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1.Introduction

1.1 Par kisesaseonods

Parkinson's disease (PD) is the second most prevalent neurodegenerative diseases globally (de
Lau and Breteler 2006). It is characterized by progressive degeneration of dopaminergic neurons
within the substantia nigra pars compacta, a key structure within the basal ganglia (de Lau and
Breteler 2006; Kalia and Lang 2015; Surmeier 2018). The basal ganglia, which include several
nuclei such as the subthalamic nucleus (STN), play a crucial role in motor control as well as
cognitive and affective processes (Temel et al. 2005; Bertrand et al. 2024; D. B. Weintraub and
Zaghloul 2013; Marjan Jahanshahi et al. 2015).

Dopamine deficiency in PD disrupts basal ganglia function, affecting structures such as STN,
leading to abnormal basal ganglia output, causing the core motor symptoms of PD, including
resting tremor, bradykinesia, rigidity, and postural instability (Hayes 2019; Hamani et al. 2004;
Brown et al. 2001; Kreiss et al. 1997). Although motor symptoms define the clinical diagnosis of
PD, epidemiological studies indicate that nearly 80% of patients also experience non-motor
symptoms of PD, including cognitive and neuropsychiatric deficits (Prakash et al. 2016). Despite
their significant impact on the quality of life for both patients and their caregivers, non-motor
symptoms remain under-recognized and poorly managed (Chaudhuri and Schapira 2009;
Schapira, Chaudhuri, and Jenner 2017).

Non-motor symptoms in PD encompass a broad range of neuropsychiatric and cognitive
symptoms, including apathy, depression, anxiety, and cognitive impairments such as working
memory (WM) (D. Weintraub et al. 2004; Béreau et al. 2023). WM deficits are among the most

consistently reported cognitive impairments in PD (Simioni, Dagher, and Fellows 2017).

1.2 Working memory deficit in PD

WM, is a core cognitive function enabling temporary storage and manipulation of information, and
is critical for complex cognitive tasks such as reasoning, learning, and decision-making (A. D.
Baddeley and Hitch 1974; A. Baddeley 2003).

WM deficit can manifest even in the absence of global cognitive decline, making WM deficit an
early marker of broader cognitive dysfunction in PD (Simioni, Dagher, and Fellows 2017; Salmi
et al. 2020).



Recent studies have identified a link between WM deficits in PD and abnormal oscillatory
dynamics within STN-cortical networks particularly in the theta (4-8 Hz) frequency band (Ye et al.
2022; B. A. Zavala, Jang, and Zaghloul 2017). Ye, et al. found that reduced theta power in the
parietal areas is associated with WM impairment in PD patients, while Zavala, et al. suggest that
theta power increase in the frontal cortex is associated with working memory processes in the PD
patients, both suggesting that STN-cortical theta oscillations play a crucial role in cognitive
function (Ye et al. 2022; B. A. Zavala, Jang, and Zaghloul 2017).

Theta-band oscillations are thought to facilitate cognitive functions by modulating information flow
within STN-cortical circuits (Rodriguez-Oroz et al. 2011; B. Zavala, Zaghloul, and Brown 2015; B.
Zavala et al. 2016; B. A. Zavala, Jang, and Zaghloul 2017; B. Zavala et al. 2018; Kelley et al.
2017). Structural and functional imaging studies support this interaction, showing that the STN
and PFC are connected through specific neural pathways involved in cognitive control and
executive functions( Menon and D6 EBRiffusion fensar m&yleficzeésonance imaging
(MRI) has revealed dense white matter tracts linking the PFC with the STN, suggesting a
structural basis for their role in WM ( Menon and DO E Additoraily; fonctignal MRI)
studies demonstrate increased PFC activation during WM tasks, further supporting its
involvement in maintaining and manipulating information (Emch, von Bastian, and Koch 2019;
Friedman and Robbins 2022).

Moreover, changes in theta-band synchrony between the STN and PFC has been associated with
cognitive deficits, including impaired response inhibition, time perception, conflict resolution, and
WM, in PD patients (B. Zavala et al. 2016; B. A. Zavala, Jang, and Zaghloul 2017; B. Zavala et
al. 2018; Kelley et al. 2017; Ong et al. 2024).

On the other hand, beta (13-30 Hz) and gamma-band (>30 Hz) oscillations in the STN-motor
pathways have been implicated in motor dysfunction (Kihn et al. 2006; Litvak et al. 2011; Oehrn
et al. 2024). Increased beta activity in PD has been associated with PD symptoms including
rigidity and bradykinesia (Kihn et al. 2006). In contrast, gamma-band activity, which is linked to
impaired voluntary movement in PD patients (Lofredi et al. 2018).

Within the PFC, theta oscillations coordinate neural activity to prioritize task-relevant information,
suppress distractions, and maintain task-related goals, which are core components of WM (Riddle
et al. 2020; Sauseng et al. 2010). Moreover, theta oscillations facilitate the sequential encoding
and manipulation of information required for WM (Lisman and Jensen 2013). Despite these

advances, the neural activity of STN during WM processes is unknown.



1.3 Deep brain stimulation for motor symptoms

Deep brain stimulation (DBS) is an established therapeutic intervention in PD, primarily aimed at
managing motor symptoms in PD patients (Deuschl et al. 2006). This technique involves the
surgical implantation of electrodes into targeted structures of the basal ganglia, such as globus
pallidus (GPi) and STN (Deuschl et al. 2006). High-frequency (1207 130 Hz) electrical impulses
delivered by DBS, alleviate symptoms such as tremor, rigidity, and bradykinesia (Kiihn et al. 2004;
Deuschl et al. 2006; Rodriguez-Oroz et al. 2011; Litvak et al. 2012; Oehrn et al. 2024).

While high-frequency stimulation consistently improves motor symptoms in PD, its effects on
cognitive function is variable. Some studies have reported cognitive side effects following high-
frequency stimulation, such as reduced verbal fluency and impaired executive function (Contarino
et al. 2007; Witt et al. 2008). Evidence regarding the effect of high-frequency STN-DBS on WM
is similarly inconclusive: In some studies, high-frequency stimulation has been associated with
impaired spatial WM accuracy (Hershey et al. 2004; M. Jahanshahi et al. 2000), while other
reports suggested that high-frequency stimulation may enhance WM performance (Pillon et al.
2000). However, these results may be confounded by concurrent levodopa use, which has a
nonlinear effect on WM, often described as an inverted U-shaped function, peaking at optimal
levels and declining with either insufficient or excessive dopamine (Hershey et al. 2004; Cools
and D6 Es po.ghesedindiags éniphasize the need to include cognitive outcomes when
optimizing DBS parameters, to ensure that motor improvements are achieved without

compromising cognitive function.
1.4 Low-frequency DBS for cognition

Recent studies have shown that low-frequency DBS, targeting frequencies aligned with task- or
domain-specific neural oscillations, may selectively enhance cognitive and affective processes.
For example, alpha-frequency stimulation (10 Hz) has been shown to improve emotional
processing in PD patients, yielding distinct behavioral outcomes compared to high-frequency
stimulation (L. Wang et al. 2023).

Furthermore, studies have shown that subcortical intermittent theta-burst stimulation in the STN
and GPi increased theta power in the dorsolateral prefrontal cortex (DLPFC), which is an essential
region for cognitive functions, such as WM (Bentley et al. 2020; Eriksson et al. 2015; Barbey,
Koenigs, and Grafman 2013). Further, evidence from some studies suggested the potential of

low-frequency stimulation in theta-band (4-8 Hz) to enhance cognitive function in PD, primarily



through modulating neural coherence within the STN-prefrontal circuitry (B. Zavala et al. 2016;
Kelley et al. 2017). For instance, theta-frequency stimulation (4Hz), has been associated with
cognitive control improvements which was correlated to enhanced delta/theta activity coherence
between the STN and PFC (Kelley et al. 2017). Additionally, theta-frequency stimulation (5Hz)
improved cognitive control, in tasks requiring task-switching and conflict resolution (Scangos et

al. 2018), however its effects on WM remain poorly understood.

Some studies have reported benefits for episodic verbal fluency, particularly when targeting the
dorsal STN, suggesting the involvement of task-specific subregions in cognitive modulation (Lee
et al. 2021). However, as motor performance was not controlled during this study, it remains
unclear whether the observed cognitive improvements reflect specific cognitive modulation or are
secondary to motor-related improvements. Furthermore, the effects of theta-frequency stimulation
on verbal fluency remain inconsistent, with some studies reporting limited improvements confined
to episodic verbal fluency and no measurable changes in other cognitive domains (Lam et al.
2021).

These inconsistencies raise the question of whether theta-frequency stimulation selectively
enhances cognitive processes or if its effects are task-dependent. Additionally, prior research has
largely focused on overall cognitive performance, often using global cognitive scales, making it
difficult to isolate specific improvements in key cognitive functions such as WM. The variability in
these outcomes could be due to the differences in the frequency protocols used, and patient-
specific factors such as baseline cognitive function, medication effects, and disease progression.
Notably, the effect of theta-frequency stimulation in the STN on WM remains unexplored, leaving
a critical gap in our understanding of frequency-specific neuromodulation in PD. While preliminary
evidence from low-frequency DBS protocols suggests potential cognitive benefits, existing studies
often rely on broad cognitive assessments, lack specificity in targeting WM, and fail to disentangle
cognitive improvements from motor effects. Furthermore, the role of structural connectivity
between the STN and PFC in modulating these effects remains poorly understood, limiting our

ability to predict which patients may benefit most from theta-frequency DBS.



1.5. Objectives and hypothesis

In this study we investigated the effect of theta-frequency stimulation (6 Hz) in the STN on WM

performance in PD patients.

To address key gaps in the literature, we tested four hypotheses: (a) STN-DBS at 6 Hz selectively
improves WM, (b) this effect is frequency-specific, with no comparable improvements under beta
(15 Hz), low gamma (70 Hz), or high gamma (130 Hz) stimulation relative to the baseline (off-
stimulation) condition, (c) the cognitive benefits of theta-frequency DBS occur independently of
motor improvements, and (d) the strength of structural connectivity between the STN and PFC
predicts WM performance during theta-frequency stimulation.



2. Results
2.1 Overview

We investigated the effects of STN-DBS at different frequencies on WM in PD. A single-blind,
randomized, crossover design was implemented to evaluate five stimulation conditions: theta (6
Hz), beta (15 Hz), low gamma (70 Hz), high gamma (130 Hz), and no stimulation (off-stimulation).
We assessed the WM performance using a modified Sternberg WMtask ( Leszczy Gs ki , Fel
Axmacher 2015), developed in MATLAB (The MathWorks, Inc., 2016) using PsychToolbox
(Kleiner, Brainard, and Pelli 2007; Brainard 1997). Statistical analysis were conducted in R (v
4.3.0) using a linear mixed effects model (R Core Team 2021). Neuroimaging data were analyzed
in MATLAB (The MathWorks, Inc., 2021) using cluster-based permutation tests to control multiple
comparison problems. Statistical significance was set at p < 0.05. To minimize biases, we
randomized and counterbalanced stimulation conditions while holding stimulation parameters
(stimulating contacts, pulse width, and amplitude) constant across all conditions to maintain
uniformity in the volume of tissue activated (VTA). Additional details regarding task design,
imaging analysis, and statistical methodologies are provided in (section 7.1).

Theta-frequency stimulation significantly improved WM performance compared to the other
frequencies. These enhancements were independent of motor improvements, suggesting a
cognitive-specific mechanism. Connectivity analyses revealed that WM performance was
mediated by enhanced projections from the stimulation sites to the right DLPFC. The detailed
findings are presented below, organized according to the primary research questions and

analyses.

2.3 Theta stimulation enhances working memory

We evaluated the effects of STN-DBS at varying frequencies on WM in PD patients using a linear
mixed-effects model. This approach accounted for fixed effects, including stimulation frequency,
baseline WM performance, motor scores in each stimulation condition, and UPDRS |. We also
controlled for between-subject variability by including random effects and a random intercept for

each patient.

The analysis revealed a main effect of stimulation frequency on WM changes relative to the
baseline (off-stimulation) condition (section 7.1, Figure 2A; F(3,1856) = 7.6, p < 0.001). Post hoc



two-tailed one- sample t-tests demonstrated that theta-frequency stimulation significantly

i mproved WM relative to baseline (6 Hz, t(19) =
improvements were observed for beta (15 Hz, p = 0.36), low gamma (70 Hz, p = 0.42), or high

gamma (130 Hz, p = 0.54) frequencies. Paired comparisons confirmed the specificity of theta
stimulation, which outperformed beta (t(19) = 2.7
(t(129) = 3.34, p < 0. 0ién Aterd fiaeoring thetadstimulatidon ovedHigh st i mu |
gamma frequency approached significance (t(19) =
findings indicate that theta-frequency DBS enhances WM. The absence of effects at other

frequencies supports the specificity of theta oscillations in WM processes.

2.4 Working memory gains are Independent of motor effects

To determine whether the observed improvements in WM during theta-frequency stimulation were
influenced by motor changes, motor scores were analyzed as a potential confounding factor.
Pearson correlation analysis between motor scores during high-frequency stimulation (130 Hz)
and total UPDRS Il scores in the on-stimulation revealed a significant correlation (R = 0.58, p <
0.01), confirming that motor scores accurately reflected motor impairment measured by UPDRS

Il across participants.

Repeated measures ANOVA showed a significant effect of stimulation frequency on motor scores
(F(4,76) = 18.71, p < 0.001). Post hoc two-tailed t-tests indicated that motor function improved
with low gamma (t(19) = 5.56, p < 0.001) and high gamma (t(19) = 7.95, p < 0.001) stimulation
compared to the no-stimulation condition. However, neither theta (t(19) = 1.19, p = 0.24) nor beta
(t(19) = 1.6, p = 0.11) stimulation affected motor performance relative to no stimulation. When
compared to clinical high-frequency DBS, both theta (t(19) = 4.71, p < 0.001) and beta (t(19) =
5.68, p < 0.001) stimulation were associated with reduced motor benefits (section 7.1, Figure.
2C).

We also found no interaction between motor changes and WM changes during different
stimulation conditions, as indicated by the linear mixed-effects model (F(3,1817) = 1.8, p = 0.15).
Furthermore, correlation analysis across stimulation conditions revealed no significant
relationship between motor score changes and WM improvements during theta stimulation
(R=0.11, p=0.64).



These findings confirm that theta-frequency stimulation exerts cognitive-specific effects on WM,
independent of motor symptom modulation, likely through mechanisms distinct from those

mediating motor function improvements.

2.5 STN-PFC connectivity mediates working memory gains

We performed cluster-based permutation analysis to find the association between WM
performance in each stimulation condition, with the connectivity from stimulation volumes of tissue
activated (VTA). This analysis focused on anatomical connections between the VTAs and cortical
regions. The number of fibers projecting from the VTA to the right DLPFC, centered in the right
middle frontal gyrus, was strongly associated with WM performance during theta-frequency
stimulation (MNI coordinates of peak correlation: 42x12x50; R = 0.74, p < 0.001; see section 7.1,
Figure. 2D).

This association was specific to theta-frequency stimulation, as no significant correlations
between STN-prefrontal connectivity and WM performance were observed for other frequencies,
including beta, low gamma, or high gamma. These findings suggest that theta stimulation uniquely

modulates the STN-DLPFC pathway to facilitate WM processes.

Further analysis confirmed that this effect was also task-specific, as no significant correlations
were identified between STN-prefrontal connectivity and motor performance during any

stimulation frequency, including theta (largest cluster: p = 1).

2.6 Baseline cognition predicts working memory effects

Our linear mixed-effects model revealed the main effect of baseline WM on stimulation-induced
WM changes (section 7.1, Figure. 2B; F(1,19) = 8.5, p < 0.01) and an interaction effect between
stimulation frequency and baseline WM (F(1,1853) = 2.9, p = 0.03). Patients with lower baseline

WM performance exhibited greater improvements during theta-frequency stimulation.

Post-hoc analyses supported this finding, showing a strong inverse correlation between baseline
WM and theta-si nhduced WM i mprovements (R = 1T0.71,
observed for other stimulation f @4 lowgacnraeR 5
10.25, p = 0.29), and high gamma (R = 10. 34,

with cognitive impairment measured by the Montreal Cognitive Assessment (MoCA; R = 0.67, p



< 0.01), indicating that the WM task reliably reflected broader cognitive function (section 7.2,

Supplementary Figure. 3C).

These findings highlight the role of baseline cognitive impairment in shaping the cognitive benefits
of theta-frequency stimulation. Patients with more pronounced baseline deficits experienced the
greatest WM improvements, emphasizing the need to consider individual cognitive baselines

when optimizing DBS parameters for patients.

2.7 Control analyses

We included total electrical energy delivered (TEED), previous stimulation frequency, and trial
number as covariates in the linear mixed-effects model to confirm that WM improvements were

specifically attributable to the applied stimulation frequencies.

TEED, measured in the right and left STN, did not affect WM changes (TEED left: F(1,735) = 0.3,
p = 0.6; TEED right: F(1,687) = 0.4, p = 0.5), indicating that changes in WM were frequency-
specific rather than due to the total electrical energy delivered to the STN. Similarly, no effects of
the previous stimulation condition were observed (main effect: F(4,1855) = 0.62, p = 0.64;
interaction with trial number: F(4,1842) = 0.65, p = 0.63), suggesting that wash-out periods were

sufficient to prevent carryover effects between frequency conditions.

The effects of stimulation frequency on WM performance remained stable throughout the task,
with no significant main effects of trial number (F(1,1843) = 0.02, p = 0.9) or interactions between

trial number and stimulation frequency (F(3,1842) = 0.1, p = 0.9).

All findings were consistent with the original model, including the main effect of stimulation
frequency (F(3,1851) = 4.7, p < 0.01), baseline WM performance (F(1,19) = 7.09, p = 0.01), and
UPDRS | scores (F(1,18) = 6.1, p = 0.02). These results reinforce the specificity of the WM
improvements associated with theta-frequency stimulation, independent of variations in TEED,

prior stimulation conditions, or task progression.



2.8 Statement of contribution

The study was a collaborative effort involving contributions from multiple team members. Narges
Salehi led the data collection for the final cohort of eight patients, ensuring adherence to
standardized protocols and ethical guidelines. She conducted the statistical analysis of behavioral
and neuroimaging data. She had the primary responsibility for writing, submission, and revisions
of the manuscript. Simone Nahrgang contributed to the collection of data from the initial cohort of

12 patients, maintaining consistency in study methodology and patient handling.
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3. Discussion

3.1 Theta stimulation and working memory

We found that theta-frequency stimulation (6 Hz) in the STN improves WM performance in PD
patients. While, high-frequency stimulation is highly effective for alleviating motor symptoms in
PD patients, its effects on cognitive functions such as WM have been inconsistent, with some
studies reporting impairments in domains such as verbal fluency and WM, raising concerns about
its broader applicability (Contarino et al. 2007; Witt et al. 2008; Pillon et al. 2000; Hershey et al.
2004; 2008; M. Jahanshahi et al. 2000). Our results highlight the potential of theta-frequency
stimulation to target cognitive deficits in PD, aligning with emerging evidence on the benefits of
low-frequency stimulation in the STN for review please check (Ong et al. 2024).

These results are consistent with previous research linking theta-frequency stimulation to
improved cognitive control and task performance, particularly in tasks involving temporal
precision (Scangos et al. 2018; Kelley et al. 2017). Theta-frequency stimulation has also been
associated with enhanced verbal fluency, a higher-order cognitive function (Lee et al. 2021; Lam
et al. 2021) , though these effects appear to be domain-specific, with some studies reporting
selective benefits in episodic verbal fluency while other cognitive domains remain unaffected
(Lam et al. 2021).

Electrophysiological evidence indicate that theta-frequency oscillations between STN and PFC
play a critical role in cognitive processes by facilitating the STN-PFC synchrony (Kelley et al.
2017; B. Zavala et al. 2016; Riddle et al. 2020; Sauseng et al. 2010; B. Zavala et al. 2018; B. A.
Zavala, Jang, and Zaghloul 2017). Studies suggest that theta oscillations organize neural activity
across distributed networks and facilitate long-range communication between brain regions by
temporally coordinating neuronal activity to optimize information transfer (Sauseng et al. 2010;
Lisman and Jensen 2013). This mechanism is essential for WM, as theta-frequency oscillations
supports dynamic interactions between the PFC and subcortical structure, facilitating
maintenance and manipulation of task-relevant information (Gruber et al. 2018; Sauseng et al.
2010).

The observed WM improvements with theta-frequency stimulation can be attributed to its ability
to modulate STN-PFC networks, particularly via the hyper-direct pathway connecting the STN to
the PFC (Lam et al. 2021; Kelley et al. 2017). Recent evidence indicates that the STN plays a

11
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key role in cognitive control, integrating signals from cortical regions such as the PFC to regulate
processes like response inhibition and WM (Marjan Jahanshahi et al. 2015; Wessel and Aron
2017). Theta oscillations within the STN-PFC circuit synchronize cortical and subcortical activity,
enabling the efficient use of cognitive resources necessary for cognitive processes without
engaging motor circuits (Haynes and Haber 2013; Herz et al. 2024; B. Zavala et al. 2018). This
pathway is fundamental to cognitive function and enables rapid inhibitory control and efficient
cortical-subcortical communication (Aron et al. 2007; Marjan Jahanshahi et al. 2015).

Collectively, these findings highlight theta-frequency stimulation as a promising intervention for
addressing cognitive deficits in PD. By leveraging the role of theta oscillations in modulating
STN-PFC circuits, this approach offers a targeted alternative DBS intervention for cognitive
enhancement in PD patients. However, the neural mechanisms underlying of WM within the STN

is still unclear and needs further investigation.

3.3 Working memory gains are independent of motor outcomes

Our results showed that theta-frequency stimulation improves WM performance independently
of motor score changes. This suggests that theta-frequency stimulation selectively enhances
WM without affecting the motor function.

We found that theta-frequency stimulation did not affect motor scores compared to the baseline
(stimulation-off), while gamma-frequency stimulation led to motor improvements. Moreover, we
observed no motor worsening during beta-frequency stimulation, contrasting with earlier reports
that beta-frequency stimulation can exacerbate motor impairments when delivered at a TEED
similar to the high-frequency stimulation (Moro et al. 2002). This discrepancy is due to the
reduced TEED applied in our protocol. Consistent with prior research, our results suggest that
reduced TEED cannot explain the stability of motor scores during theta-frequency stimulation,
as the frequency-specific engagement of STN-cortical networks appears to be the critical factor
in determining motor outcomes (Tsang et al. 2012).

The lack of correlation between motor score changes and WM improvements further supports
the cognitive specificity of theta-frequency stimulation. This observation aligns with the prior
studies suggesting that theta-frequency stimulation selectively engages basal ganglia-PFC
networks, particularly the hyper-direct pathway connecting the STN to the PFC, which plays a
critical role in WM and cognitive control (B. A. Zavala, Jang, and Zaghloul 2017; B. Zavala et al.
2018; Herz et al. 2024; David, Munoz, and Corcos 2020; Wessel and Aron 2017).

In contrast, we observed that high-frequency stimulation improved motor score which aligns with

DBS guidelines. This effects are correlated with the suppression of pathological beta oscillations

12



and the entrainment of gamma oscillations associated with motor symptoms (Kiihn et al. 2009;
Oehrn et al. 2024).

The lack of motor improvement during theta-frequency stimulation, combined with the absence
of a relationship between motor and cognitive outcomes, provides evidence that these functions
are governed by distinct and non-overlapping pathways within the STN-cortical system. This
interpretation is consistent with prior evidence demonstrating that STN connectivity to the PFC
supports cognitive processes, while its projections to the motor cortex are central to motor control
(Haynes and Haber 2013; Wessel and Aron 2017).

3.4 STN-PFC connectivity predicts working memory gains

Our cluster-based permutation analysis revealed a robust association between WM performance
during the theta-frequency stimulation and fiber projections from the stimulation volumes in STN
to the right DLPFC, centered in the right middle frontal gyrus. This finding shows the critical role
of STN-PFC pathways in facilitating WM processes under theta-frequency stimulation.

This association was frequency-specific, which means it was exclusive to the theta-frequency
stimulation. No significant association was found between the stimulation volumes and PFC
during beta-, low gamma- and high gamma-frequency stimulation. This highlights the specificity
of theta-frequency modulation in engaging the STN-DLPFC pathway(B. Zavala, Zaghloul, and
Brown 2015; Friedman and Robbins 2022; Kelley et al. 2017). Theta oscillations are known to
play a pivotal role in coordinating STN-PFC connectivity, facilitating efficient information transfer
between subcortical and cortical regions to support cognitive processes such as WM and by
enhancing STN-PFC synchrony, theta-frequency stimulation likely optimizes neural activity
within this network, enabling the cognitive processes necessary for WM (B. A. Zavala, Jang, and
Zaghloul 2017; B. Zavala et al. 2016; Riddle et al. 2020; Lam et al. 2021; Kelley et al. 2017).
Importantly, the effect of STN-PFC connectivity on WM was task-specific, as no association was
identified between STN-PFC connectivity and motor performance during any stimulation
condition, including theta. This finding highlights the functional segregation of the circuits
mediating cognitive and motor outcomes in PD (David, Munoz, and Corcos 2020). While motor
functions rely on STN-motor cortex connections, cognitive processes are predominantly
governed by STN-PFC pathways (Marjan Jahanshahi et al. 2015; David, Munoz, and Corcos
2020; B. Zavala et al. 2018; Kelley et al. 2017).
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The absence of overlap between STN-PFC connectivity and motor performance reinforces the
hypothesis that theta-frequency stimulation selectively engages networks optimized for cognitive
performance without influencing motor circuits.

These results also emphasize the potential of anatomical connectivity as a predictor of DBS
efficacy. The association between STN-DLPFC connectivity and WM performance suggests that
preoperative imaging and connectivity-based targeting could enhance the precision of DBS
therapy, particularly for addressing non-motor symptoms such as cognitive deficits. Prior studies
have shown that variability in DBS outcomes can be partially attributed to differences in individual
connectivity profiles (Horn et al. 2017; Hollunder et al. 2024).

Our findings support the notion that theta-frequency stimulation targets pathways aligned with
cognitive functions, which may inform patient-specific DBS protocols (Scangos et al. 2018; Kelley
et al. 2017).

3.5 Baseline cognition and working memory effects

Our results indicate that theta-frequency stimulation provides greater WM improvements in
patients with lower baseline cognitive performance. This was demonstrated by a main effect of
baseline WM on stimulation-induced WM changes, with an inverse correlation between baseline
WM scores and improvements during theta-frequency DBS. This effect was not observed at
other frequencies, including beta, low gamma, or high gamma, underscoring the specificity of
theta-frequency stimulation in addressing cognitive deficits. Patients with lower baseline WM
performance may benefit more due to greater disruption in these networks, allowing for a
stronger compensatory effect during theta stimulation. This aligns with studies showing that PD
patients with mild to severe cognitive decline have major changes in the theta oscillations in their
DLPFC (Simon et al. 2022; Olde Dubbelink et al. 2014).

The strong correlation between baseline WM and MoCA scores further confirms that our WM
task reflects broader cognitive performance. This highlights the importance of assessing
individual cognitive baselines when designing DBS protocols, as tailored frequency settings

could optimize outcomes for both motor and cognitive symptoms in PD patients.

3.6 Control analyses

Our control analyses provides robust evidence that WM improvements observed during theta-

frequency STN-DBS are frequency-specific rather than confounding factors such as TEED, prior
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stimulation conditions, or task progression.

Our results indicate that TEED did not affect WM in either the left or right STN. These findings
align with prior research demonstrating that cognitive outcomes of DBS are driven more by the
frequency and anatomical target of stimulation rather than by the amount of energy delivered to
the tissue (Moro et al. 2002; Tsang et al. 2012).

The absence of carryover effects between stimulation conditions, as indicated by no main effect
of previous stimulation frequency or its interaction with the trial numbers, validates the rigor of
our experimental design. Wash-out periods between stimulation conditions have been sufficient
to eliminate residual effects, ensuring that WM changes reflect the immediate impact of the
applied stimulation frequency. This methodological strength enhances the reliability of our
conclusions. Moreover, the stability of WM performance across trial progression indicates that
learning effects, fatigue, or time-dependent factors did not confound the observed results. These
findings suggest that the WM improvements during theta-frequency stimulation were sustained

and were not affected by external temporal dynamics.

Importantly, the effects of stimulation frequency, baseline WM performance, and UPDRS | scores
in the original model were unchanged when TEED, prior stimulation frequency, and trial
progression were included as covariates. These results provide compelling evidence that the
observed WM improvements during theta-frequency stimulation are both specific and

independent of broader experimental variables.

3.7 Limitations

This study has several limitations that should be considered. The patient cohort consisted of
individuals with relatively intact global cognitive function. While this approach minimized
confounding variables and allowed for a focused evaluation of theta-frequency stimulation
effects, it limits the generalizability of the findings to advanced-stage PD or patients with severe
cognitive deficits. Additionally, we relied on a normative connectome to analyze structural
connectivity between the STN and cortical regions. Although this approach provided robust
group-level insights (Q. Wang et al. 2021), it does not account for interindividual variability in
structural and functional connectivity, which may influence the effects of DBS. Finally, this study
examined the acute effects of theta-frequency stimulation without exploring the long-term
efficacy or the potential for neuroplastic changes induced by chronic stimulation. Future

investigations that address these limitations, by including more advanced PD populations,
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incorporating personalized structural and functional connectivity analyses, and assessing
longitudinal effects, will provide critical insights into the therapeutic potential of frequency-specific
DBS for cognitive deficits in PD.

3.8 Outlook

In this study we found that theta-frequency stimulation enhances WM without compromising
motor function and requires relatively TEED, which offers potential for clinical applications. A
promising direction for future research is the use of dual-frequency DBS protocols. Specifically,
simultaneous gamma-frequency stimulation in the dorsal STN to improve motor function, paired
with theta-frequency stimulation in the ventral STN to enhance WM, could optimize treatment for
both motor and non-motor symptoms. This approach aligns with evidence suggesting a
functional segregation of motor and cognitive processes within the STN (Alkemade 2013;
Haynes and Haber 2013).

Additionally, investigating the temporal dynamics of neural signals underlying WM in STN- PFC
circuits could facilitate the development of adaptive DBS systems. Such systems would adjust
stimulation parameters in real-time based on motor or cognitive demands, offering a flexible and
personalized treatment strategy (Oehrn et al. 2024). By combining dual-frequency stimulation
and adaptive DBS algorithms, future research has the potential to advance neuromodulation

therapies for PD, addressing complex motor-cognitive interactions with precision.

3.8 Conclusion

In this study we demonstrated that theta-frequency stimulation in the STN improves WM in PD
patients. By systematically comparing the effects of theta-, beta-, low gamma-, and high gamma-
frequency stimulation, we identified a clear frequency-specific effect of theta-frequency
stimulation on WM, with no comparable improvements observed at other frequencies. We also

found that the observed cognitive benefits were independent of motor symptom modulation.

Our findings highlight the specificity of theta-frequency stimulation in supporting WM and provide
evidence that these effects are frequency-dependent rather than a byproduct of generalized
neural stimulation. We found that enhanced connectivity between the stimulated volume in the
STN and the DLPFC was strongly associated with WM performance during theta-frequency

stimulation. This connectivity was both frequency- and task-specific, supporting the role of theta-
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frequency oscillations in modulating frontostriatal network dynamics critical for cognitive

processes.

Additionally, we observed that patients with lower baseline WM performance exhibited greater
improvements during theta stimulation. This emphasizes that the efficacy of theta-frequency
DBS may depend on a patient ds b aslescaresthe pgténtabal cog
for tailoring DBS protocols to individual cognitive profiles. By identifying patients most likely to
benefit from theta stimulation, these findings contribute to the growing interest in personalized

neuromodulation approaches for cognitive enhancement in PD.

In conclusion, our study suggests theta-frequency STN-DBS as a targeted and frequency-
specific intervention for improving WM in PD. By leveraging the role of theta oscillations in STN-
PFC connectivity, this work lays the foundation for developing patient-specific DBS protocols
aimed at addressing both motor and non-motor symptoms of PD. Future studies should build on
these findings by exploring the neural signature of theta oscillations in STN-PFC networks during
WM tasks, and long-term cognitive outcomes to optimize neuromodulation strategies for PD

patients.

17



4, Summary

In this study we investigated the effect of theta-frequency (6Hz) deep brain stimulation (DBS) in

the subthalamic nucleus (STN) on working memory (
WM deficits is common cognitive impairment in PD and WM is integral to higher-order cognitive

processes. WM deficit like all other non-motor symptoms of PD significantly reduces patient's

quality of life. Based on previous evidence supporting the role of theta-frequency stimulation in

STN on cognitive function, and the critical role of theta oscillation in WM processes, we
hypothesized that theta frequency stimulation could enhance WM performance in PD patients.

We implemented a randomized, single-blind, crossover design to evaluate 20 PD patients with
bilateral STN-DBS implants. We assessed WM performance using modified Sternberg WM task
during five stimulation conditions: theta (6 Hz), beta (15 Hz), low gamma (70 Hz), high gamma

(130 Hz), and baseline (off-stimulation).

Our results demonstrated that theta-frequency stimulation improved WM performance compared
to all other frequencies and baseline. These enhancements occurred independently of motor
symptom modulation, indicating the cognitive specificity of theta-frequency stimulation in the
STN. Furthermore, our connectivity analyses revealed that the observed WM performance
during theta-frequency stimulation were associated with stronger structural connectivities from
the STN to the dorsolateral prefrontal cortex (DLPFC). This connectivity was both frequency-

and task-specific.

We also found that patients with lower baseline WM performance exhibited greater
improvements during theta stimulation, suggesting that baseline cognitive function influences the
efficacy of theta-frequency DBS. These findings emphasize the importance of tailoring DBS

protocols to individual cognitive profiles to optimize therapeutic outcomes.

Our study establishes theta-frequency DBS as a targeted and frequency-specific intervention for
addressing WM deficits in PD. By leveraging the effect of theta-frequency stimulation on the
STN-PFC connectivity, we provide a foundation for developing dual- or adaptive-frequency DBS
protocols that address both motor and non-motor symptoms. Future research should evaluate
the long-term effects of theta-frequency stimulation, investigate the neural dynamics of theta
oscillations in STN-PFC networks, and refine patient-specific DBS protocols to enhance

cognitive and motor outcomes.
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5. Zusammenfassung

In dieser Studie untersuchten wir die Auswirkungen einer tiefen Hirnstimulation (THS) mit Theta-
Frequenz (6 Hz) im Nucleus subthalamicus (STN) auf das Arbeitsgedachtnis von Patienten mit
Parkinson-Krankheit. Defizite im Arbeitsgedachtnis sind eine haufige kognitive Beeintrachtigung
bei Morbus Parkinson und das Arbeitsgedachtnis ist ein wesentlicher Bestandteil kognitiver
Prozesse hoherer Ordnung. Defizite des Arbeitsgedachtnisses beeintrachtigen wie alle anderen
nicht-motorischen Symptome der Parkinson-Krankheit die Lebensqualitdt der Patienten
erheblich. Auf der Grundlage friherer Belege fir die Bedeutung der Theta-Frequenz-Stimulation
im STN auf kognitive Funktionen sowie die entscheidende Rolle der Theta-Oszillation bei
Arbeitsgedéachtnis-Prozessen stellten wir die Hypothese auf, dass die Theta-Frequenz-
Stimulation die Arbeitsgedéachtnisleistung bei Parkinson-Patienten verbessern konnte.

Wir flhrten ein randomisiertes, einfach verblindetes Crossover-Design durch, um 20 Morbus-
Parkinson-Patienten mit bilateralen STN-THS-Implantaten zu untersuchen. Wir erfassten die
Arbeitsgedachtnisleistung anhand einer maodifizierten Sternberg-Aufgabe unter finf
Stimulationsbedingungen: Theta (6 Hz), Beta (15 Hz), niedriges Gamma (70 Hz), hohes Gamma
(130 Hz) und ohne Stimulation.

Unsere Ergebnisse zeigten, dass die Stimulation mit der Theta-Frequenz die
Arbeitsgedachtnisleistung im Vergleich zu allen anderen Frequenzen und der Bedingung ohne
Stimulation verbesserte. Diese Verbesserungen traten unabhangig von der Modulation
motorischer Symptome auf, was auf die Spezifitat der Stimulation mit Theta-Frequenzenim STN
fur kognitive Prozesse hinweist. Dartiber hinaus zeigten unsere Konnektivitdtsanalysen, dass
die beobachtete Arbeitsgedachtnisleistung wahrend der Theta-Frequenz-Stimulation mit einer
starkeren strukturellen Konnektivitat vom STN zum dorsolateralen prafrontalen Kortex assoziiert

war. Diese Konnektivitat war sowohl frequenz- als auch aufgabenspezifisch.

Wir fanden aufRerdem heraus, dass Patienten mit einer niedrigeren Ausgangsleistung im
Arbeitsgedachtnis gréRere Verbesserungen wahrend der Theta-Stimulation aufwiesen, was
darauf hindeutet, dass die kognitive Ausgangsleistung die Wirksamkeit der THS mit Theta-
Frequenzen beeinflusst. Diese Ergebnisse unterstreichen, wie wichtig es ist, die THS-Protokolle
auf individuelle kognitive Profile abzustimmen, um die therapeutischen Ergebnisse zu

optimieren.
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Unsere Studie belegt, dass die Theta-Frequenz-Stimulation eine gezielte und
frequenzspezifische Intervention zur Behandlung von Arbeitsgedéachtnisdefiziten bei Morbus
Parkinson darstellt. Durch die Nutzung des Effektes der Theta-Frequenz-Stimulation auf die
Konnektivitat zwischen STN und PFC, schaffen wir eine Grundlage fur die Entwicklung von THS-
Protokollen mit dualen oder adaptiven Frequenzen, die sowohl motorische als auch nicht-
motorische Symptome behandeln. Zukiinftige Forschungsarbeiten sollten die Langzeiteffekte
einer Theta-Frequenz-Stimulation und die neuronale Dynamik von Theta-Oszillationen in STN-
PFC-Netzwerken untersuchen sowie versuchen patientenspezifische DBS-Protokolle zu
optimieren um eine verbesserte Wirksamkeit der kognitiven und motorischen Ergebnisse

erzielen.
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Theta frequency deep brain stimulation in
the subthalamic nucleus improves working
memory in Parkinson’s disease

Narges Salehi,” Simone Nahrgang, Wiebke Petershagen,” Till A. Dembek,?
David Pedrosa,’® Lars Timmermann,’® ®Immo Weber! and @Carina R. Oehrn'?

Most research in Parkinson’s disease focuses on improving motor symptoms. Yet, up to 80% of patients present with
non-motor symptoms that often have a large impact on patients’ quality of life. Impairment in working memory, a
fundamental cognitive process, is common in Parkinson’s disease. While deep brain stimulation (DBS) of the subtha-
lamic nucleus (STN) improves motor symptoms in Parkinson’s disease, its impact on cognitive functions is less well
studied. Here, we examine the effect of DBS in the theta, beta, low and high gamma frequency on working memory in
20 Parkinson’s disease patients with bilateral STN-DBS. A linear mixed effects model demonstrates that STN-DBS in
the theta frequency improves working memory performance. This effect is frequency-specific and was absent for beta
and gamma frequency stimulation. Further, this effect is specific to cognitive performance, as theta frequency DBS did
not affect motor function. A non-parametric cluster-based permutation analysis of whole-brain normative structural
connectivity shows that working memory enhancement by theta frequency stimulation is associated with higher
connectivity between the stimulated subthalamic area and the right middle frontal gyrus. Again, this association is
frequency- and task-specific. These findings highlight the potential of theta frequency STN-DBS as a targeted
intervention to improve working memory in patients with Parkinson’s disease.
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distinct cognitive domain in PD constitutes a deficit in working
memory (WM),* the functional backbone to high-level cognition.®
WM describes the process of transiently maintaining and manipu-
lating information for up to a few seconds.® The dorsolateral pre-
frontal cortex (DLPFC) is a pivotal region for top-down inhibitory

Introduction

Parkinson’s disease (PD) is the second most common neurodegen-
erative disease worldwide.® Most clinical PD research focuses on
improving motor symptoms, like bradykinesia or tremor.

However, up to 80% of the patients present with non-motor symp-
toms that often have a larger impact on patients’ and caregivers’
quality of life.? Common neuropsychiatric comorbidities in PD
comprise apathy, depression, anxiety, and deficits of distinct cogni-
tive functions.? The most consistently reported impairment in a

control and WM.® Recent neuroimaging studies and neurocompu-
tational models highlight the contribution of basal ganglia-DLPFC
circuits to WM.” The subthalamic nucleus (STN), particularly the
ventral region, possesses direct connections to the DLPFC that
play a role in cognitive control processes, such as response
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inhibition.® Human electrophysiological and neuromodulation
studies emphasized the role of DLPFC theta oscillations (3-8 Hz)
for WM.%"° Invasive recordings from PD patients showed enhanced
subthalamic theta oscillations and STN-PFC theta phase coherence
during cognitive control tasks like response conflict,'! but the neur-
al signature of WM in the STN is unclear.

STN-DBS is an effective therapy for motor symptoms in PD."”
However, its effect on non-motor symptoms is not well studied.
STN-DBS at clinically-effective stimulation frequencies (usually
120-130 Hz) can improve, worsen or not influence WM performance
in PD patients, but the underlying factors determining the direction-
ality of these effects are poorly understood.'*'> A study on emotion-
al processing in PD patients showed that applying STN-DBS at the
task-specific frequency (subthalamic alpha oscillations) led to dis-
tinct behavioural effects compared to clinical frequency stimula-
tion."® Another study demonstrated that intermittent theta-burst
stimulation in the globus pallidus and STN of PD patients modulates
network theta activity, such as theta power in the DLPFC."” One can
thus hypothesize that theta frequency DBS modulates cognitive con-
trol processes. Studies investigating the impact of theta frequency
stimulation on cognitive performance in PD have yielded mixed re-
sults. Two reports found an improvement of episodic verbal flu-
ency,'® and response conflict resolution,’ another study found
null effects on several items of a neuropsychological test battery
compared to the baseline condition with no active stimulation.?®
However, many of these studies used global cognitive scales com-
prising arange of cognitive domains, making it difficult to disentan-
gle effects on specific cognitive processes. The effect of theta
frequency stimulation in the STN on WM has never been studied.

Here, we hypothesize that STN-DBS in the theta frequency en-
hances WM in PD patients. We suggest that this effect is frequency-
specific and linked to STN-prefrontal cortex connectivity. To test
this hypothesis, we performed a randomized, single-blind study
in 20 PD patients using a modified Sternberg task. We compare ef-
fects of bilateral STN-DBS in the theta (6 Hz), beta (15 Hz), low
(70 Hz) and high gamma (130 Hz) band and control for effects of
DBS on motor performance. We further identify correlations be-
tween normative structural connectivity of the stimulated STN tis-
sue to cortical areas and WM performance during the different
stimulation conditions.

Materials and methods
Study design

We studied the effect of STN-DBS on WM using a single-blind, ran-
domized, cross-over within-subjects design with patients being
blinded to the stimulation condition. The order of stimulation con-
ditions was counterbalanced across patients. The medical research
ethics committee of the Philipps University of Marburg gave ethical
approval for this work, which was conducted in accordance with
the Declaration of Helsinki. Each participant provided written in-
formed consent.

Patients

We recruited 20 PD patients without a history of other neurological
or psychiatric disorders (four females, mean age + standard devi-
ation: 57.1+6.8; Table 1 and Supplementary material, Methods)
that had been diagnosed by a movement disorder neurologist and im-
planted with bilateral Vercise Cartesia™ Directional Leads in the STN
connected to a Vercise™ PC or Vercise Gevia™ DBS system (Boston
Scientific Corp, Valencia, CA) for a minimum duration of 3 months.

BRAIN 2024: 147; 1190-1196 | 1191

At the time of testing, DBS settings and PD medication regimens
had been optimized by an independent movement disorder neurolo-
gist and were stable. Before including patients in the study, an experi-
enced neurologist confirmed electrode placement inside the STN
using postoperative imaging in native space (Supplementary Fig. 1).

Experimental conditions

As dopaminergic medication can exert non-linear effects on WM,
we avoided this confounder, and patients performed the experi-
ment in the practically defined medication ‘OFF’ condition.”! The
experiment was carried out in the morning, following a 12-h
overnight withdrawal from dopaminergic medication. In each pa-
tient, we applied bilateral STN-DBS at five stimulation conditions
in a randomized order while patients performed a computerized
WM task (Fig. 1A). In this study, we aimed at disentangling effects
of different stimulation frequencies on motor and cognitive
functions by within-subject comparisons. Therefore, we kept the
stimulation site consistent and used the contacts chosen by an in-
dependent and experienced neurologist during standard-of-care
DBS programming. All stimulation parameters were identical
across conditions for each patient except stimulation frequency,
which we set to the theta (6 Hz), beta (15 Hz), low gamma (70 Hz),
and high gamma (130 Hz) frequency (Supplementary Table 1). We
maintained a consistent stimulation amplitude across stimulation
conditions to ensure that the volume of tissue activated (VTA) re-
mains constant, allowing us to solely examine the effects of fre-
quency on behavioural performance. As a control condition, we
assessed WM performance without stimulation (baseline WM).
The WM task lasted 15-20 min and was preceded by a brief motor
task and a minimum of 10-min wash-out/wash-in period after
the change in stimulation frequency (Fig. 1A). The motor assess-
ment comprised items of the motor part of the Unified
Parkinson’s Disease Rating Scale (UPDRS) IIl (Supplementary
material, Methods).

Statistical analysis of behavioural effects

After excludinginvalid responses and normalizing WM by subtract-
ing WM during the off-stimulation condition, we assessed the ef-
fects of stimulation frequency and patient characteristics on
trial-wise WM changes using a linear mixed effects model with
random intercepts (Supplementary material, Methods). Following
feature selection and evaluation of normality, we assessed the ran-
dom effect of the factor patient and fixed effect of stimulation at the
four different frequencies on normalized WM performance (Fig. 2
and Supplementary material, Methods). Other independent variables
comprised patient’s UPDRS I, baseline WM, motor scores, and inter-
action terms between frequency and patient characteristics. All calcu-
lations were completed using custom-written MATLAB 2021b (The
MathWorks, Inc., Natick, MA, USA) scripts and R.* For all analyses,
we set the alpha level to 0.05. We employed a control analysis to valid-
ate wash-out adequacy, explore frequency effect dynamics on WM,
and effects of total electrical energy delivered (TEED), using a linear
mixed effects model with fixed effects “TEED’ for both hemispheres,
‘previous stimulation frequency,” ‘trial,’ and interaction effects
(Supplementary material, Methods).

Anatomical correlates of behavioural effects

We computed the VTA for 19 of 20 patients using Lead-DBS, gener-
ated whole-brain structural connectivity maps using a normative
connectome and calculated Pearson correlation coefficients
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Table 1 Demographic characteristics of patients with deep brain stimulation

Patient Sex Age Disease Parkinson's MoCA  LEDD UPDRS  UPDRS UPDRS 111 On UPDRS III Off
ID (years)  duration (years) type (mg) 1 il stimulation stimulation
1 M 56 6 Eq 28 200 16 16 24 49
2 M 53 4 TD 27 480 6 7 25 45
3 M 50 8 AR na. 665 8 12 29 43
4 M 64 10 Eq 30 590 18 6 3 22
5 F 64 15 AR 29 937 14 13 5 30
6 M 57 11 AR 25 280 9 8 26 44
7 F 43 12 Eq 29 125 15 23 23 47
8 F 55 11 AR n.a. 845 11 14 7 64
9 M 56 6 AR 27 549 17 15 13 50
10 M 55 4 Eq 28 330 4 2 5 26
11 F 71 7 AR 28 305 9 5 9 44
12 M 62 11 AR 28 255 2 12 9 38
13 M 55 6 Eq 30 0 0 0 6 16
14 M 50 11 Eq 27 430 12 18 19 32
15 M 63 8 Eq 30 26 2 12 18 45
16 M 56 12 Eq 26 525 7 5 0 12
17 M 53 9 Eq 27 640 9 12 33 58
18 M 69 6 TD 26 205 0 15 22 33
19 M 59 5 AR 27 800 5 10 17 30
20 M 51 10 AR 30 288 7 9 24 53

Table summarizing sex (M, male, F, female), age (years), patients' disease duration, Parkinsen's disease subtype (AR, akinetic-rigid; Eq, equivalent; TD, tremor-dominant),
levodopa equivalent daily dose post-surgery (LEDD), the Montreal Cognitive Assessment score (MoCA) and scores from the Unified Parkinson's Disease Rating Scale (UPDRS).
The UPDRS Il assessment and the entire experiment were conducted OFF medication. We obtained the UPDRS III during stimulation at the clinical frequency and with no

stimulation in randomized order across participants. n.a. = not available.

between WM performance in each stimulation frequency and the
connectivity strength between VTA and each cortical voxel across
patients (Fig. 1B and C and Supplementary material, Methods).?*
One patient underwent implantation at a different center, and we
were unable to obtain their imaging data.

Results

Theta frequency stimulation in the STN improves
working memory performance

A linear mixed effects model comparing WM performance during
stimulation at different frequencies relative to WM during no
stimulation revealed a main effect of stimulation frequency on
WM changes [F(3,1856)=7.6, P<0.001]. Post hoc two-tailed one-
sample t-tests testing WM changes during the four stimulation con-
ditions against zero demonstrated an improvement in WM of
medium effect size during theta frequency stimulation [Fig. 2A;
t(19)=2.56, P=0.01, Cohen’s d=0.57], but not during stimulation
at other frequencies [beta: t(19)=-0.92, P=0.36, Cohen’s d=0.20;
low gamma: t(19)=-0.81, P=0.42, Cohen’s d=0.18; high gamma:
t(19)=0.61, P=0.54, Cohen’s d=0.13].%® One-tailed paired t-tests
showed that theta frequency stimulation increased WM perform-
ance compared to the beta and low gamma frequency, with the
high gamma frequency approaching significance [Fig. 2A, beta:
t(19)=2.73, P<0.01, Cohen’s d=0.66; low gamma: t(19)=3.34, P<
0.01, Cohen’s d =0.74; high gamma: t(19)=1.67, P=0.054, Cohen's
d=0.32]. Our results showed no interaction effect between stimula-
tion frequency and motor scores on WM changes [F(3,1817)=1.8, P=
0.15] suggesting that the observed enhancement in WM following
stimulation at different frequencies was not confounded by potential
motor-related effects. Furthermore, we observed that the impact of
theta stimulation on WM increased with reduced cognitive baseline
performance as measured by WM off stimulation and the UPDRS [
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(Fig. 2B and Supplementary material, Results). The control analysis
indicated that TEED did not account for working memory effects,
wash-out time was sufficient, and frequency effects remained stable
throughout the task (Supplementary material, Results).

Theta frequency stimulation does not affect motor
scores

A control analysis using a repeated measures ANOVA showed
an effect of stimulation frequency on motor scores [Fig. 2C,
F(4,76) =18.71, P <0.001]. Post hoc t-tests that stimulation at the
low and high gamma frequency improved motor scores compared
to no stimulation [high gamma: t(19) =7.95, P <0.001; low gamma:
t(19) =5.56, P<0.001]. Theta and beta frequency stimulation did
not worsen motor function compared to no stimulation [theta:
t(19) = 1.19, P=0.24; beta: t(19) = 1.6, P =0.11], but compared to the
clinical high frequency stimulation [theta: t(19)=4.71, P <0.001;
beta: t(19) = 5.68, P < 0.001].

Effects of theta stimulation on working memory
performance are mediated by STN-prefrontal
connectivity

Our non-parametric cluster-based permutation analysis revealed
that effects of theta frequency stimulation on WM performance
correlated with connectivity of the VTA to the right DLPFC centered
in the right middle frontal gyrus (MNI coordinates of voxel with
peak correlation coefficient: 42x12x50; R=0.74, P<0.001;
Fig. 2D). This correlation was specific to behavioural results ob-
tained during theta frequency stimulation. We found no link be-
tween STN-prefrontal cortical connectivity and WM during
clinical stimulation frequencies (no cluster found). Further, this ef-
fect was task-specific. There was no correlation between
STN-cortical connectivity and effects of theta frequency stimula-
tion on motor scores (largest cluster: P=1).
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Figure 1 Experimental paradigm and electrode location. (A) We used a modified, computerized Sternberg working memory task during which we pre-
sented a sequence of five digits on a screen at a fixed distance using the Psychophysics Toolbox?? for MATLAB 2016b (The MathWorks, Natick, USA).
Participants were instructed to maintain this sequence in working memory and accurately reproduce it in the correct order after a distractor was
shown, which consisted of an easy arithmetic task with a forced-choice response (correct/incorrect). The response time was limited to 15 s. During
each stimulation condition, participants completed a block of 24 trials, with each digit presented for a duration of 0.5 s with a jittered interstimulus
interval of 1.5-2 s. (B) Position of bilateral electrodes in the STN for 19 patients (CT/MRI were not available for one patient) localized and illustrated using
the Lead-DBS toolbox version 2.6 (www.lead-dbs.org).?* (C) This panel represents the volume of tissue activated (VTA) for 19 patients. Stimulation para-

meters are listed in Supplementary Table 1.

Discussion

In this randomized, single-blind study, we show that STN-DBS at
the theta frequency enhances WM performance in PD patients com-
pared to no stimulation and stimulation at the clinical high fre-
quency. This effect is frequency-specific and stimulation at the
beta and gamma frequency did not exert effects on this cognitive
task. A control analysis demonstrated that variations in TEED did
not account for the observed effect. Further, we found a double dis-
sociation between effects of theta frequency stimulation on WM
and motor performance. Theta stimulation improved WM, with
no impact on motor performance. In contrast, low and high gamma
stimulation improved motor performance without affecting WM.
Some studies have demonstrated that beta frequency stimulation,
when delivered at a comparable TEED, exacerbates motor symp-
toms compared to gamma frequency and no stimulation.?® In this
study, we maintained a consistent stimulation amplitude to ensure
VTAs remained constant. As a result, reduced TEED was applied
during both theta and beta stimulation, which could account for
the absence of motor worsening. The pivotal finding from our study,
which has significant implications for potential clinical applica-
tions, is that stimulation at the theta frequency with relatively low
TEED enhances WM without compromising movement compared
to the absence of stimulation. Combined with simultaneous gamma
frequency stimulation to improve motor function, this represents a
promising new treatment approach targeting both motor and non-
motor symptoms. Previous animal and human studies suggest that
the dorsal part of the STN is associated with motor functions, while

the ventral partislinked to cognitive processes.® Hence, a promising
direction for future research would be to investigate whether con-
current gamma frequency stimulation in the dorsal STN, coupled
with theta frequency stimulation in the ventral STN, can augment
WM while maintaining motor stability. Another intriguing research
avenue involves investigating the temporal dynamics of neural sig-
nals underlying WM in the STN-cortical circuits and developing
adaptive DBS algorithms that automatically change DBS para-
meters based on motor and non-motor needs.?”’

A cluster-based permutation analysis on whole brain correlation
maps between the stimulated tissue in the STN and cortical areas
revealed a role of STN-PFC connectivity, specifically between the
STN and right middle frontal gyrus. This effect was frequency and
task specific. These findings are consistent with previous non-
invasive neuroimaging and invasive electrophysiological studies
in humans highlighting the role of STN-DLPFC connectivity for
cognition.®?®

Further, our linear mixed effects model revealed that positive
effects of theta stimulation increased as a function of reduced base-
line WM performance. In other words, theta-frequency stimulation
mostly benefited patients with poor baseline WM capacity, whereas
it had a weaker effect on WM in patients with high baseline cogni-
tive functioning. This indicates that theta-frequency stimulation
compensates for cognitive deficits instead of enhancing cognition
per se.

Our results go in line with prior studies showing that theta fre-
quency stimulation in the STN improves episodic verbal fluency, a
cognitive process relying on WM processes, compared to no
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Figure 2 Frequency specific effects of STN-DBS on working memory (WM) performance. (A) Box plots illustrating WM changes (% change from baseline
WM off stimulation) during the four stimulation conditions highlighting the median, interquartile range, and outliers as individual points beyond the
whiskers. Theta frequency stimulation results in improvement in WM performance compared to no stimulation, while beta, low gamma, and high
gamma frequencies do not (blue asterisk: results from post hoc two-tailed one-sample t-test against zero). Further, theta frequency stimulation in-
creased WM performance compared to beta and low gamma frequency stimulation, with comparisons to high gamma frequency stimulation ap-
proaching significance (black asterisk: results from post hoc one-tailed paired t-tests between stimulation conditions). *P < 0.05, **P < 0.01, **P < 0.001.
(B) Scatter plots depicting the decrease in stimulation-induced changes in WM performance across all frequencies, as a function of baseline WM per-
formance (WM during no stimulation). Data-points represent mean WM changes for individual patients. (C) Box and whisker plots presenting median
changes of movement scores during theta, beta, low and high gamma frequency stimulation compared to no stimulation. Each plot details the inter-
quartile range, and the full range from minimum to maximum changes. Low and high gamma stimulation improve motor symptoms compared to no
stimulation, while beta and theta frequencies do not (blue asterisks: results from post hoc two-tailed one-sample t-test against zero). Gamma frequency
stimulation improved motor scores compared to theta and beta frequency stimulation (black asterisks: results from post hoc one-tailed paired t-tests
between stimulation conditions). (D) Structural connectivity associated with positive effects of theta frequency DBS on WM resulting from the cluster-
based permutation analysis. We found a strong correlation between WM performance and STN-right middle frontal gyrus connectivity.

stimulation or high frequency stimulation.'®?° Further, our positive
effects of theta frequency stimulation fit well with the electro-
physiological signature underlying WM. Invasive and non-invasive
electrophysiological studies suggests that neural oscillations in the
theta frequency in the PFC and downstream cortical areas are es-
sential for WM."® The electrophysiological signature of WM in the
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STN is still unclear, but studies reported enhanced theta
oscillations during another cognitive control task involving re-
sponse conflict.'»?® Theta oscillations are further associated with
long-range communication between subcortical and cortical brain
regions.”® Thus, one could speculate that subthalamic theta fre-
quency stimulation recruits and enhances electrophysiological
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signals across the basal-ganglia-cortical circuit associated with
WM. Indeed, one recent study demonstrated that intermittent the-
ta burst stimulation in the STN increased theta-frequency activity
in the ipsilateral DLPFC."

Our study has some limitations. For instance, our sample con-
sisted of patients at relatively early stages of the disease with no
cognitive impairment, thereby limiting the generalizability of our
findings to more advanced PD patients. Whereas our results indi-
cate that effects are more pronounced for patients with cognitive
deficits, future studies in larger cohorts are necessary to validate
our findings across a broader demographic of PD patients. Second,
we used lead localization in standard space and a normative con-
nectome for our structural connectivity analyses. One limitation
of this approach is that lead localization accuracy depends on mul-
tiple factors, including image resolution, interindividual anatomic-
al variability, and the specific algorithm employed, which may
affect the accuracy of estimating connectivity strength and specifi-
city. However, previous studies using this approach found no sig-
nificant differences between connectivity profiles originating from
VTAs in the STN based on patient-specific compared to normative
connectomes.*® Future studies should replicate these findings and
investigate optimal stimulation parameters and patient selection
criteria to maximize the benefits of theta frequency DBS.

In brief, our single-blind, randomized study demonstrates that
theta frequency STN-DBS enhances WM performance in PD patients
in a frequency-specific manner. Patients with lower baseline per-
formance showed greater improvement. Furthermore, our control
analyses showed that the positive effects of theta frequency stimu-
lation on WM were independent of changes in motor performance.
Correlations between normative structural connectivity of the sti-
mulated STN tissue and WM performance suggest that the positive
effects of theta-frequency stimulation on WM are mediated via
STN-prefrontal neural pathways. These findings suggest promising
avenues for future research, exploring the therapeutic potential of
STN-DBS to enhance cognitive function in PD patients.
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