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Neural oscillatory characteristics
of feedback-associated activity
in globus pallidus interna
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Neural oscillatory activities in basal ganglia have prominent roles in cognitive processes. However,
the characteristics of oscillatory activities during cognitive tasks have not been extensively explored
in human Globus Pallidus internus (GPi). This study aimed to compare oscillatory characteristics of
GPi between dystonia and Parkinson’s Disease (PD). A dystonia and a PD patient performed the
Intra-Extra-Dimension shift (IED) task during both on and off-medication states. During the IED
task, patients had to correctly choose between two visual stimuli containing shapes or lines based
on a hidden rule via trial and error. Immediate auditory and visual feedback was provided upon

the choice to inform participants if they chose correctly. Bilateral GPi Local Field Potentials (LFP)
activity was recorded via externalized DBS leads. Transient high gamma activity (~ 100-150 Hz) was
observed immediately after feedback in the dystonia patient. Moreover, these bursts were phase
synchronous between left and right GPi with an antiphase clustering of phase differences. In contrast,
no synchronous high gamma activity was detected in the PD patient with or without dopamine
administration. The off-med PD patient also displayed enhanced low frequency clusters, which

were ameliorated by medication. The current study provides a rare report of antiphase homotopic
synchrony in human GPi, potentially related to incorporating and processing feedback information.
The absence of these activities in off and on-med PD patient indicates the potential presence of
impaired medication independent feedback processing circuits. Together, these findings suggest a
potential role for GPi’s synchronized activity in shaping feedback processing mechanisms required in
cognitive tasks.

Neural oscillatory activities are fundamental attributes of sensory, motor, behavioral, and cognitive functions
of the central nervous system (CNS)!~. These oscillations have been observed in various brain regions from
the cortex to subcortical areas. On a local scale, oscillations are thought to be involved in the encoding and
decoding of information in brain regions®’. Furthermore, global scale synchronous oscillatory activity of neural
circuits might play a major role in forming consciousness. Even though animal electrophysiology studies have
extensively investigated the roles of neural oscillations in subcortical CNS regions, human studies are rare in this
regard. Although EEG recordings are widely available, their spectral recording range is limited, especially for
high-frequency oscillations. Moreover, EEG and MEG are more suitable for investigating cortical structures and
have limited power for studying subcortical areas®®. In contrast, deep brain stimulations (DBS) electrodes offer
high spatial and temporal resolution from a small target area allowing for precise studying of deep brain nuclei
in real-time'®. Therefore, recordings obtained from DBS have provided a precious window into investigating
neural dynamics in subcortical regions' 2.

Parkinson’s disease is primarily caused by a reduction of dopaminergic neurons in the basal ganglia'. Promi-
nent symptoms in the initial stages mainly include motor dysfunctions, such as tremors and rigidity, which are
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superimposed by cognitive impairment and dementia as the disease progresses'®. Dystonia patients, on the other
hand, suffer from sudden muscle contractions that can last from seconds to hours with mild to no apparent
cognitive deficit'%. Abnormal oscillatory activities have been observed in PD and dystonia patients, especially
in the GPi, and are taught to be associated with the underlying neural alterations'®. PD patients often display
pathologically enhanced beta power in GPi associated with motor dysfunction severity and is temporarily allevi-
ated by intentional motor tasks and levodopa treatment'®'”. On the other hand, dystonia patients mainly display
abnormal GPi alpha oscillations*. DBS stimulation of GPi can alleviate motor symptoms in both dystonia and
PD, especially in severe and treatment-resistant cases'>'*.

Although GPi is mainly known for its role in motor movement and coordination, recent studies have also
proposed a cognitive role for this region, pointing to possible functionality for cognitive processing of action and
response selection, especially during high conflict states'®. With a general functional viewpoint, previous reports
have demonstrated that gamma and theta band activities are closely linked with memory processes, whereas alpha
and beta oscillations have been robustly observed in attention-centered tasks'*?. Besides, more recent studies
have expanded findings regarding oscillatory CNS roles by proposing a prominent link between high gamma
bursts, also known as ripples, in cortical and several subcortical regions, such as the hippocampus, with memory
encoding and recall. Transient high gamma activity in the hippocampus has been linked to explicit awareness
of the working memory content and successful memory task performance. Many animal models*! and several
human studies have studied this mnemonic function of high gamma bursts, and their synchrony with cortical
structures has been studied in many animal models?? and several human studies*?.

The cognitive role of high gamma GPi activities in humans has not been fully explored. Gillies et al. observed
high gamma activity in dystonia patients after receiving audiovisual feedback during the Cambridge Cognition’s
IED task®. In this study, we aimed to delve deeper into the characteristics of high gamma oscillatory bursts in
GPi during the Intra Extra Dimensional task (IED) in recordings from PD and dystonia patients. More specifi-
cally, we evaluated the amplitude and inter-hemisphere coupling characteristics of high gamma bursts between
left and right GPi after receiving feedback. Furthermore, the results were compared between dystonia and PD
as normal and dopaminergic deficit states, respectively.

Materials and methods

Patients. This study uses a subset of data previously reported by Gillies et al.?*>. Two patients were included
in the study (Table 1). both patients were female and right-handed. The first patient was 59 years old with focal
cervical dystonia. The second one was a 66 years old Parkinsonian patient. The dystonic patient received no
medication during the test period. The parkinsonian patient first underwent the test before receiving scheduled
prescribed L-dopa in order to simulate "off-med" symptoms. Subsequently, the test was repeated after sched-
uled prescribed L-dopa medication when the patient was experiencing "on-med" symptoms. Both patients gave
informed written consent. The study was conformed to the Declaration of Helsinki and approved by Oxfordshire
Research Ethics Committee A.

Surgical procedure. Both patients underwent bilateral Globus pallidus deep brain stimulation via a stand-
ard technique®. Medtronic 3387 DBS leads were placed in left and right posteroventral GPi. Each electrode had
four circumferential 1.5 mm channels. A CT head scan was performed to assess the lead position after implanta-
tion (verified by Image Fusion with the pre-operative MRI). Approximate positions of three lead channels are
displayed in supplementary Fig. 1. Internalization of DBS leads and implantation of internal pulse generators
was done approximately a week after clinical testing for efficacy (Fig. 1A).

Experimental procedure. Patients executed a forced decision-making task, Intra-Extra Dimension shift
task (by Cambridge Cognition), an on-screen variation of the Wisconsin card sorting task. The dystonic patient
performed the task once, and the parkinsonian patient performed the task in both on-med and off-med condi-
tions. There was no pre-experimental training phase for learning the task. However, the PD patient performed
the task several months before the surgery due to neuropsychological investigation. The IED task contains nine
rule sections, changing intra-dimensionally until the 7th section and changing extra-dimensionally in the 8th
and 9th sections. Within each section, the subject experience several trials up to a maximum of 50 trials. The
six consecutive correct answers to trials lead the subject to pass the section and change the rule. If the subjects
do not achieve six subsequent correct answers within 50 tries, they fail the section, and the experiment ends
(Fig. 1B). Each trial starts when a visual object containing two abstract figures appears on the blank screen. The

First reported symptom
Diagnosis Gender | Surgeryage | age Handedness | NART IQ | AMIPB (Delayed)
1 Focal Dystonia (cervical) | Female |59 35 Right N/A N/A
Parkinson’s Disease (On .
2 and off-med) ( Female |55 47 Right 103 Pass (9)

Table 1. Patients’ Characteristics. All scores have a mean 100 and SD 15 unless otherwise stated. Performance
is classified as: impaired (< 69), borderline (70-79), low average (80-89), average (90-109), high average (110-
119), superior (120-129), very superior (>130). NART IQ National adult reading test intelligence quotient,
AMIPB adult memory and information processing battery.
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Figure 1. The overview of data recording and IED task. (A) two DBS leads with three recording channels were
placed in the right and left GPi separately to record the LFP signal during the IED task. (B) schematic of Cantab
Intra-Extra Dimension shift task. The task contains nine rule sets. In each section, when the patient completes
six correct trials sequentially, the rule changes. Each rule section has 50 trials at maximum, and if the patient
does not reach six consecutive correct trials within the 50 trials, the experiment ends at that rule section. (C)
Graphic representation of a single trial. Each trial starts when the visual object appears on the blank screen.

The patient moves to touch the screen in order to choose the preferred object. Auditory and visual feedbacks
are given immediately and simultaneously to the patient upon screen touch. The red marker indicates the
"incorrect” answer in the visual feedback, and the green marker indicates the "correct” answer. For auditory
feedback, the patient hears "correct” for the correct answers and "incorrect” for incorrect answers. The trial ends
when the screen becomes blank before the start of the next trial.

subject moves his hand to touch the screen and choose the answer (Fig. 1C). The subject receives simultane-
ous audiovisual feedback immediately after the answer selection. The visual feedback presents as green and
red highlights on the screen for "correct" and "incorrect” answers, respectively. The subject hears "correct” for
"correct” answers and "wrong" for "incorrect” answers as auditory feedback. After receiving the feedbacks, the
trial ends when the screen becomes blank. Each trial lasted about 3000 to 3500 ms with 500 ms of blank screen
presentation.

Electrophysiological recording. Recordings were obtained from adjacent circumferential 1.5 mm con-
tacts of each deep brain macroelectrode in a bipolar configuration to reduce the effects of volume conduction'.
Globus pallidus contacts were identified by postoperative image-fused MRI and CT. Signals were amplified
(10,000 x) using isolated CED 1902 amplifiers and digitized via CED 1401 Mark II at a rate of 2.5 kHz (Cam-
bridge Electronic Design) or recorded by a Porti system (Twente Medical Systems International, BV, Nether-
lands) and recorded onto storage using Spike2 software (Cambridge Electronic Designs, Cambridge, UK). Raw
data was notch filtered at 50, 100, and 150 Hz as required using Spike2 infinite impulse response Bessel filters,
Q value adjusted to avoid unwanted filtering of adjacent frequencies as much as possible. Spike 2 data were
imported into EEGLAB?.

Data analysis. All analysis steps were performed using MATLAB R2019b. To inspect trials’ signal quality,
image matrices of trials were visually inspected. Consequently, one trial from the dystonic patient and three tri-
als from the on-med PD patient were removed. A high pass filter at 0.1 Hz and a low pass filter at 200 Hz were
also utilized to remove slow and fast oscillatory noises. The first channel of each electrode was used for referenc-
ing. To perform time-frequency decomposition, Morlet wavelets with increasing cycles were utilized over 120
frequency steps between 2 and 150 HZ. The baseline window was designated to be 2200-2500 ms after the start
of each trial during the blank screen phase. Amplitude values were converted to decibels using the mean ampli-
tude calculated in the aforementioned window for each trial. Ipsilateral and contralateral LFPs were averaged
for amplitude analyses.
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To find statistically significant time-frequency activities, cluster correction with a time-frequency-amplitude
voxel and cluster threshold of 0.05 was implemented. Briefly, distribution for each voxel was obtained in 1000
iterations. In each iteration, the amplitude spectrum of each trial was cut in a random time point, the order was
swapped, and the mean amplitude was calculated over trials. After the initial permutation loop, original ampli-
tude values were converted into z-scores using the mean and standard deviation of the acquired distribution.
In the next step, to obtain a distribution for amplitude cluster sizes, another 1000 iteration was implemented. In
each iteration, values from the previous loop were converted to z score, and a pixel threshold of 0.05 was utilized,
after which the size of the largest cluster was stored. After the permutation loop, only clusters larger than the
95th percentile were considered significant.

To obtain the standard error of the mean (SEM) for each band, bootstrapping over trials in 1000 iterations
was used. In brief, in each iteration, an equal number of trials as the original state were selected with replace-
ment, and the SEM was calculated over trials. Afterward, all SEM values were averaged across iterations to obtain
the final SEM. To identify time points where the difference between the amplitude time series of two patients
was significantly different, the normalized amplitude time series were subtracted, and bootstrapping over 1000
iterations was used to obtain confidence intervals (CIs). Afterward, windows, where the subtracted time series
and the CI did not envelope 0, were designated as statistically significant.

To investigate the phase synchrony between left and right GPi, Inter-Site Phase Clustering (ISPC) was imple-
mented. Phase differences were calculated from the wavelet convolution and were converted to complex repre-
sentation using the formula 1. The calculated representations were averaged in sliding time windows varying
according to the frequency cycle in each trial, and the results were averaged over all trials with the same feedback
status. This approach is robust to trial to trial jitters and can measure the total (phase-locked and none phase-
locked) connectivity. The resulting values were differentiated from the mean ISPC values from the baseline
window to remove baseline effects. Permutation testing with a threshold of 0.05 in a manner similar to the
abovementioned method was used for statistical testing®®.

N
ISPC(f, ) = % 3 el () 0)
i=1

Results

All subjects completed the nine rules of the task in one attempt each. The patient with dystonia completed the
task in 92 trials, with 63 correct and 29 incorrect trials, respectively. Also, the patient with PD in the off-med
state completed the task in 105 trials, with 64 correct and 41 incorrect trials. In the on-med state, the PD patient
completed 98 trials in total, with 69 correct and 29 incorrect trials.

Frequency band characteristics of oscillatory activities. Time-frequency analysis demonstrated a
transient activity in the high gamma band (60-140 Hz) immediately after the feedback. Cluster correction on
the time—-frequency plot showed the significance of the high gamma oscillation (p-value <0.05) (Fig. 2A). How-
ever, there was no significant high gamma activity in the Parkinsonian patient in the equivalent time window
(Fig. 2B). Furthermore, the amplitude comparison between correct and incorrect trials with respect to high
gamma oscillation in the dystonic patient showed no significant difference between correct and incorrect trials
(p-value > 0.05), indicating the robustness of the high gamma activity to the received feedbacks (Fig. 2C).

Furthermore, a low frequency activity in the theta, alpha, and beta frequency band (~4-30 Hz) was detected
in the PD patient’s time-frequency analysis. Further cluster correction demonstrated the significance of this
activity (p-value <0.05). Compared to the dystonic patient, the current activity in low frequency bands is sig-
nificantly higher in the PD patient (p-value < 0.05) (Fig. 2D, E). Moreover, alpha-theta activity in both Dystonic
and PD patients was significantly higher in incorrect trials than in correct trials (p-value <0.05) (Fig. 2D).
However, there was no significant difference in beta frequency activity between correct and incorrect trials in
participants (p-value <0.05) (Fig. 2E). Since the participants at these time points performed no task-related
behavioral activity, the observed low-frequency differences could be due to the underlying abnormal oscillatory
activities of the diseases.

Inter-hemisphere synchrony in high gamma oscillation. Inter-site phase clustering (ISPC) was used
for evaluating phase synchrony between right and left GPi (Fig. 3A). The results of the dystonic patient showed
that there is a statistically significant (p-value <0.05) phase synchrony between left and right GPi in the high
gamma frequency band immediately after feedback (Fig. 3B). In contrast, there was no significant phase syn-
chrony between right and left GPi in the PD patient’s high and low frequency bands (Fig. 3B).

While ISPC can detect the presence of phase synchrony between two sites, it does not reveal the clustering of
the phase differences between the two measurement areas. Therefore, in order to investigate the distribution of
phase differences between left and right GPi, the phase differences in each trial were converted to Euler represen-
tations and were subtracted by the average representation in the trial’s baseline window to remove the baseline
effects. Then the representations were averaged over the high gamma spectrum, and average phase difference
angles were extracted from the resulting representations. Finally, the angles were binned into a polar histogram
to show the distribution of average phase differences between right and left GPi. The results indicated that the
observed high gamma phase synchrony in the dystonia patient exhibited an antiphase clustering of bilateral phase
differences in the proximity of 180° (Fig. 3C). The average ISPC in the high gamma band was also consistent
with this result (Fig. 3C).
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Figure 2. Activity dynamics of frequency bands in dystonia and Parkinson’s disease during the IED task. (A) Cluster
corrected time-frequency amplitude spectrum of dystonia (left) and PD (right) patients during correct and incorrect
trials. Immediately after receiving feedback, a significant cluster of high gamma activity (permutation test; P <0.05)

is observed in the dystonia patient during correct and incorrect trials. In contrast, no significant cluster was observed
in the same time-frequency window in the PD patient. A significant cluster is observable in the PD patient around
600 ms in the theta-alpha and beta frequency bands, most likely due to the pathophysiology of the disease. (B) Average
high gamma amplitude time series for the dystonia and PD patient shows that high gamma burst is significant in

the dystonia patient (permutation test; P <0.05), marked by the black bar above the plot. (C) Average high gamma
amplitudes were calculated for the correct and incorrect trials in the [0, 200] ms time window. Bar plots of average
amplitudes showed no difference between correct and incorrect trials in both dystonia and the PD patient. (D)
Averaged theta-alpha amplitude in the dystonia and PD patients. The PD patients displayed enhanced low frequency
activity in time windows after the feedback (permutation test; P <0.05) marked by the black bar above the plot.
Furthermore, a comparison of average amplitudes in correct and incorrect trials ([0, 200]ms for dystonia and [500,
1000] ms for the PD patient) revealed a significantly higher theta-alpha activity in both patients during the incorrect
trials (permutation test; P <0.05). (E) Averaged beta amplitude time series in the dystonia and PD patients. The PD
patients displayed enhanced beta frequency activity after the feedback (permutation test; P<0.05) marked by the black
bar above the plot. No difference between correct and incorrect trials ([500 1000]ms for both patients) in both dystonia
and PD patients was seen. To avoid potential bias effects related to the treatment medication, only the activity from the
off-med PD patient was utilized in this figure. Time 0 corresponds to the feedback onset in all panels. Time windows
for amplitude averaging were chosen based on panel A regions where significant activity was observed in the targeted
frequency band.
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Figure 3. Phase synchrony between left and right GPi in dystonia and PD patients during the IED task. (A)
schematic overview of Inter-Site Phase Clustering (ISPC) method for calculating phase synchrony. At each
time—frequency point, the phase difference between two sites is transformed via Euler’s formula and is averaged
over trials. (B) ISPC synchrony plots of dystonia and the PD patient. Inmediately upon feedback, prominent
synchrony between right and left GPi in the high gamma frequency is observable in the dystonia patient but
not in the PD patient. ISPC values are normalized by subtracting the mean baseline ISPC computed from
the baseline window. (C) Polar histogram of the phase difference between left and right GPi in high gamma
frequency band in the dystonia patient. A conspicuous clustering of phase differences around 180° is present
immediately after the feedback. In the same time window, the average high gamma activity shows a marked
peak. Calculation time point of each polar plot is displayed beneath it in milliseconds. To avoid potential bias
effects related to the treatment medication, only the activity from the off-med PD patient was utilized in this
figure.
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Medication effect on the low frequency oscillation in PD patient. The PD patient showed different
characteristics in low frequency oscillations in the on-med and off-med states. Results of the cluster corrected
time-frequency analysis demonstrated that in contrast to the off-med state, low frequency activity in theta,
alpha, and beta frequency bands is not significant in the on-med state (Fig. 4A). In order to further investigate, a
permutation test was performed between on and off-med states in each frequency band. There was a significant
difference between on and off-med states in the alpha-theta band (p-value <0.05). The same result was repeated
in the beta frequency band after the feedback (p-value < 0.05). However, there was no significant difference in the
high gamma frequency band between on and off-medication states (Fig. 4B).

Furthermore, ISPC analysis was performed to evaluate the inter-hemisphere phase synchrony and compare
them between two medication states. Similar to the off-med state, there was no significant high gamma phase
synchrony between right and left GPi in the on-med state of the PD patient in both ISPC time-frequency spec-
trum (Fig. 4C) and average high gamma ISPC time series (Fig. 4D).

Discussion

This study investigated the characteristics of LFP recordings from bilateral GPi in dystonia and Parkinson’s
disease patients during the IED task. Exploring the roles of deep brain structures in humans during a cognitive
task is an arduous process. DBS data provide a valuable window for direct investigation of basal ganglia but are
rare due to the small number of DBS surgeries and the effort required on behalf of patients and researchers for
proper recording and avoiding complications. Therefore, observations from DBS recordings are valuable sources
of information for investigating the role of subcortical areas in cognitive functions. A noticeable finding of this
study was the presence of short, high gamma activity bursts after receiving audiovisual feedback in the dystonia
patient. We further evaluated this finding by using a robust cluster detection statistical test to ensure correction
for multiple comparisons. The observed activity was not affected by the semantic nature of the feedback as both
correct and incorrect feedbacks elicited the phenomena. The same activity, however, was not detected in the PD
patient, both in on and off medication states, similar to the findings of Gillies et al.?>. Furthermore, an interest-
ing finding was that the observed high gamma activity showed marked phase synchrony between bilateral GPi
immediately after the feedback in the dystonia patient during both correct and incorrect trials. The observed
synchrony in the dystonia patient had an antiphase characteristic with a prominent binning of phase differences
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Figure 4. Medication effect on the activity dynamics and phase synchrony of frequency bands in on-med

and off-med PD patients during the IED task. (A) The observed alpha and beta activity cluster in the off-med
patient is absent in the on-med patient, which is in accordance with previous reports indicating the effect of
medication on alleviating pathological low frequency bursts in the PD patients. No high gamma cluster was
observed after the feedback in both patients. (B) Using the panel A results, average amplitudes were calculated
in the [500, 1000] ms time windows for the theta-alpha and beta bands and the [0, 500]ms window for the high
gamma band. The results revealed a significant difference of average amplitude between on-med and of-med
states (permutation test; P <0.05) but no difference in the high gamma activity. (C, D) ISPC synchrony time-
frequency spectrum and frequency averaged high gamma ISPC time series of the PD patient in on and off med
states displayed no alteration in the phase synchrony state between right and left GPi with medication in PD
patient.
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around 180°. In contrast, this synchrony was absent in the PD patient in both on-med and off-med states. Recent
studies have reported the presence of antiphase synchrony in homotopic cortical structures. However, to the best
of our knowledge, the current study provides the first investigation of homotopic antiphase synchrony in human
GPi in dopamine-intact and dopamine-deficit states.

Although GPi is mainly known as a motor center, previous studies have reported its involvement in non-motor
cognitive tasks, such as working memory and attention'®. High gamma oscillations are often associated with
increased activity of local neural populations®*°. Previous results have mainly linked high gamma activity with
various aspects of the memory. For example, Animal studies in rodents have demonstrated high gamma activ-
ity in several cortical and subcortical regions that were mainly linked with long-term memory performance?.
Similar high gamma activity patterns have also been observed in studies on humans. A study by Norman et al.
using iEEG recording on human patients during the execution of a memorization-recall task observed a brief
high gamma ripple activity, termed Sharp Wave Ripples (SWR), in the hippocampus®'. The subjects were asked to
observe a number of pictures and recall them after a period of time. The results revealed that high gamma SWRs
were key components in the memory encoding process, and the ability of a patient to successfully remember a
picture was linked to the high gamma burst activity during the recall phase. Furthermore, the observed bursts
displayed synchronous activity with several cortical regions, such as early visual areas and fusiform gyrus. The
authors concluded that high gamma ripples create a dialogue between the hippocampus, a subcortical area, and
cortical regions involved in memory processing. A cornerstone of good IED task performance is the ability to
successfully recall the results of recent audiovisual feedback, which is directly related to the subject’s working
memory>2. As a result, it is likely that the observed high gamma activity of the current study, at least in part, is
related to the process of memory formation and recalling of the recently received feedback in order to encode the
information to be used in the upcoming trial. Another potential contributor to the lack of high gamma activity in
the PD patient could be impaired sensory processing. It has been reported that PD patients suffer from impaired
sensory processing, which also contributes to the disease’s motor symptoms****. Since the task’s feedback was
provided to the patients as auditory and visual cues, impaired sensory integration could contribute to the lack
of high gamma activity in the PD patient. Future studies are needed to validate this hypothesis, as the IED task
was not designed to precisely assess sensory processing.

One of the main findings of this study that adds to the previous literature was the presence of antiphase
synchrony in the observed high gamma burst between right and left GPi in the dystonia patient. Recent studies
have reported prominent antiphase synchrony in intracranial EEG recordings between homotopic regions®**.
Antiphase synchrony may be involved in augmenting the brain’s predictive capability and task performance
improvement by synchronizing the activity of neural circuits in response to internal or external cues. Further-
more, the observed functional connectivity could serve as an integration mechanism across separate brain
regions®. The observation that these brief synchrony epochs rapidly appear after feedback and are present in trials
regardless of the semantic nature of the received feedback is supportive of the integrative role of the observed
connectivity. For better conceptual illustration, the aforementioned processes can be compared to the back-
propagation of an artificial neural network (ANN), where the loss is computed in the last layer and then is back-
propagated across the networks to optimize the framework by adjusting the units of each layer simultaneously®’.
The higher cortical areas can be seen as the last layer of an ANN where actual output is calculated and compared
with the desired output. To optimize the output’s precision, an intrinsic loss is calculated and propagated towards
downstream centers to optimize their activity. Thus, the observed synchronous high gamma bursts might be
associated with the simultaneous arrival of optimization signals from higher cortical levels.

In contrast to the dystonia patient, no significant synchronized high gamma activity was observed between left
and right GPi in the PD patient in both on-med and off-med states. From a cellular perspective, high frequency
bursts have been reported to be associated with gap junction structures, especially axonal complexes. Previous
studies in rodents®® and humans®, especially in the hippocampus, have reported the presence of gap junctions
during gamma and high gamma activity. Furthermore, it is known that compensatory changes in membrane
channels and junctions are present in PD patients. These changes might be associated with the observed absence
of high gamma activity in the PD state, but more studies in this regard are needed as the role of gap junctions
in human basal ganglia oscillatory dynamics has been barely investigated*’. Furthermore, it can be assumed
that the high gamma synchronization system requires a structurally intact dopaminergic pathway since even
treatment with dopaminergic drugs was not able to restore this synchrony. Previous studies have reported the
presence of abnormal structural changes in PD patients where the severity of these changes is associated with
the degree of memory dysfunction in these patients*’. Moreover, it has been suggested that an intact corpus
callosum is required for the presence of antiphase synchrony between homotopic regions®. PD patients, how-
ever, often suffer from various degrees of corpus callosum atrophy*’, which might be a potential cause for the
observed lack of antiphase synchrony in bilateral GPi. It should be noted that the reported link between LFP
differences in DBS studies of movement disorders and the observed signs and symptoms are mainly associative.
Therefore, more studies are needed to explore the causal and explanatory relations between LFP abnormalities
and disease symptoms.

This study also observed enhanced low frequency oscillations, mainly in theta-alpha and beta frequency
bands, in the oft-med PD and dystonia patients. Previous studies have reported abnormally increased low fre-
quency activities in PD patients'®*’. Prominent theta and alpha oscillations in the basal ganglia have been
observed in association with disrupted risk assessment errors. It is possible that the observed higher theta-alpha
power after the feedback during the incorrect trials in off-med PD and dystonia patients is related to reward
prediction error. Another observed aspect of the PD disease is the beta oscillations that are strongly linked to
motor symptoms; these oscillations are decreased during voluntary movements but rebound after the move-
ment’s conclusion'”. Accordingly, the observed abnormal beta activity in the PD patient is likely to be related
to the aforementioned beta rebound after finishing voluntary movement since it appears during the time when
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the subject has likely withdrawn their hand. All the abnormal low frequency activities faded during the on-med
phase, pointing to the therapeutic effects of medication in PD disease.

The findings of this study should be viewed in the light of several limitations. The number of subjects in this
study was not large. This limited the possibility of additional analyses, such as an in-depth investigation of the
detailed oscillatory characteristics of different stages of the IED task. During the recording phase, only markers
for the feedback time were recorded. As a result, trials were centered with respect to the feedback time. Therefore,
we cannot make precise assumptions regarding the oscillatory events triggered by the stimuli onset. The IED
task might not be completely orthogonal as several cognitive factors can affect the subject’s performance during
the trials. Finally, as DBS recording from healthy individuals is not feasible, the results were compared between
PD and dystonia diseases. It is possible that dystonia patients suffer from mild degrees of cognitive impairment.
Future works should evaluate the results of this study with larger study populations and use more specific tasks
with respect to the study’s framework.

Conclusion

The present study investigated oscillatory neural dynamics of GPi in dystonia and PD patients during the IED
task. The results revealed the presence of bilateral antiphase synchrony in the high gamma band immediately
after the feedback in the dystonia patient. No similar observation was present in the PD patient in both on-
med and off-med states. High gamma activity has been observed in association with memory processing and
recall during tasks. Antiphase functional connectivity between homotopic regions has been suggested to be
involved in input integration and processing across distinct areas to augment the anticipatory performance of
the brain. Together, the observed antiphase high gamma synchrony could be related to the feedback integration
and memory processing to tune the subject’s performance across trials. The absence of antiphase high gamma
activity in the PD patient in both on and oft med states can be associated with structural deficits independent of
dopamine administration that are routinely present in PD. Future studies are required to verify this framework
using larger study populations and more specific cognitive tasks.

Data availability

The data is available upon reasonable request submitted to the corresponding author. The request will be shared
with the ethics council associated with the hospital and will be provided after approval using a safe, secure
environment.
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