications for psychiatric symptoms (Table 3.1).

ECoG potentials were recorded from the right hemisphere in 7 patients and from the left
hemisphere in 5 patients. A total of 300 ECoG electrodes covering the frontal lobe were
analyzed (Table 3.2; Fig 3.2a). Forty one electrodes were on the IFG pars triangularis, 56
electrodes on the IFG pars orbitalis, 167 electrodes on the superior frontal gyrus (dIPFC), and
36 electrodes on the lateral OFC. In 4 subjects, a total of 36 channels were not included in the

analyses due to electrical noise or equipment failure during recording.
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Table 3.1. Patient characteristics in emotional face processing study

Disease UPDRS-lII
Duration ON/OFF ECoG DBS Psychiatric
Age | Sex (years) Meds Side Target PAS BDI MOCA Medications
ET 039 68 M 40 -- R Vim -- -- -- --
Buspirone,
Citalopram,
ET 040 70 M 54 -- L Vim - - 25 Quetiapine
ET 047 60 F 31 -- R Vim -- -- -- Clonazepam
ET 048 69 M 40 -- R Vim - - - -
ET 049 78 M 20 -- L Vim -- -- -- None
PD 100 72 M 6 16/28 R STN -- 9 29 Clonazepam
PD 119 52 F 14 29/60 L STN 7 -- 26 None
Buproprion,
PD 121 56 F 6 5/31 L STN 10 12 24 Alprazolam
PD 123 47 M 5 21/39 R GPi 19 18 23 Escitalopram
PD 153 71 F 8 9/33 R STN 8 10 21 None
PD 155 69 F 15 7/16 R STN 3 -- 24 None
Citalopram,
Gabapentin,
PD 162* 65 M 3 21/41 L STN 17 14 25 Trazodone
ET = essential tremor; PD = Parkinson’s disease; UPDRS-III = Unified Parkinson’s Disease

Rating Scale Part Ill; PAS = Parkinson’s Anxiety Scale; BDI = Beck Depression Inventory;

MOCA = Montreal Cognitive Assessment
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Table 3.2. Electrode locations in emotional face processing study

Number of ECoG Contacts

IFG IFG Dorsolateral Lateral orbitofrontal
pars triangularis pars orbitalis prefrontal cortex cortex
ET 039 0 11 0 17
ET 040 9 13 1 5
ET 047 0 0 27 0
ET 048 1 2 22 0
ET 049 0 0 28 0
PD 100 0 5 23 0
PD 119 0 1 27 0
PD 121 0 0 11 1
PD 123 0 4 12 0
PD 153 11 10 1 6
PD 155 10 10 1 7
PD 162* 10 0 14 0

ET = essential tremor; PD = Parkinson’s disease; IFG = inferior frontal cortex.
*ECoG channels not located on the prefrontal cortex were excluded from these analyses
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Parkinson’s disease patients have reduced prefrontal theta-alpha and increased prefrontal
gamma activity during an emotional face processing task

Behaviorally, Parkinson’s and essential tremor patients performed similarly on the
emotional face processing task. Mean reaction times for Parkinson’s and essential tremor
patients were and 968 + 287 ms and 1139 + 201 ms, respectively, and mean task accuracy was
72 + 14% and 72 * 16% respectively. There were no statistical differences in reaction time
(Wilcoxon rank sum, p=0.27) or task accuracy (Wilcoxon rank sum, p=0.96) between the two
groups. We compared ECoG potentials between Parkinson’s and essential tremor patients at
rest and during the emotional face processing task (Fig 3.2b,c). At baseline during rest, there
were no differences in prefrontal spectral power in any frequency range (Wilcoxon rank sum;
Fig 3.3a). To compare task-related cortical physiology between the two groups, we computed
the grand averaged spectrograms time-locked to cue presentation. We quantified task-related
activity per frequency band from cue presentation to all patients’ average reaction time, 1039
ms. PD patients have lower task-related low frequency activity in the theta band (F(1,21)=5.87,
p=0.0246; Fig 3.3b,c) and alpha band (F(1,21)=4.75, p=0.0409; Fig 3.3b,c). PD patients also
had greater task-related prefrontal high gamma than ET patients (F(1,21)=4.73, p=0.0412; Fig
3.3b,c). The main effect was driven by disease, and there were no significant interactions
between disease and cortical location in any frequency range. We assessed whether the task-
related high gamma had a topographic focality in the prefrontal cortex. We found that task-
related high gamma was not restricted to individual contacts of the 28 contact strip and occurred

over a broad cortical region (Fig 3.4a,b).
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Figure 3.2. High-resolution ECoG in Parkinson’s and essential tremor patients.

a) 3D reconstruction of prefrontal ECoG contact locations for all patients, projected onto an atlas
brain. b) Sample resting ECoG potentials in a single ECoG channel for a Parkinson’s (left) and
essential tremor (right) patient. ¢) Sample task-related spectrograms for a single ECoG channel
in a PD (left) and ET (right) patient during emotional face processing ask. Activity is time-locked
to image onset at 0 ms, and the red line marks each patient’s average reaction time. All trials
are averaged. Color axis indicates z-score normalized power values. Outlined areas highlight
regions of significant task-related activity corresponding to an FDR-corrected p<0.01.
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Figure 3.3. Disease-specific alterations in task-related theta/alpha and high gamma activity.

a) Quantification of spectral power during baseline at rest. Spectral power for 1 minute of resting
data was calculated per patient, and all ECoG contacts were averaged within a patient. Power
per frequency range was normalized to total power between 5-55 Hz (delta, theta, alpha, beta)
or 65-100 Hz (low gamma, high gamma). b) Grand averaged spectrograms of task-related
activity during emotional face processing task in PD (top row) versus ET (bottom row) patients,
per anatomic region. Spectrograms are aligned to image onset at 0 ms. Red line at 1039 ms
indicates the average reaction time for all patients. ¢) Quantification of spectral power during the
emotional face processing task. The average power per frequency range was calculated from O-
1039 ms. Parkinson’s patients had lower task-related theta (p=0.0246) and alpha (p=0.0409), as

well as greater high gamma (p=0.0412).
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Figure 3.4. No topographic focality in task-related high gamma activity during emotional face
processing. a) 3D reconstruction of ECoG strip location for a single Parkinson’s patient. b)
Task-related spectrograms for one row of ECoG channels, all trials averaged. Outlined areas
highlight regions of significant task-related activity corresponding to a false discovery rate-

corrected p<0.01.

We then assessed whether there were differences in prefrontal cortical physiology in
response to the different emotional valences of the stimuli. We generated spectrograms for
happy, sad, and neutral images per subject, and then averaged subjects together for the
valence-specific grand spectrograms. To control for the differences in trial numbers per trial
type, we randomly subselected a constant number of trials to generate valence-specific

spectrograms for each subject. We found no differences in prefrontal task-related activity by trial

type (data not shown).
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Discussion

We utilized high-resolution intraoperative ECoG, in patients undergoing DBS
implantation in the awake state, to characterize prefrontal activity during an emotional face
processing task in Parkinson’s and essential tremor patients. We targeted the dIPFC, IFG, and
OFC because functional imaging studies have implicated these regions of the prefrontal cortex
in emotional and cognitive processing (Carr et al., 2003; Fusar-Poli et al., 2009; Hariri et al.,
2000; Montgomery & Haxby, 2008; Phillips et al., 2003; Rolls, 2004). In all regions studied, we
found that Parkinson’s patients have lower theta-alpha and greater high gamma during an
emotional face processing task compared to essential tremor patients. Our results show that the
dopamine-depleted state is associated with distinct prefrontal neurophysiology during an
emotional face processing task, suggesting that cognitive and affective circuits may undergo

disease-specific changes in Parkinson’s disease.

Deficit in theta reactivity may affect circuit integration in non-motor networks

The emotional face processing task likely recruits various simultaneous processes for
attention recruitment, assessment of emotional valence, conflict resolution, decision-making,
and motor output generation or inhibition. The neural circuits underlying these processes must
be synchronized to complete the task properly. Low frequency oscillations are thought to
synchronize neural networks by temporally coordinating excitability in different brain regions.
This mechanism, known as “communication through coherence,” permits integration of
distributed brain areas required to perform complex tasks (Fries, 2005, 2015). Functional
connectivity between the prefrontal cortex and other brain structures, such as the amygdala, is
required for emotional processing and regulation (Gold, Morey, & McCarthy, 2015; S. Wang et
al., 2017). The prefrontal cortex exerts top-down control of stimulus processing (Gold et al.,
2015) and these top-down control mechanisms may be mediated by inter-region theta

coherence (Herz et al., 2017; B. A. Zavala et al., 2014). In cognitive networks, theta oscillations
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have been shown to orchestrate prefrontal cortical and subcortical structures during learning,
memory, and attentional processes (Benchenane, Tiesinga, & Battaglia, 2011; Cavanagh &
Frank, 2014; Cavanagh et al., 2011). In Parkinson’s, theta is similarly involved in complex
cognitive functions including conflict and error monitoring, particularly between the medial
prefrontal cortex and STN (Kelley et al., 2018; B. Zavala et al., 2016). Furthermore, scalp EEG
recording in humans with Parkinson’s disease (Singh, Richardson, Narayanan, & Cavanagh,
2018) and optogenetic studies in rodent models (Kim et al., 2017; Parker, Chen, Kingyon,
Cavanagh, & Narayanan, 2015) show that mid-frontal theta in the dopamine-depleted state is
diminished during cognitive control, suggesting that deficits in low frequency modulation may
underlie cognitive deficits in Parkinson’s disease.

Consistent with a prominent role for theta band activity in non-motor functioning, we
show prefrontal theta modulation during an emotional face processing task that invokes a
variety of cognitive and affective processes. The task-related increase in theta-alpha
frequencies was diminished in Parkinson’s patients compared to essential tremor patients, and
this attenuated prefrontal theta reactivity in Parkinson’s may reflect a disease-specific deficit
arising from dopamine depletion. Given the diverse roles of the prefrontal cortex, the deficits in
theta reactivity in Parkinson’s may produce impairments in the recognition and regulation of
emotional states, as well as in cognitive processes required to perform task. The involvement of
theta oscillations in parkinsonian non-motor functioning suggests new therapeutic strategies
aimed at restoring task-related theta increases. In non-parkinsonian patients with depression,
for example, deep brain stimulation in the limbic striatum boosts theta activity during a cognitive
task performed in the presence of emotional distractors and improves task performance (Widge

et al., 2019).
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Parkinson’s disease patients may compensate for oscillatory deficits by excessive activation of
the prefrontal cortex

In healthy subjects, functional imaging studies suggest that various prefrontal regions
are engaged during emotional processing tasks, but there is no consensus on topography
(Phan, Wager, Taylor, & Liberzon, 2002). Behaviorally, Parkinson’s patients have deficits in the
ability to assess the valence of emotional face images (Enrici et al., 2015; Wagenbreth et al.,
2016; Wieser et al., 2006). Assessments of gray matter volume in Parkinson’s patients suggest
that bilateral OFC gray matter volume is positively correlated with facial emotion recognition
performance (Ibarretxe-Bilbao et al., 2009). Furthermore, functional imaging suggests
compensatory prefrontal activity to counteract behavioral deficits. Subclinical Parkin mutation
carriers have a hyperactive right pars opercularis during emotional face processing (Anders et
al., 2012) and symptomatic Parkinson’s patients have a hyperactive medial prefrontal cortex
while processing arousing emotional images (Moonen et al., 2017). Although functional imaging
studies have comprehensive spatial coverage of the brain, they lack temporal resolution.

Utilizing electrophysiological tools that can assess neural activity at fast time scales, our
findings support imaging evidence of Parkinson’s prefrontal hyperactivity during an emotional
face processing task. We used cortical high gamma power as a surrogate metric for local
neuronal activity, as it has been shown to correlate with fMRI BOLD and also with population
spiking (Logothetis, Pauls, Augath, Trinath, & Oeltermann, 2001; Manning et al., 2009; Mukamel
et al., 2005). We found greater task-related gamma in Parkinson’s patients compared to
essential tremor patients in the IFG pars triangularis, IFG pars orbitalis, dIPFC, and lateral OFC,
suggesting a hyperactive prefrontal cortex. The area of prefrontal cortex over which this
disease-specific gamma band activation occurred serves diverse cognitive functions (Duncan &
Owen, 2000). These power spectral changes may reflect a change in the balance between

cortical excitation and inhibition (Gao, Peterson, & Voytek, 2017).
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Prefrontal theta-gamma coupling in rodent models have been shown to be modulated by
dopaminergic input to the prefrontal cortex (Lohani, Martig, Deisseroth, Witten, & Moghaddam,
2019). In the dopamine-depleted state, we propose that prefrontal hyperactivity stems from
compensatory mechanisms to overcome the deficit in low frequency network oscillations
involved in cognitive and affective processing. Given the demonstrated role of prefrontal control
in movement inhibition (Aron et al., 2016), an alternative hypothesis is that the Parkinson’s-
specific pattern of gamma activation in our study is related to the movement inhibition/activation
element of the task, rather than emotional face processing. However, we do not see similar
task-evoked gamma activity in two subjects who performed a non-emotional go/no-go task with

a similar cortical recording paradigm (data not shown).

Limitations

Due to the invasive nature of our study, Parkinson’s disease patients were compared to
essential tremor patients instead of healthy controls. Although non-motor symptoms may occur
in both disease groups, comorbid psychiatric states are more common in Parkinson’s, and
dopamine depletion is specific to Parkinson’s. In our cohort, comprehensive neuropsychiatric
evaluations are not a part of routine clinical care for essential tremor patients. Limited
intraoperative research time restricted our tasks to simple designs and low trial numbers, which
did not allow us to establish differences in task performance potentially due to ceiling effects.
Our findings suggest that prefrontal physiology in Parkinson’s and essential tremor patients are
distinct despite employing a task that was simple enough to evoke similar task performance. In
some patients, recordings were performed after DBS lead insertion, which may produce
“microlesional” effects. However, similar task-related activity was seen in pre-lead and post-lead
patients (data not shown). The relatively low number of trials that can be done in the
intraoperative environment precluded subgroup analyses of cortical responses to stimuli of

different emotional valences. Therefore, we cannot attribute task-related activity specifically to
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emotional face processing, as the neurophysiological modulations may reflect a variety of
cognitive and affective processes. We grouped Parkinson’s and essential tremor patients who
had ECoG recorded in both left and right hemispheres, as we did not have sufficient patients to
statistically analyze laterality within disease groups. However, we found similar activity in both

the left and right prefrontal cortex (data not shown).

Summary

The effect of the parkinsonian state on the neurophysiology of the prefrontal cortex
during complex cognitive and affective tasks has been underexplored. Utilizing intracranial
recordings during an emotional face processing task in Parkinson’s and essential tremor
patients, we demonstrate Parkinson’s disease-specific changes in low frequency oscillatory
activity as well as high gamma broadband activity. This work suggests that the “oscillation
model” of the motor system in Parkinson’s, widely used to explain specific motor deficits, may

also extend to prefrontal cortical areas that contribute to non-motor deficits.
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CHAPTER 4

CONCLUSIONS

The results presented in this dissertation expand our understanding of prefrontal cortical
functioning in Parkinson’s disease. Specifically, we characterized prefrontal activity during
movement inhibition and during emotional stimuli processing in humans.

In Chapter 2, we assessed the topography and function of the prefrontal-subthalamic
hyperdirect pathway. We found monosynaptic connectivity between broad prefrontal cortical
regions and the subthalamic nucleus, with the fastest fibers originating in the inferior frontal
regions. We showed co-activation of the inferior frontal gyrus and subthalamic nucleus during
stopping, and the degree of this co-activation was correlated with the stopping speed. These
results establish the first human evidence of hyperdirect connectivity between the prefrontal
cortex and subthalamic nucleus, and we show how this circuit is modulated during movement
inhibition.

In Chapter 3, we characterized prefrontal activity during emotional face processing. We
compared Parkinson’s patients with essential tremor patients to find disease-specific changes in
prefrontal activity during affective processing. We found prefrontal hyperactivity during the
appraisal of emotional face images, which was specific to the dopamine-depleted state. These
results suggest that cognitive and affective circuits may undergo disease-specific changes in

Parkinson’s disease.
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