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ABSTRACT

Background: While deep brain stimulation (DBS) in the subthalamic nucleus (STN) improves
motor functions in Parkinson’s disease (PD), it has also been associated with increased
impulsivity.

Methods: A combined approach of eye-tracking and high-density EEG was used to investigate
how high- and low-frequency DBS impact impulsive actions in the antisaccade task in a cohort
of ten persons with PD. Computational modelling of the behavioral outcomes allowed a
nuanced insight into the effect of DBS on response inhibition and action selection processes.
Results: Against our expectations, both 130 Hz- and 60 Hz-DBS improved response inhibition
as both resulted in a reduced rate of early reflexive errors. Correspondingly, DBS with both
frequencies led to increased desynchronization of beta power during the preparatory period
which may be a correlate of anticipatory activation in the oculomotor network.
Low-frequency DBS additionally was associated with increased midfrontal theta power, an
established marker of cognitive control. While higher midfrontal theta power predicted longer
antisaccade latencies in off-DBS state on a trial-by-trial basis, 130 Hz-DBS reversed this
relationship. As informed by the computational model, 130 Hz-DBS further led to a shift in the
speed-accuracy trade-off causing an acceleration and error-proneness of actions later in the
trial.

Conclusions: Our results disentangle the impact of DBS on early and late impulsive actions.
Only 130 Hz-DBS may disrupt theta-mediated cognitive control mechanisms via medial frontal
— STN pathways that are involved in delaying action selection. 60 Hz-DBS may provide
beneficial effects on response inhibition without the detrimental effect on action selection seen
with 130 Hz-DBS.
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(JW), the Hessian Ministry of Sciences and the Arts, clusterproject: The Adaptive Mind - TAM

(FB / AK) and the German Research Foundation (DFG). International Research Training
Group 1901 (FB / AK)
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INTRODUCTION

The term performance monitoring defines a set of several cognitive functions that underlie the
ability to adjust behaviors according to internal or environmental demands (Ullsperger, 2006).
Response inhibition, i.e., withholding prepotent reflexive responses and thereby allocating
more time to shape the behavioral strategy according to context often results in more favorable
outcomes of our actions (Obeso et al., 2011). Impaired response inhibition, on the other side,
leads to impulsivity, i.e., the tendency of acting without delay, reflection or voluntary directing
(Bari & Robbins, 2013).

Since response inhibition is modulated by activation of dopamine-dependent fronto-striatal
networks, these cognitive functions are particularly affected by an aberrant dopaminergic
system in Parkinson’s disease (PD) (Kudlicka et al., 2011). In fact, impaired executive
functioning as well as impulsive and compulsive behaviors (ICB) are commonly encountered
in PD affecting approximately 40 %, respectively 14% of patients (Godefroy et al., 2010;
Weintraub et al., 2010). Impulsivity, and in particular behavioral addictions, so called Impulse
Control Disorders (ICD), negatively impact health and quality of life of affected patient and
their relatives likewise (Voon et al., 2017).

Deep Brain Stimulation (DBS) of the subthalamic nucleus (STN) is an effective treatment in
PD. While STN-DBS improves motor symptoms, a variety of behavioral studies have lend
credence to stimulation-induced impaired response inhibition (Ballanger et al., 2009; Hershey
et al., 2004; Obeso et al., 2013; N. J. Ray et al., 2009; Witt et al., 2004). In this study, we aim
at exploring the effects of different DBS pulse frequencies with respect to switched-off

stimulation on the antisaccade task, an established paradigm assessing response inhibition.
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Neural correlates of response inhibition

Studies on healthy participants revealed that motor response inhibition activates a network
consisting of prefrontal and premotor regions along with the basal ganglia (Stevens et al.,
2007), all of which interact via frequency-specific synchronized neuronal oscillations. In brief,
main cortical areas involved in the response inhibition network are the inferior frontal gyrus
(iFG), the medial and anterior cingulate cortex (ACC), and the dorsolateral prefrontal cortex
(DLPFC). Here, ACC seems to be determinant for delaying responses whenever conflicts occur
or in cases of demand for cognitive control as it allows more time for successful action selection
(Hinault et al., 2019). In other words, the ACC serves a proactive response inhibition. The iFG,
on the contrary, is particularly involved in general stopping of ongoing activity after actions
have already been selected (Chikazoe et al., 2007), i.e. reactive response inhibition. However,
these two mechanisms may share parts of a common network structure (Zhang & Iwaki, 2019)
and work in parallel, as proposed by Wiecki and Frank’s model of inhibitory control (Wiecki
& Frank, 2013).

Communication between frontal brain areas occurs via theta oscillations (4-8 Hz) over medial
frontal regions (referred hereafter as midfrontal theta), which are detectable in tasks requiring
cognitive control and response inhibition (cf. Cavanagh & Frank, 2014, for review). Thus,
midfrontal theta has been proposed as neural signature of an action monitoring system of the
brain. Midfrontal theta is generated by ACC and the pre-supplemental motor area (pre-SMA)
as intracranial recordings in non-human primates and humans as well as fMRI studies suggest
(Cohen et al., 2008; Hauser et al., 2014; Tsujimoto et al., 2006; Wang et al., 2005). In PD,
midfrontal theta activity is diminished during cognitive control (Singh et al., 2018).

Yet, it is undisputable that assigning cognitive control merely to cortical areas would pose an
oversimplification. On a subcortical level, the basal ganglia are critically involved in the

process of response inhibition serving as a system for response selection and initiation. In
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78  particular, and in accordance with classical models of cortico-basal ganglia circuitry, activity
79  in the indirect pathway via STN inhibits prepotent responses to external cues until the selected
80  response is triggered via the direct pathway (Chevalier & Deniau, 1990; Redgrave et al., 1999).
81  These dynamic properties of the STN to delay action selection when accuracy is favored over
82  speed or when actions need to be selected out of more than one simultaneously activated
83  response sets are pivotal for efficient and successful response inhibition (Frank, 2006; Herz et
84  al., 2018). Frequency-specific STN activity seems to play a role in both reactive inhibition as
85  well as in the implementation of the proactive "hold your horses" signal (Benis et al., 2014).
86  Studies with parallel local field potential (LFP) and EEG recordings suggested that these
87  processes are associated with changes of beta band activity (13-30 Hz) in and synchronization
88  between the iFG and the STN (Alegre et al., 2013; Schaum et al., 2021; Swann et al., 2011),
89  respectively theta band activity in and synchrony between the medial frontal cortex and STN (
90 Rayetal, 2012; Zavala et al., 2013, 2016) (cf. B. Zavala et al., 2015, for review).
91
92  Effects of Deep Brain Stimulation on response inhibition
93  Growing evidence indicates that chronic subthalamic DBS may interfere with different aspects
94  of impulsivity in PD. Whereas initial findings indicated detrimental effects on response
95  inhibition with high-frequency pulses (Hershey et al., 2004; Jahanshahi et al., 2000),
96  subsequent larger studies reported no effect, or even improved inhibitory control under STN-
97 DBS in PD. A review by Scherrer et al. gathered sufficient evidence to support the notion of
98  STN-DBS increasing impulsivity under speed pressure or at conflict, i.e., when decision-
99  making between competing choices is required (Scherrer et al., 2020).

100  The mechanisms underlying this disinhibition remain speculative. According to fMRI studies,

101  activation of DBS is associated with impairing response inhibition and simultaneously

102 reducing activity in dorsal ACC, iFG and pre-SMA (Ballanger et al., 2009) corroborating the
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103 aforementioned theoretical framework. EEG studies evaluating effects of STN-DBS on
104  cognitive control, which may overcome the low temporal discrimination of fMRI, are
105  technically difficult. Thus, results are sparse and inconclusive. For example, beta band power
106  over the right prefrontal cortex was higher during a stop signal task with DBS switched on
107  compared to off-DBS state which was accompanied by improved response inhibition (Swann
108 et al., 2011). Another recent EEG study found neither effects of STN-DBS on proactive
109  response inhibition nor on the activity of the underlying cortical network compared to a non-
110 operated PD group (De Pretto et al., 2021).

111

112 The Antisaccade task

113 The antisaccade task is an established eye-tracking paradigm to explore response inhibition.
114  Participants are asked to inhibit a reflexive saccade in the direction of a visual stimulus (the
115  prosaccade) and to execute a voluntary saccade in the opposite direction instead (the
116  antisaccade) (Figure 1A). Both pro- and antisaccades activate a well-known widespread
117  network associated with planning and execution of saccades, encompassing frontal, parietal
118 and supplementary eye fields (FEF, PEF, respectively SEF), thalamus, striatum, and the
119 intraparietal cortex (Jamadar et al., 2013). Antisaccades additionally recruit the right DLPFC,
120 and ACC (Brown et al., 2007) which seem to be essential to successfully suppress reflexive
121 prosaccade errors top-down (Pa et al., 2014). Moreover, preparation for successful antisaccades
122 induces an increase in midfrontal theta power and fronto-central inter-trial theta coherence
123 compared with both no-go trials and errors (Cordones et al., 2013; van Noordt et al., 2017)
124 further supporting the idea of increased top-down cognitive control.

125

126
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FIGURE 1: 1A: The antisaccade task. Please see section Eye-tracking procedure of Methods for detailed

task description 1B: SERIA model. A reflexive early error is triggered if the early unit (dotted line) hits

threshold first and is not inhibited by inhibitory unit. If inhibition is successful, action selection is a race

between the late prosaccade unit (dashed line) and the antisaccade unit (solid line). The unit that hits

threshold first determines the action (correct antisaccade or error) and the latency of the saccade. 1B

adapted from (Aponte et al., 2017).

Given that desynchronization of beta band oscillations (13-30 Hz) is generally coined as a

facilitator of movement initiation, its role during the preparation for saccade execution is also

conceivable (Zhang et al., 2008). In fact, prefrontal beta power decreases in preparation for

antisaccades contrasted with no-go trials in healthy individuals (Cordones et al., 2013). In an

MEG study, while activity in the midfrontal areas was not analyzed due to low signal-to-noise

ratio, increased beta band power was found over the lateral prefrontal cortex coupled with

increased alpha band power over FEF during the preparation for antisaccades compared with

prosaccades. Furthermore, higher pre-stimulus alpha power in FEF, which has been interpreted

as a correlate of local inhibition, was associated with successful inhibition of a prepotent

reflexive error (Hwang et al., 2014).
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146

147  Antisaccades in PD and the potential influence of DBS frequency

148  Patients suffering from PD tend to higher rates of erroneous prepotent saccades towards,
149  instead of away from the stimulus, than healthy controls (Antoniades et al., 2015a; van
150  Stockum et al., 2008; Waldthaler et al., 2019a), and the error rate has been found to correlate
151  with executive dysfunction (Antoniades et al., 2015b). The influence of STN-DBS on response
152  inhibition in the antisaccade task remains under debate. A recent meta-analysis of studies on
153  the effects of STN-DBS on antisaccades in PD concluded that DBS reduces their latency
154  significantly, while a moderate increasing effect on the antisaccade error rate did not reach
155  significance, but was possibly underpowered with only five eligible studies (Waldthaler et al.,
156  2021).

157  With 130 Hz as the default stimulation frequency, most patients are treated with DBS pulses
158  between 60 and 200 Hz. A differential effect on several clinical hallmarks of PD has
159  empirically evolved with higher frequencies enabling tremor control and lower frequency
160  stimulation (60 to 90 Hz) possibly improving gait function and axial symptoms (Su et al.,
161  2018). The limited evidence to date allows an application of low-frequency stimulation in
162  individual cases (Conway et al., 2019). Nevertheless, further insight is warranted as higher
163  DBS frequencies (>100 Hz) may have detrimental effects on cognition (Combs et al., 2015),
164  while verbal fluency (Wojtecki et al., 2006) and cognitive interference (Varriale et al., 2018)
165  may, on the contrary, even improve with low frequency pulses.

166  Interestingly, axial motor signs, and specifically freezing of gait, paralleled antisaccade
167  performance in recent studies (Ewenczyk et al., 2017; Gallea et al., 2021; Nemanich & Earhart,
168  2016; Waldthaler et al., 2019b; Walton et al., 2015). Hallmark regions for gait impairment such
169  as the pedunculopontine nucleus correlate in their functional connectivity with FEF, which in

170  turn, correlates with antisaccade latency in an fMRI study (Ewenczyk et al., 2017; Gallea et
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171  al., 2021). Thus, a common underlying mechanism of freezing of gait and antisaccade control
172 may be posit as an expression of a network-dependent degeneration (Ruppert et al., 2021).
173 Given a possible modulation of gait with low-frequency stimulation (Moreau et al., 2008), the
174  question seems pertinent whether 60 Hz-DBS may have an effect on antisaccades as well.

175

176  Aim of this study and hypotheses

177  In this study, we combined eye-tracking, computational modelling of its behavioral outcomes
178  and EEG recordings with the aim to explore effects of high (130 Hz)- vs. low-frequency (60
179  Hz) STN-DBS and no stimulation on response inhibition and its cortical correlates in the
180 antisaccade task in PD-patients. The Stochastic Early Reaction, Inhibition, and late Action
181  (SERIA) computational model allowed us to differentiate early and late antisaccade responses
182  informing about underlying error mechanisms which might be attributed to either failures in
183  response inhibition or in subsequent action selection (Figure 1B).

184

185  We hypothesized that:

186 1. Based on previous results, DBS at 130 Hz would result in more directive errors and
187 decreases in latency of correct antisaccades as behavioral correlates of reduced response
188 inhibition.

189 2. 130 Hz-DBS may reduce midfrontal theta power during the preparation for an
190 antisaccade as an indicator for a stimulation-induced release from top-down cognitive
191 control.

192 3. 60 Hz-DBS may have opposite effects to 130 Hz-DBS on response inhibition and
193 midfrontal theta power, i.e., increasing midfrontal theta power and improving response
194 inhibition.

195
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196  Our hypotheses regarding 60 Hz-DBS should, however, be regarded as exploratory as they
197  were based on a very limit number of studies reporting positive effects of 60 Hz-DBS on axial
198  motor functions and cognition.

199

200  METHODS

201  The study was approved by the Ethical Board of the University Hospital Marburg (reference
202  number 119/19) and followed the Declaration of Helsinki. All participants gave written
203  informed consent before participating. Patients were recruited from the Movement Disorders
204  Outpatient Clinic of the Department of Neurology at the University Hospital Marburg.

205

206  Participants

207 A sample size calculation can be found in the Supplementary Material 1. A total of 19
208  consecutive participants suffering from PD according to the clinical diagnostic criteria of the
209  Movement Disorders Society (Postuma et al., 2015) and treated with chronic STN-DBS were
210  recruited. All patients had undergone extensive monopolar review to find the optimal settings
211  for DBS minimizing motor symptom and avoiding side effects. Pre-established exclusion
212 criteria were 1) dementia according to the MDS task force criteria level 1 (Emre et al., 2007),
213 2) signs of clinically relevant depression (Beck Depression Inventory > 14 points), 3) history
214  of other disorders of the CNS, 4) any concurrent conditions making eye-tracking or EEG
215  recordings impossible (e.g., disorders of the eyes or visual system with reduced visual acuity,
216  severe camptocormia, other orthopedic disorders impairing ability to sit for longer periods,
217  etc.), and 5) medications possibly influencing eye movements or EEG recordings (in particular
218  benzodiazepines).

219  Mean time between study inclusion and implantation of DBS leads was 10.2 £ 9.1 months with

220  aminimum of three months to avoid any impact of lesion effects on the results. All participants

10
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221  were in off-medication state after overnight withdrawal of dopaminergic medication and at
222 least 12 hours prior to the start of the assessments. Motor symptoms were rated on part III of
223 the Movement Disorder Society — Unified Parkinson’s Disease Rating Scale (MDS-UPDRS)
224  (Goetz et al., 2007). Levodopa equivalent daily doses were calculated according to (Tomlinson
225 etal, 2010). Montreal Cognitive Assessment (MoCA) was used to evaluate general cognitive
226  ability (Nasreddine et al., 2005).

227  The final data set included 14 participants. 8/19 participants had asked for pre-mature stopping
228  of the study protocol (due to tiredness, unbearable motor symptoms or pain). Five of these had
229  tobe excluded from further data analysis because they did not complete at least one antisaccade
230  block in all three conditions. While the remaining three participants ended the study pre-
231  maturely, they had completed at least one block in each condition. Therefore, we decided to
232  include their data in the further analyses. Please see Table 1 for a summary of demographic

233 and clinical characteristics and Figure 2 for a visual summary of the study’s workflow.

[ 19 participants with PD and STN-DBS recruited ]

DBS off, 60 Hz, 130 Hz
—» -«
in randomized order
[ MDS-UPDRS I

150 antisaccades per condition

)
]
)
)

Eye tracking EEG P :
Exclusion of 5 \ Exc us'f)n of4
i addtional
incomplete data sets .
incomplete data sets

N = 14 available for N =10 available for
analysis analysis

~——

\\1
SERIA Behavioral ROI-based time-frequency
computational i
modelling analysis analysis

234
235 FIGURE 2: Study workflow. DBS = deep brain stimulation, MDS-UPDRS III = Movement Disorders
236 Society Unified Parkinson’s Disease Rating Scale part III (motor), ROI = region of interest, SERIA =
237 Stochastic Early Reaction, Inhibition, and Late Action model

11
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238
239
age (years), mean (sd) 57.0 (8.8)
sex, n (%) female 4 (29 %)
Ethnicity, n (%) white 14 (100 %)
symptom lateralization, n (%) right 536 %)
disease duration (years), mean (sd) 8.6 (3.3)
time since DBS surgery (months), mean (sd) 10.2 (9.1)
LEDD (mg), mean (sd) 476 (307)
MDS-UPDRS III OFF/OFF, mean (sd) 38.9(9.9)
MDS-UPDRS III OFF/ON, mean (sd) 15.7 (8.7)
MoCA, mean (sd) 26.5(2.3)
240
241 TABLE 1: Demographics and clinical characteristics of the PD group
242

243 DBS programming

244  Participants performed the task three times: i.) with DBS switched off, ii.) with DBS frequency
245  set at 130 Hz and iii.) with DBS frequency set at 60 Hz. All other DBS parameters (contacts,
246  amplitude, and impulse width) remained unaltered with respect to the chronic DBS program
247  with optimal clinical response in each individual patient (cf. Supplementary Material 1). The
248  participants were blinded for the active DBS program and there were wash-out periods between
249  sessions of at least ten minutes. MDS-UPDRS III was assessed directly prior to the EEG
250  recordings in each DBS condition.

251

252  There are recommendations to keep the total electrical energy delivered (TEED) constant
253  between DBS programs which may be achieve by respective adjustments of stimulation
254  amplitude (Moro et al., 2002). On the other hand, some authors discourage the use of TEED to
255  censor or edit combinations of stimulation parameters (Marks, 2015). We decided against

256  adjustments since the physiological role of TEED is subject of debate and increasing

12
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257 amplitudes in the 60 Hz condition (given that most participants were treated at higher
258  frequencies) might have introduced additional bias or may have caused side effects (Koss et
259  al., 2005).

260

261  Eye-tracking procedure

262  Each participant completed recording sessions in all three DBS conditions on the same day.
263  The order of conditions was randomized, and participants were blinded to avoid any biases due
264  to expectation, learning effects or tiredness. The experiment took place in a sound-attenuated,
265  darkened and electrically shielded room which the researcher monitoring the progress in the
266  adjoining room. All participants were seated in an upright armchair with back support at
267  distance of 70 cm from a computer monitor with a diagonal of 60 cm and with their head
268  stabilized with chin and forehead rests.

269  An infrared video-based eye-tracker (EyeLink 1000 Plus, SR Research, Ontario, Canada)
270  recorded positions of both eyes at a sampling rate of 500 Hz and an instrumental spatial
271  resolution of 0.01° with simultaneous recording of EEG data. The eye-tracker was calibrated
272 and validated with a 9-point grid before each experimental block. The validation was repeated
273 until average errors for all points were <1° compared to the result of the calibration. Moreover,
274  to ensure precision within blocks, a drift correction prior to each trial was performed.

275  The experiment was programmed in MATLAB 2020b (The Mathworks Inc., Massachusetts,
276  USA) using the psychophysics toolbox (www.psychtoolbox.org) (Brainard, 1997). Three
277  blocks of 50 horizontal antisaccades each were presented per condition (n = 150 per condition).
278  Each trial started with a red central fixation cue (diameter 1° visual angle) that was presented
279  for 1000 ms in the middle of a black screen. It was followed by the appearance of a white lateral
280  target stimulus located either 10° left or right from the initial fixation cue (Figure 1A). The

281 lateral stimulus was presented in equal numbers and random order to the left and right side of

13
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282  the screen. It vanished after 1000 ms and was followed by a white central dot for drift correction
283  and a subsequent interstimulus interval (blank black screen) that allowed participants to blink.
284  The next trial started with a new red central fixation cue.

285  The participants were instructed to look at the exact opposite direction of the lateral stimulus
286  as fast and precisely as possible as soon as it was presented on the screen. Ten practice trials
287  prior to the first antisaccade block of the experiment with verbal feedback ensured that
288  participants understood the instructions. These practice trials were discarded. Between blocks,
289  participants were given the opportunity to take breaks.

290

291  Eye-tracking data processing and analysis

292  The researcher analyzing the eye-tracking and EEG data sets (JW) was not involved in data
293  collection and was blinded to the participants’ identities. A parsing system incorporated in the
294  EyeLink 1000 software intersected the raw eye position data into visual events, i.e., saccades,
295  fixations, and blinks. This event data set was analyzed in the statistical computing program R
296 (R Core Team, 2014) using the Eyelinker package. An acceleration larger than 8000°/s* peak
297  velocity > 40°/s peak velocity, and a deflection > 0.1° were set as thresholds for saccade
298  detection.

299  Saccade latency was defined as the time from stimulus onset to the start of the first saccade
300 regardless of whether the saccade was elicited in the correct direction. A directive error was
301  defined as a saccade towards lateral stimuli, i.e., a prosaccade. Saccades with latencies between
302 90 and 130 ms were defined as express saccades in the behavioral analysis and reported
303  separately but were included in the computational model regardless of their direction.

304  Trials were removed from further analysis when 1) the latency was in the anticipatory range
305 (<90 ms) or longer than two standard deviations from the individual mean latency of the

306  participant, ii) the first saccade after stimulus onset had a starting position more than 3° lateral
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307  of central fixation dot, iii) a saccade with an amplitude smaller than 0.5 or larger than 15°was
308  executed or iii) a blink occurred between stimulus presentation and the first saccade.

309

310  The following variables were defined as outcome measures: latency of correct antisaccades,
311 latency of prosaccade errors, error rate (proportion of erroneous trials to all valid trials) and
312 express saccade rate (proportion of express saccade trials to all valid trials). Processing of the
313 eye-tracking data led to the rejection of a total of 16.8% + 11.5% of trials (off:
314 19.7% £ 143 %; 130Hz: 14.4% +11.3%; 60Hz: 16.2% + 8.6 %, x2(2, 13)=3.964,
315 p= .138).

316

317 Computational modeling of the eye-tracking data

318  Successful execution of antisaccades require response inhibition, i.e., withholding of an early,
319  reflexive prosaccade, as well as the subsequent correct voluntary action selection. Thus, errors
320  may occur when the early prosaccade is not stopped (inhibition error) or when the wrong action
321  (i.e., a prosaccade) is selected later in the trial (choice error). However, these different types of
322 errors cannot be directly measured based on the empirical eye-tracking data.

323 The Stochastic Early Reaction, Inhibition, and late Action (SERIA) model for antisaccades
324  assumes that the latency and the response within trials stem from of a competition among four
325  race-to-threshold processes or units: 1) the early prosaccade unit, ii) the inhibitory unit (which
326  inhibits an early prosaccade), iii) the antisaccade unit, and, iv) the late prosaccade unit (for
327  details of the SERIA model cf (Aponte et al., 2017)). In brief, the parameters of SERIA capture
328  the probability of an early inhibition failure as well as the probability of a late choice error and
329  quantify the mean hit times of the early and the late units, i.e., the mean reaction times of early

330 inhibition errors, correct antisaccades and late choice errors (Figure 1B).

331
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332 The SERIA model was fitted using the open-source @~ SEM  toolbox
333 (http://www.translationalneuromodeling.org/tapas/). The code was executed in MATLAB
334  2020b (The Mathworks, Inc., Massachusetts, USA) with GSL 2.7. A hierarchical method of
335 fitting the model was applied to pool information across subjects. In this model, the prior
336  distribution of the parameters of each subject was informed by the population distribution and
337  thereby offers a form of regularization based on observations from the population. The
338  parametric distributions for the increase rate (or reciprocal hit time) of each of the units was
339  parametrized by a “mixed Gamma model”, such as the increase rate of the early and inhibitory
340 unit was Gamma distributed, but the increase rate of the late units was inverse Gamma
341  distributed. This decision was based on previous work by Aponte and colleagues demonstrating
342  that an unconstrained mixed Gamma SERIA model was favored among a variety of different
343  models (Aponte et al., 2018). The model was fitted using Markov chain Monte Carlo sampling
344  via the Metropolis-Hastings algorithm. Evidence of marginal likelihood of the model was
345  computed with thermodynamic integration with 16 chains and a Sth-order temperature schedule
346  (Aponte et al, 2016). The algorithm was run for 15 x 10%iterations with the first
347 6 x 10*iterations being discarded as “burn-in” samples.

348

349  EEG recording

350 EEG was recorded simultaneously during the eye-tracking sessions described above. We used
351  anelastic cap with 128 electrodes mounted in a spherical array (Easy-Cap GmbH, Herrsching,
352  Germany). To maintain electrode impedances below 10 kQ, conduction gel was applied. The
353  used caps were standardized and placed according to the 10/10 system. All data were recorded
354  on a BrainAmp® standard amplifier (Brain Products GmbH, Gilching, Germany), low-pass
355 filtered at 1 kHz and digitized at a sampling rate of 5 kHz. In addition to the scalp EEG

356  electrodes, an electrocardiogram (ECG) electrode was placed for recording of cardiac activity.
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357 EEG preprocessing

358 EEG data processing and statistical analysis were run in MATLAB 2020b (The MathWorks
359  Inc., Massachusetts, USA) and MNE Python (Gramfort et al., 2013) with Python version 3.7.
360  First, data was resampled at 250 Hz, re-referenced to average and high-pass filtered to remove
361  DC offset and drift (4"-order Butterworth filter, cut-off frequency 0.5 Hz). DBS artefacts were
362  removed using the DBSFilt toolbox
363  (https://github.com/guillaumelio/DBSFILT/blob/master/DBSFILT GUI DOC.pdf)  which,
364  briefly, filters the EEG signal and detects spikes based on the Hampel identifier for automated
365  spike detection (Allen, 2009). This identifier treats artefacts as outliers in the frequency domain
366  and replaces them with interpolated values, which was successfully used for DBS artefact
367 removal before (Allen et al., 2010).

368 Additional EEG artefacts were detected and discarded as follows: First, bad channels were
369 identified visually and corrected with the spherical spline method, which projects the sensor
370  locations onto a unit sphere and interpolates the signal at the bad sensor locations based on the
371 signals at surrounding artefact-free locations (Perrin et al., 1989). Consecutively, an
372  independent component analysis (ICA) was used for blink as well as eye movement and heart
373  artefact correction (3.2 + 0.8 components removed) (Delorme et al., 2007).

374  Since this study focused on preparatory activity and eye movements were inherent in the
375 response period of the trials, the epochs were limited to the time window before stimulus
376  presentation, i.e., before the direction of the following saccade had been revealed to the
377  participant. Thus, data were segmented into epochs time-locked to the onset of the cue stimulus
378  containing the full 1000 ms period of fixation dot presentation (-1000 ms to 0 ms with respect
379  to target onset). (Figure 1A). In this way, eye movement artefacts as well as any brain activity
380 related to the sensorimotor transformation of the stimulus into a saccade (Moon et al., 2007)

381  were excluded. Within the epochs’ time frame, the time window from 200 ms to 100 ms before
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382  presentation of the fixation dot was defined as baseline (-1200 ms to -1100 ms). The baseline
383  was offset by 100 ms from fixation dot onset to minimize contamination of the baseline interval
384 by fixation-associated activity. Only epochs in which a subsequent correct antisaccade was
385  performed were further analyzed.

386

387  Four participants had to be excluded from the EEG analyses due to technical failure during the
388  recordings resulting in a total of ten participants. Behavioral results are reported for the
389  complete sample of 14 participants. The behavioral results in the subgroup that was included
390 in the final EEG analysis did not differ from the entire sample.

391  In the remaining ten participants, trial rejections during eye-tracking and EEG preprocessing
392  resulted in 49.7 &+ 42.3 trials for DBS-off, 59.9 + 42.1 trials for 130 Hz-DBS and 61.6 + 29.8
393  trials for 60 Hz condition remaining for time-frequency analysis (F(2, 27) = 0.282, p = .8). For
394  statistical testing, the number of trials was randomly equalized between all three conditions
395  within each subject using the “equalize_epoch_counts” function implemented in MNE Python
396  to maintain a constant signal-to-noise-ratio within subjects.

397

398  Time-frequency analysis

399  Based on our a priori hypothesis, we restricted sensor-level EEG analyses to a selection of
400 frontal EEG electrodes to avoid unnecessary multiple comparison. To focus on the
401  hypothesized role of midfrontal theta oscillations during periods of enhanced cognitive control
402  and during the preparatory period for an antisaccade in particular (Cordones et al., 2013; van
403  Noordt et al., 2017; B. Zavala et al., 2016), time-frequency data from a midfrontal region of
404  interest (ROI) encompassing the electrodes F/, Fzand F2 were averaged. As right-
405 lateralization of dynamics in DLPFC and iFG has been a recurrent finding in studies on

406  response inhibition and antisaccade preparation (Hamm et al., 2012; Hwang et al., 2014; Swann
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407  etal., 2011), we also defined a right lateral prefrontal ROI including the electrodes AF8, F6,
408  F8, and FC6. All further analyses were restricted to these two ROIs.

409

410  For each condition, time-frequency representations (TFR) of oscillatory power changes
411  resulted from a Morlet wavelet decomposition with variable, frequency-dependent cycles (=
412 frequency / 2) into frequency bins between 3 and 30 Hz. The length of the wavelets increased
413 linearly from 1 cycle at 2 Hz to 15 cycles at 30 Hz to optimize the trade-off between temporal
414  resolution at lower frequencies and stability at higher frequencies. The change in spectral
415  power during the preparatory period (-1000 ms to 0 ms) is reported as the logratio from the
416  baseline period (-1200 to -1100 ms from onset), calculated by dividing by the mean baseline
417  power per frequency and converting to decibel (dB) by log-transformation (dB = 10 x
418  loglO(power/baseline), then averaged across trials for each condition.

419  To investigate effects of DBS conditions on cortical activity on a single-trial level, time-
420  frequency transformations were adapted for single-trial analysis by calculating TFR for each
421  trial separately using the same Morlet wavelet decomposition and baseline correction as
422  outlined above. For mixed model logistic regressions that were used to predict trial outcome
423 (correct antisaccade / error), TFR were additionally calculated for error trials, while only
424  correct antisaccade trials were included in the single-trial mixed linear models for antisaccade
425  latency. For the single-trial analysis, frequency ranges and time windows were determined
426  post-hoc based on the group level results (see Results section).

427

428  Statistical Analysis

429  The empirical outcomes (antisaccade latency, error latency, error rate and express rate) as well
430 as the estimates of SERIA model (late saccade probability, late saccade reaction time,

431  inhibitory fail probability, and inhibitory fail reaction time, antisaccade reaction time) were
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432 compared between conditions using one-way RM-ANOVA based on a general linear model
433 (GLM) with subject as random effect in GraphPad Prism version 8.0.0 (GraphPad Software,
434  San Diego, California, USA) Pairwise comparisons of the three conditions were performed
435  wusing Tukey’s test with correction for multiple testing for normally distributed variables,
436  respectively Friedman’s test followed by Dunn’s multiple comparison test for non-normally
437  distributed variables. Normality was assessed with a Shapiro-Wilk test. Since we did expect
438  differential effects of 130 Hz- and 60 Hz-DBS impulse frequency, we executed pairwise testing
439  even if the RM-ANOVA resulted in an overall non-significant effect of condition. Statistical
440  significance was asserted at o= 0.05.

441  Statistical inference of the EEG data was ascertained with cluster-based permutation tests
442  implemented in MNE Python (Maris & Oostenveld, 2007). This approach corrects for multiple
443  comparisons within time-frequency representations by identifying clusters of differences
444  between conditions by summing adjacent significantly different time-frequency bins and
445  comparing the cluster size to a distribution of largest cluster values obtained by randomly
446  shuffling the conditional labels under the null-hypothesis. If the observed cluster statistics
447  exceeded 95% of the permutation distribution (corresponding to critical o = 0.05) the null
448  hypothesis was rejected. Cluster-based permutation one-way RM-ANOVA with 1000
449  permutations was used to compare the time-frequency representations between the three DBS
450  conditions (off / 130 Hz / 60 Hz) followed by pairwise comparisons between the conditions
451  using cluster-based permutation paired-t-tests with 511 permutations (exact full permutation
452  test).

453  To assess whether preparatory beta or theta activity may predict the antisaccade outcome
454  (correct antisaccade / error) on a single trial level, mixed model logistic regressions were run
455  using the R package Ime4 (Bates, 2005) with main effects of condition and theta, respectively

456  beta activity (cf. Results section) as well as their interaction as fixed effects and participants as
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457  random effect. Further, mixed linear models were run to assess possible associations between
458  preparatory EEG activity and antisaccade latency on a single trial level. Again, main effects of
459  condition and theta, respectively beta activity as well as their interaction were entered as fixed
460  effects into the model, while participants were treated as random effect. The resulting
461  coefficients were deemed significant by the Satterthwaite approximation (Kuznetsova et al.,
462  2016). P-values of the pairwise comparisons between the three conditions were Bonferroni-
463  corrected to account for multiple comparison.

464

465 RESULTS

466  Behavioral results of the antisaccade task

467  No overall significant effect of condition (off / 60 Hz /130 Hz) on antisaccade latency (F(2,26)
468 =2.626, p =.1) was detected in RM-ANOVA. However, pairwise comparisons revealed that
469  antisaccade latency was significantly decreased by -29.8 ms (CI = [6.3; 53.1]) with 130 Hz-
470 DBS (q=4.752, p = .01) compared with off-DBS state, while the mean reduction of 15.5 ms
471  (CI=[-21.7; 52.7]) with 60 Hz-DBS was not statistically significant (q =1.556, p =.5) (Figure
472  3E).

473  No significant between-condition differences were detected in the RM-ANOVA nor in
474  pairwise comparisons for error latency (F(2,26) = 1.118, p = .3), error rate (F(2,26) = 2.790, p
475  =.08) and express rate (¥2(2, n = 14) = 0.154, p = .9) (Figure 3, Table 2).

476  To further visualize the distribution of latencies across trials, the relative and cumulative
477  latency distributions of all trials are shown color-coded for the three conditions (Figure 3G-I).
478  Although not statistically significant in the RM-ANOVA, a prominent feature in the off-DBS
479  condition compared to 130 Hz and 60 Hz-DBS was a high proportion of early error saccades,

480  including saccades within the express ( <130 ms) and very fast reflexive (< 150 ms) range .

481

21


https://doi.org/10.1101/2022.05.13.491771
http://creativecommons.org/licenses/by/4.0/

482
483
484
485
486
487
488
489
490
491

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.13.491771; this version posted May 16, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

A B C D
_. 600 * 500~ 1.0 0.254
g <N, 2
= —_ a ® 0.204
= \/' E 400 0.8 .___.\ i
Q Q
£ 400 < ® T 0.15-
2 2 300 ® 0.6 3
8 c = o
- 8 5 8 0.10
° 5 200 £ 0.4+
§a00{ T 5 5 8 0.05-
] £ s
3 5 100 0.2+ £ 0.00
c o
® ol =T 0-0-—%— 0.05-—TF—T—1
L 0 ® L& 0 W & 0 % L 0 W
o X X o X X o X X o X X
RO RO RO RO
E 600 latency shorter with DBS off F 10 error rate lower with DBS off ® 130Hz
- 7’ U=
® m 60Hz
- / .
(") o ’
500 — o oy 0.8 / °
E o g /,,' _3‘ O 130 Hz mean
3 = a® < & u 3 [ 60Hzmean
25 400 £ ) g e 0.6 ° e @
S5 B e 3 ® 6 / )
7] | I e =1 hulr”y ‘ 2
@ n g S goid 3
g0 P 50 0.4 /O m P!
9 2 =S o - ; [ ] £,
8 300 0,40 5 . z
© 7 o =
2 ,‘. L] 8 ‘ ] o}
€ @
5 /[ @ 0.2 n . 7]
200 L /, S ) S
%
T“' ! T T T 1 0.0 T T T T 1
200 300 400 500 600 0.0 0.2 0.4 0.6 0.8 1.0
antisaccade latency (ms) error rate
DBS off DBS off
G
800 :
H . . .
= 600 ' H I
[] . H .
£ P
‘:,‘ 400 | 99.99 -
% 200 ‘ 99.99 et Lt
] " R
0 T T T T T T —_— 99-0 -‘."’ ’/ /
& o W & N W S
° QQ‘ @Q‘ «° QQ @Q > 90.0
S L CA o 90
R g
H & @ 2 70.0-
£ s50.0
T 404 2 30,04 ® ASoff
< ; g ® AS130Hz
g 30 ™ S 10.0-
£ /A E ® AS60Hz
3
g 20 © 10 ® error off
2 0
® error 130 Hz
2 10 0.1+
® . ® error 60 Hz
2o =TT T T 0.01 T T T T T T T 1
0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800
latency (ms) latency (ms)

FIGURE 3: Behavioral results of the eye-tracking tasks. A-D: Antisaccade latency, error latency, error

rate and express rate for each participant represented by an individual dot. Off-DBS state in gray, 130

Hz-DBS in red and 60 Hz-DBS in blue. Solid lines connect results from the same participant throughout

conditions. * p<0.05. E, F: scatter plot comparing the mean of antisaccade latency (E), respectively error

rate (F) in the DBS-off condition (x axis) and DBS-on conditions (y axis), individual values for each

participant are displayed as red dots for 130 Hz-DBS and as blue squares for 60 Hz-DBS, the black dot

and square represent the group means. The unity line is shown as a dark gray dashed line. G-1: Latency

frequency distributions. G: Dot plots showing latencies of all antisaccade (AS), and error trials pooled

for all participants. Black horizontal lines represent the mean. H: Relative frequency distributions of
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492 latencies in bins of 50 ms. Solid lines represent correct antisaccade trials, dashed lines represent errors.
493 I: Cumulative frequency distributions of latencies with probit scaled y axis. Correct antisaccades (AS)
494 displayed in intense colors and errors in faint colors. Individual data for each participant that was used to
495 create these plots are available in Figure 3 — source data 1.

496

497  SERIA model of antisaccades

498  As expected, the behavioral analysis revealed a decreasing effect of 130 Hz-DBS on
499  antisaccade latency but did not show the hypothesized increasing effect on antisaccade errors.
500 In contrast, the antisaccade error rate was reduced by switching 60 Hz-DBS on in 10 of 14
501  participants (Figure 3F) with a mean reduction of 7.3 % compared to off-DBS state, although
502  without significant group effect. To relate these behavioral findings to differences between the
503  conditions, the SERIA model was applied to the empirical data. The main aim was to determine
504  whether different DBS frequencies differentially affected 1) the hit time of the inhibitory
505  (response inhibition) and late units (action selection), 2) the probability of inhibition failures
506  (response inhibition), and 3) the probability of late choice errors (action selection, see Methods
507  section).

508 In off-DBS state, the proportion of early inhibition failures was estimated to be 39.1 £ 25.0 %
509  of all trials, respectively 69.5 £ 21.9 % of all errors. Accordingly, 17.9 + 23.2 % of all trials,
510  respectively 30.5 £21.9 % of errors were considered late prosaccade errors.

511  The effect of condition on the probability of errors due to early inhibition failure was significant
512 in RM-ANOVA (F(2,26) = 5.364, p = 0.01). Pairwise comparisons revealed a significant
513 reduction of the probability of early inhibition errors by 12.3 % (95%-CI = [2.0, 22.6] with
514 130 Hz-DBS (q = 4.451, p = .02) and by 11.4 % (95%-CI = [0.8, 22.0] with 60 Hz-DBS
515 (q=4.005, p =.04) compared with off-DBS state (Figure 4A).

516 A Friedman test indicated a significant effect of the DBS condition on the probability of late

517  prosaccades (¥2(2,n=14)=7.429, p = .02) with pairwise comparisons resulting in a significant
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518 increase by 10.4 % with 130 Hz-DBS compared with 60 Hz-DBS (Z = 2.646, p = .02, see also

519  Figure 4B)

off-DBS 130 Hz-DBS 60 Hz-DBS off vs. 130 Hz off vs. 60 Hz 130 Hzvs. 60 Hz
mean se of mean se of mean se of
mean sd mean sd mean sd diff. diff. 95% - ClI Padj diff. diff. 95% - Cl Padj diff. diff. 95% - Cl

empirical
outcomes
antisaccade
latency 3629 809 | 3331 601 | 3474 767 | 298 8.9 63,531 0013 155 141 21.7,527 0531 | -142 151 -54.2,25.7
error latency 2507 613 | 2626 636 | 2666 772 | -11.8 115 422,185 0572 158 105 437,120 0321 | -40 110 -33.0,25.0
error rate 0473 0301 | 0466 0283 | 0401 0252 | 0007 0036  -0.087,0.01 0977 0073 0035  -0020,0.165  0.134 | 0065 0031  -0.016,0.146
express rate' 0.044 0060 | 0.025 0023 | 0.030 0.036 1 >0.999 -1 >0.999 2!
SERIA model
probability of -
early error 0391 0250 | 0.268 0.202 | 0278 0.245 | 0123 0039  0020,0226  0.020 0114  0.040 0.008,0220  0.035 | 0009 0046  -0.130,0.112
probability of late
error’ 0179 0232 | 0272 0.268 | 0.168 0.204 | -10.0' 0.176 4.0' >0.999 | 14.0'
antisaccade unit
hit time 3722 892 | 3351 617 | 3471 850 | 374 15.3 34,775 0074 2510 171 201,703 0337 | -120 274 -57.9,34.0
inhibitory unit hit
time 2119 545 | 2364 603 | 2219 658 | -245 202 -77.9,200  0.469 09 195 -61.5,41.6 0869 | 145 185 -34.3,63.4
late prosaccade
unit hit time 327.7 874 | 2823 501 | 311.8 746 | 453 148 6.2,844 0023 159  17.2 295,613 0635 | -204 173 -75.2,16.3

523 TABLE 2: Behavioral results of the antisaccade task and predicted outcomes of the SERIA model. To

524 emphasize the difference between the variables, empirical reaction times are referred to as latencies and

525 model-based reaction times are referred to as hit times. Significant differences between the conditions

526 are marked in bold / red.

527 ! — variable did not pass Shapiro Wilk test, non-parametric testing (Friedman test followed by Dunn’s

528 test) was applied, and rank sum differences are reported instead of mean differences. CI — confidence

529 interval, diff — difference, pagj — adjusted p value after correction for multiple testing, sd — standard

530 deviation, se — standard error

532 Regarding the expected hit times, RM-ANOVA showed that the late prosaccade unit was

533 significantly affected by condition (F(2,26) = 3.893, p = .04). Pairwise comparisons revealed
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534  that this effect was driven by a significant mean reduction of hit time of late prosaccades with
535 130 Hz-DBS by 45.3 ms (CI = [6.2, 84.4], q = 4.330, p = .02) compared with off-DBS state
536  (Figure 4C).

537  There was no significant overall effect of condition on the hit time of the antisaccade unit
538  (F(2,26) =2.588, p = .1). In pairwise comparisons, a mean reduction by 37.1 ms (CI = [-3.4,
539  77.5], q = 3.423, p = .07) with 130 Hz-DBS compared with off-DBS state did not reach
540  statistical significance, however with most of the confidence interval indicating in the direction
541  of adecrease in hit time with 130 Hz-DBS.

542  There was no significant effect of condition on the hit times of the early inhibitory unit in the
543  RM-ANOVA (F(2,26)=0.802, p=.5) nor in pairwise comparisons. For complete results please

544  also see Table 2.
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545
546 FIGURE 4: Results of the SERIA modeling of antisaccade performance. Probabilities for an early
547 inhibitory (3A) and late choice error (3B) and hit times of the early prosaccade unit, late prosaccade unit
548 and antisaccade unit (3C) as predicted by the SERIA model. Off-DBS state in gray, 130 Hz-DBS in red
549 and 60 Hz-DBS in blue with dots representing the mean and vertical lines representing the standard error.
550 The lines connecting the dots indicate the unit with solid lines representing the antisaccade unit, dashed
551 lines representing the late prosaccade unit and dotted lines representing the early prosaccade unit (i.e.,
552 failure of the inhibitory unit). * p <.05 (not shown in C, please see main text). Individual data for each
553 participant that was used to create these plots are available in Figure 4 — source data 1. SERIA model
554 results per participant and correlations between behavioral outcomes of the antisaccade task and SERIA
555 predictions are available in Figure 4 - Supplement 1.
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556  To evaluate the validity of the SERIA model, we assessed the correlations between empirical
557 and predicted error rates, antisaccade latencies and error latencies which resulted in high
558  correlations coefficients ranging from 0.94 to 0.99 for all DBS conditions (Figure 4 -
559  Supplement 1.).

560

561  Taken together, the results of the computational model of antisaccade performance suggest that

562  the DBS condition had a differential effect based on its frequency:

563 i) 130 Hz and 60 Hz-DBS decreased the probability of an early inhibition failure
564 compared with off-DBS state, indicating improved response inhibition early in the trial.
565 i1) 130 Hz-DBS induced a reduction of the hit time of the late prosaccade unit and a trend
566 towards a reduction of the hit time of the antisaccade unit compared with off-DBS state
567 accompanied by an increased probability of a late prosaccade error compared with 60
568 Hz-DBS, indicating faster but more error prone action selection later in the trial.

569

570  Preparatory midfrontal EEG dynamics

571  The results of the one-way RM-ANOVA with permutation clustering comparing the TFR in
572  the midfrontal ROI between the three DBS conditions are presented in Figure 5.

573  RM-ANOVA showed a significant cluster indicating a main effect on beta power (18 — 22 Hz)
574  in the midfrontal ROI during the early preparatory period (p = 0.04) (Figure 5B). Pairwise
575  comparisons revealed that this effect was driven by a larger decrease in beta power (18-26 Hz)
576  from baseline between -1000 ms and approximately -500 ms in 130 Hz-DBS (p = 0.01) and
577  between -1000 ms and approximately -300 ms in 60 Hz-DBS (p = 0.04) compared with oft-
578  DBS state (Figure 5C-E).

579 A second significant cluster indicating a theta effect (4 — 8 Hz) during the second half of the

580  preparatory period from approximately -400 ms to stimulus onset at 0 ms was observed in
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581  pairwise comparisons between the 60 Hz-DBS condition and DBS-off state (p=0.04) (Figure

582 5D).
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584
585 FIGURE 5: A: The time window of the TFR analysis corresponds to the presentation of the fixation cue
586 during the antisaccade trial. B: Results of the RM-ANOVA comparing the averaged time-frequency
587 representations in the midfrontal region of interest (Fz, F1, F2) between the three DBS conditions.
588 Highlighted is the cluster of significant differences in power change that led to the rejection of the null
589 hypothesis. Non-significant F values in sequential gray, F values corresponding to the cluster of
590 significant group difference in color. C-E: Time-frequency representations of the contrast between
591 conditions. Bold colors highlight the significant clusters in the pairwise comparisons. Null-results of the
592 same analysis of preparatory EEG dynamics for the lateral prefrontal ROI is available in Figure 5 —
593 Figure Supplement 1.
594

595  For the lateral prefrontal ROI, RM-ANOVA with permutation clustering resulted in no

596  significant differences of TFR between DBS conditions (Figure 5 — Figure Supplement 1).

597
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598  Condition-dependent single-trial predictive value of midfrontal theta power

599  Based on the results above, we restricted the single-trial analysis to the frequency ranges (beta:
600  18-26 Hz, theta: 4-8 Hz) and time windows (beta: -1000 ms to -300 ms, theta: -400 ms to 0 ms)
601  for which significant effects of DBS condition were identified in the group level analysis.

602

603  In the linear mixed model evaluating the relationship between midfrontal theta power, DBS
604  condition and antisaccade latency with participants as random effect, we observed a main effect
605  of condition on antisaccade latency as expected from behavioral findings (¥*(2) = 32.397, p <
606  0.001) with significant differences between 130 Hz-DBS and off-DBS state (f = 0.238, 95%-
607 CI=[0.15,0.32], t(1654) = 5.565, pagj < 0.001) and between 130 Hz-DBS and 60 Hz-DBS (8
608 =0.164,95%-CI=[0.09, 0.24], t(1654)=4.112, pagj < 0.001). There was no main effect of theta
609  power on antisaccade latency (¥*(1) = 0.942, p = 0.3). However, the interaction effect between
610  condition and theta power was found to be significant (y*(2) = 7.327, p = 0.03), with 130-Hz
611  DBS differing from the off-DBS state (f = 0.112, 95%-CI =[0.03, 0.19], t(1654) =2.703, padi
612  =0.01), indicating that the effect of theta activity on antisaccade latency varies between these
613  two conditions. From Figure 6, it is evident that as theta increased, antisaccade latency
614  increased in off-DBS state, while it decreased with 130 Hz-DBS. Thus, 130 Hz-DBS reversed
615  the effect of midfrontal theta activity on antisaccade latency.

616

617  No significant effects of cortical power nor of power x condition interactions were identified
618 in the linear mixed model including beta power as well as in the mixed logistic regression
619  models of error probability. For complete results, please see Supplementary Material 2.

620
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FIGURE 6: Single-trial mixed linear regression model of the relationship between antisaccade latency

(in ms), midfrontal-theta activity (in dB) and DBS condition (off-DBS in black, 130 Hz DBS in red and
60 Hz-DBS in blue) as fixed effects and participants as random effect. Dots represent single trials. Shaded
areas represent 95%-confidence intervals. The theta x condition interaction differed significantly
between off-DBS and 130 Hz DBS. Raw trial data that was used to create this graph is available in Figure

6 — source data 1.

DISCUSSION

Summary of findings

In this study, we aimed at comparing the effects of high- and low-frequency STN-DBS on
response inhibition in PD-patients using the antisaccade task in combination with EEG
recordings. Despite no statistically significant effect of DBS on the total antisaccade error rate,
computational modelling revealed that the probability of an early error due to failed inhibition

of a prepotent reflexive prosaccade decreased with both 130 Hz and 60 Hz-DBS compared

29


https://doi.org/10.1101/2022.05.13.491771
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.13.491771; this version posted May 16, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

636  with the off-DBS state. Against our a priori hypothesis, these findings suggest that STN-DBS
637  may improve response inhibition in PD.

638  Given the short latency of early errors allowing very limited processing time after stimulus
639  presentation, these early inhibition failures most likely result from a lack of proactive response
640  inhibition prior to stimulus onset during the mental preparation period for the task (Aponte et
641 al., 2017). In the EEG analysis of this preparatory period before stimulus presentation, high
642 and low frequency STN-DBS both induced stronger decreases of midfrontal beta power
643  compared with off-DBS state. As attenuation of beta oscillations is theorized to support
644  movement initiation (Engel & Fries, 2010; Y. Zhang et al, 2008), enhanced beta
645  desynchronization with 60 Hz and 130 Hz-DBS may reflect a proactive modulating effects on
646  oculomotor brain areas.

647  Yet, most strikingly, midfrontal theta band power increased during the preparatory period
648  exclusively in 60 Hz-DBS compared with off-DBS state which may be considered an EEG
649  correlate of enhanced cognitive control with low-frequency pulses. This may be supported by
650  the fact that in trial-by-trial analyses higher preparatory midfrontal theta power predicted
651  longer latencies of the upcoming saccade in off-DBS state which is consistent with studies
652  reporting an association of higher midfrontal theta power with increased response times in
653  various cognitive tasks (Cohen & Cavanagh, 2011; Cooper et al., 2019; van Driel et al., 2015).
654  In line with previous evidence (Bakhtiari et al., 2020; Rivaud-Péchoux et al., 2000; Yugeta et
655 al, 2010), antisaccade latency decreased when 130 Hz-DBS was switched on, while there was
656  no behavioral effect of 60 Hz-DBS on antisaccade latency. Computational modelling revealed
657  that the acceleration in the 130 Hz-DBS state was most likely due to faster, but more error-
658  prone action selection processes later in the trial as indicated by decreased hit times of the late
659  prosaccade unit and the antisaccade unit that were accompanied by an increased probability of

660 late prosaccade errors. Interestingly, 130 Hz-DBS also reversed the relationship between
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661  midfrontal theta activity and antisaccade latency, indicating that high frequency STN-DBS may
662  disrupt aspects of theta-based preparatory cognitive control.

663

664  Attenuation of preparatory beta power as a proactive mechanism

665  Since beta desynchronization is generally coined as facilitator of movement initiation and of
666  changing the ongoing motor set, the attenuated pre-stimulus beta activity under DBS pulses at
667 130 and 60 Hz alike suggests higher levels of early proactive activation of the oculomotor
668  network regardless of stimulation frequency. In line with this interpretation, healthy individuals
669  also show prefrontal pre-stimulus beta desynchronization in antisaccades when contrasted with
670  no-go trials (Cordones et al., 2013). As such, our data is consistent with current theories
671  postulating an anticipatory, proactive role of beta power modulation in the preparation for
672  motor and cognitive responses (Jenkinson & Brown, 2011; Oswal et al., 2012). In PD, a lack
673  of preparatory beta desynchronization has been interpreted as a general shift from proactive to
674  more reactive motor control (Praamstra & Pope, 2007; Te Woerd et al., 2015). Consistent with
675 our findings, STN-DBS may attenuate aberrant cortical beta activity (Abbasi et al., 2018;
676  Devos et al., 2004).

677

678 At the same time, stability of beta oscillations also facilitates motor inhibition, so that its
679  attenuation may also result in a higher probability of errors. In this regard, Hamm and
680  colleagues found that beta power in ACC was lower for errors than for correct antisaccade
681 trials in healthy individuals (Hamm et al., 2012). The authors argued that tonic beta activity
682  may be crucial for correct antisaccade execution as it prevents errors by maintaining the
683  ongoing oculomotor set, i.e., fixation instead of an early reflexive saccade. Notably, enhanced
684  beta desynchronization with STN-DBS in our study was found in trials with a subsequent

685  successful antisaccade. Thus, a certain level of beta suppression might be necessary to permit
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686  the dynamic reconfiguration of neural networks into a state of readiness for executive
687  processing (Oswal et al., 2012). Furthermore, there was no significant detrimental behavioral
688  effect of STN-DBS on antisaccade error rates, nor did the computational model suggest
689 increased inhibition failures (i.e., early errors), but even the opposite. Therefore, we
690  hypothesize that STN-DBS normalized the amount of preparatory beta desynchronization,
691  which had been diminished in the off-medication and off-DBS state in the PD cohort (Singh,
692  2018), allowing sufficient proactive preparation of the oculomotor network without causing
693  impulsive early responses.

694  Moreover, successful response inhibition may only be associated with a subsequent increase in
695  prefrontal beta power after the target has been presented, but not during the cue period
696  (Liebrand et al., 2017). Thus, the relationship between prefrontal beta activity and antisaccade
697  outcome may differ after the target direction has been revealed. Since we did not analyze the
698  changes in cortical oscillations after target presentation, any further considerations on potential
699  changes of beta power later in the trial are beyond the scope of this study.

700

701  Midfrontal theta power and response inhibition

702 Midfrontal theta activity reflects cortical correlates of cognitive control which may be exerted
703  via synchronized activity in a prefrontal-subthalamic network (B. Zavala et al., 2016). It has
704 been proposed that medial frontal cortical areas, e.g. the ACC, activate the STN to inhibit
705  impulsive actions via theta oscillations as soon as conflicts arise or the need for cognitive
706  control is detected (B. A. Zavala et al., 2014). In healthy individuals, error trials, as compared
707  to correct antisaccades, were associated with a lack of increase in midfrontal theta during the
708  preparatory period (van Noordt et al., 2017).

709  Further, ACC has been shown to have top-down control over the frontoparietal oculomotor

710  network during the preparatory period for antisaccades, supported by a strong theta and beta
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711  synchronization from ACC to FEF (Babapoor-Farrokhran et al., 2017). Together, these
712 preparatory oscillatory changes may subsequently prevent an early reflexive prosaccade (that
713 is an error) when the stimulus is presented, thereby allowing additional time needed to activate
714 the correct oculomotor set for a voluntary saccade later in the trial. As 60 Hz-DBS increased
715  preparatory midfrontal theta activity and reduced the probability of an early reflexive error, our
716  results support that 60 Hz STN-DBS may improve response inhibition by enhancing proactive
717  cognitive control in PD via midfrontal theta oscillations.

718

719  The influence of STN-DBS on midfrontal theta power and antisaccade latency

720  Inour single-trial EEG analysis, higher theta activity during the late preparatory phase precited
721  longer antisaccade latency in the off-DBS state. Consistent with this finding, theta activity has
722 been associated with a slowing of the upcoming response in a variety of cognitively demanding
723 tasks (Cohen & Cavanagh, 2011; Cooper et al., 2019; van Driel et al., 2015). Given this
724 relationship in healthy controls and individuals with PD in off-DBS state, one may also expect
725  anincrease in antisaccade latency with the increase in midfrontal theta power with 60 Hz-DBS
726  which was, however, not supported by our data.

727  Conversely, the trial-by-trial correlation analysis revealed an interesting inversion of the
728  relationship between midfrontal theta power and antisaccade latency with 130 Hz-DBS. While
729  surprising at first glance, this finding is in line with an influential study by Cavanagh and
730  colleagues who found the same inversion of the relationship between midfrontal theta and
731  response times in a decision-making task when STN-DBS was switched on. (Cavanagh et al.,
732 2011). The authors concluded that STN-DBS disrupted the functionality of the medial
733 prefrontal — STN network, which, if intact, would raise the decision threshold. Thereby, the

734 impact of parallel cortico-striatal mechanisms, e.g., via pre-SMA and striatum, might increase
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735  which would facilitate high-value actions and reduce decision thresholds (Forstmann et al.,
736 2008).

737  In the model of striatal action selection, the STN is pivotal for inhibiting prepotent actions
738  under conflict (Zaghloul et al., 2012), i.e., when more than one potential response set are
739  triggered simultaneously and compete to be selected as a response to the same external stimulus
740  (here: a correct antisaccade versus a late visually guided prosaccade error) (Herz et al., 2018).
741 130 Hz-DBS may interfere with the delaying impact of STN on this “race” between the
742  competing inputs ( Jahanshahi et al., 2015) by disruption of theta-mediated pathways between
743  midfrontal regions and STN. That 130 Hz-DBS may indeed alter the speed-accuracy trade-off
744  with faster, but more error-prone action selection was supported by the computational model
745  of the behavioral data showing an acceleration of late responses with 130 Hz-DBS. The exact
746  mechanism that underlies late responses in the SERIA model is, however, an area of
747  speculation. It seems plausible that processes after revelation of the stimulus direction exert a
748  main role, e.g., the selection of an appropriate action and the subsequent sensorimotor
749  transformation into a saccadic eye movement (Aponte et al., 2017).

750  Both the reversing effect on the relationship between midfrontal theta and antisaccade latency
751  as well as the effects on late responses in the computational model were specific for high-
752  frequency DBS. In particular, the chance for a late choice error was significantly increased with
753 130 Hz-DBS compared with 60 Hz-DBS, indicating that 130 Hz-DBS, but not 60 Hz may
754  facilitate impulsive choices later in the trial.

755

756  Limitations and future directions

757 A major limitation of our study is its comparatively small sample size. However, recruitment
758  ofeligible participants with PD and STN-DBS without any exclusion criteria is inherently very

759  limited. Additionally, the study protocol was challenging to complete for this population as
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760  supported by the high proportion of pre-mature withdrawals of 44 % despite careful screening
761  of potential participants.

762  Since we included no healthy control group, we cannot state whether response inhibition was
763  overall impaired in the PD group. However, the mean antisaccade error rate of 47.3 % in off
764  DBS-state is within the range of comparable studies in PD and considerable higher than in
765  healthy age-matched controls (Waldthaler et al., 2021).

766  Participants completed the study in off-medication state. While this is a clear advantage of the
767  study since it excludes effects of dopaminergic medication on the results to a large extent (long
768  lasting effects > 12 hours cannot be entirely excluded), dopamine replacement therapy and
769  DBS may interact in their effects on impulsivity in PD in real life scenarios. For instance,
770  Bakhtari and colleagues showed that dopamine replacement therapy partly restored the
771  detrimental effect of STN-DBS on antisaccade error rates (Bakhtiari et al., 2020).

772

773  Participants were stimulated with their individual optimal DBS program and amplitude,
774  impulse width, and DBS contacts were not changed for the study. Thus, DBS settings were not
775  standardized between participants. On the other hand, standardization of DBS settings would
776  have carried a high risk for side effects since therapeutic and side effects of DBS vary widely
777  between patients and optimal settings are the result of highly individualized programming
778  procedures. Further, additional factors such as individual deviations from optimal lead
779  placement could have not been standardized anyway. By keeping the individualized optimal
780  DBS settings instead (other than frequency), we aimed to avoid side effects and to resemble
781  the DBS effect achieved in daily life with chronic stimulation.

782  TEED was not kept constant between the DBS settings used in the study. TEED is expected to
783  be lower with 60 Hz than with 130 Hz stimulation when stimulation amplitude is kept constant.

784  As a recent study showed that changing DBS amplitude influences antisaccade performance
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785  (Munoz et al., 2021), we cannot exclude that any performance differences may be related to
786  TEED differences (see also Methods section for further elaboration on this issue).

787

788  CONCLUSION

789  In summary, a combined approach including eye-tracking, computational modelling and EEG
790  allowed us to differentiate the effects of two commonly used STN-DBS frequencies on early
791  and late responses in the antisaccade task and to explore their cortical correlates.

792  While 130 Hz-DBS may improve response inhibition and, thereby, reduce early impulsive
793  actions, it seems to induce an altered speed-accuracy trade-off resulting in a higher likelihood
794  for later impulsive choices. Since 130 Hz DBS reversed the relationship between midfrontal
795  theta activity and antisaccade latency, it may disrupt theta-mediated medial prefrontal-STN
796 interactions and thereby interfere with action selection processes.

797 60 Hz-DBS may provide the beneficial effect on response inhibition accompanied with an
798  increase in midfrontal theta power without causing the detrimental effect on action selection
799  and later responses seen with 130 Hz DBS. Here, our results warrant future studies on the
800  cognitive effects of low-frequency STN-DBS in PD.

801  Furthermore, inconclusive behavioral results of previous and upcoming studies on the effects
802  of STN-DBS on cognitive control should be interpreted in the light of potentially opposing
803 effects of different DBS frequencies on various aspects of impulsivity in PD.

804
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