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1. Introduction  

1.1 Parkinsonôs disease  

 

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).  
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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 DôEsposito 2022). Diffusion tensor magnetic resonance 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 DôEsposito 2022). Additionally, functional 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 (Kühn 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 (Kühn 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. 
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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 (120ï130 Hz) electrical impulses 

delivered by DBS, alleviate symptoms such as tremor, rigidity, and bradykinesia (Kühn 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 DôEsposito 2011). These findings emphasize 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 
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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. 
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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. 
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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 WM task (LeszczyŒski, Fell, and 

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

improved WM relative to baseline (6 Hz, t(19) = 2.56, p = 0.01, Cohenôs d = 0.57), while no 

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) = 2.73, p < 0.01, Cohenôs d = 0.66) and low gamma 

(t(19) = 3.34, p < 0.01, Cohenôs d = 0.74) stimulation. A trend favoring theta stimulation over high 

gamma frequency approached significance (t(19) = 1.67, p = 0.054, Cohenôs d = 0.32). These 

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 III 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 

III 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). 
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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: 42×12×50; 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-induced WM improvements (R = ī0.71, p < 0.001). This relationship was not 

observed for other stimulation frequencies, including beta (R = ī0.20, p = 0.4), low gamma (R = 

ī0.25, p = 0.29), and high gamma (R = ī0.34, p = 0.15). Baseline WM was also strongly correlated 

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

https://www.zotero.org/google-docs/?tcvTzs
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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 
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and the entrainment of gamma oscillations associated with motor symptoms (Kühn 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 

https://www.zotero.org/google-docs/?g29kjh
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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 I 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, 

https://www.zotero.org/google-docs/?rwxvP4
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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 patientôs baseline global cognitive function and underscores the potential 

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. 
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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) in Parkinsonôs disease (PD) patients. 

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 Arbeitsgedächtnis von Patienten mit 

Parkinson-Krankheit. Defizite im Arbeitsgedächtnis sind eine häufige kognitive Beeinträchtigung 

bei Morbus Parkinson und das Arbeitsgedächtnis ist ein wesentlicher Bestandteil kognitiver 

Prozesse höherer Ordnung. Defizite des Arbeitsgedächtnisses beeinträchtigen wie alle anderen 

nicht-motorischen Symptome der Parkinson-Krankheit die Lebensqualität der Patienten 

erheblich. Auf der Grundlage früherer Belege für die Bedeutung der Theta-Frequenz-Stimulation 

im STN auf kognitive Funktionen sowie die entscheidende Rolle der Theta-Oszillation bei 

Arbeitsgedächtnis-Prozessen stellten wir die Hypothese auf, dass die Theta-Frequenz-

Stimulation die Arbeitsgedächtnisleistung bei Parkinson-Patienten verbessern könnte. 

Wir führten ein randomisiertes, einfach verblindetes Crossover-Design durch, um 20 Morbus-

Parkinson-Patienten mit bilateralen STN-THS-Implantaten zu untersuchen. Wir erfassten die 

Arbeitsgedächtnisleistung anhand einer modifizierten Sternberg-Aufgabe unter fünf 

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 

Arbeitsgedächtnisleistung im Vergleich zu allen anderen Frequenzen und der Bedingung ohne 

Stimulation verbesserte. Diese Verbesserungen traten unabhängig von der Modulation 

motorischer Symptome auf, was auf die Spezifität der Stimulation mit Theta-Frequenzen im STN 

für kognitive Prozesse hinweist. Darüber hinaus zeigten unsere Konnektivitätsanalysen, dass 

die beobachtete Arbeitsgedächtnisleistung während der Theta-Frequenz-Stimulation mit einer 

stärkeren strukturellen Konnektivität vom STN zum dorsolateralen präfrontalen Kortex assoziiert 

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

Wir fanden außerdem heraus, dass Patienten mit einer niedrigeren Ausgangsleistung im 

Arbeitsgedächtnis größere Verbesserungen während 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 Arbeitsgedächtnisdefiziten bei Morbus 

Parkinson darstellt. Durch die Nutzung des Effektes der Theta-Frequenz-Stimulation auf die 

Konnektivität zwischen STN und PFC, schaffen wir eine Grundlage für die Entwicklung von THS-

Protokollen mit dualen oder adaptiven Frequenzen, die sowohl motorische als auch nicht-

motorische Symptome behandeln. Zukünftige 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. 

  



 

21 

6. References 

 

Alkemade, Anneke. 2013. ñSubdivisions and Anatomical Boundaries of the Subthalamic 
Nucleus.ò The Journal of Neuroscience 33 (22): 9233. 
https://doi.org/10.1523/JNEUROSCI.1266-13.2013. 

Aron, Adam R., Tim E. Behrens, Steve Smith, Michael J. Frank, and Russell A. Poldrack. 2007. 
ñTriangulating a Cognitive Control Network Using Diffusion-Weighted Magnetic 
Resonance Imaging (MRI) and Functional MRI.ò The Journal of Neuroscienceל: The 
Official Journal of the Society for Neuroscience 27 (14): 3743ï52. 
https://doi.org/10.1523/JNEUROSCI.0519-07.2007. 

Baddeley, Alan. 2003. ñWorking Memory and Language: An Overview.ò Journal of 
Communication Disorders 36 (3): 189ï208. https://doi.org/10.1016/S0021-
9924(03)00019-4. 

Baddeley, Alan D., and Graham Hitch. 1974. ñWorking Memory.ò In , edited by Gordon H. 
Bower, 8:47ï89. Psychology of Learning and Motivation. Academic Press. 
https://doi.org/10.1016/S0079-7421(08)60452-1. 

Barbey, Aron K., Michael Koenigs, and Jordan Grafman. 2013. ñDorsolateral Prefrontal 
Contributions to Human Working Memory.ò Cortex 49 (5): 1195ï1205. 
https://doi.org/10.1016/j.cortex.2012.05.022. 

Bentley, J. Nicole, Zachary T. Irwin, Sarah D. Black, Megan L. Roach, Ryan J. Vaden, 
Christopher L. Gonzalez, Anas U. Khan, et al. 2020. ñSubcortical Intermittent Theta-
Burst Stimulation (iTBS) Increases Theta-Power in Dorsolateral Prefrontal Cortex 
(DLPFC).ò Frontiers in Neuroscience 14. https://doi.org/10.3389/fnins.2020.00041. 

Béreau, Matthieu, Vincent Van Waes, Mathieu Servant, Eloi Magnin, Laurent Tatu, and 
Mathieu Anheim. 2023. ñApathy in Parkinsonôs Disease: Clinical Patterns and 
Neurobiological Basis.ò Cells 12 (12). https://doi.org/10.3390/cells12121599. 

Bertrand, Mathilde, Stephan Chabardes, Vincent Fontanier, Emmanuel Procyk, Julien Bastin, 
and Brigitte Piallat. 2024. ñContribution of the Subthalamic Nucleus to Motor, Cognitive 
and Limbic Processes: An Electrophysiological and Stimulation Study in Monkeys.ò 
Frontiers in Neuroscience 18. 
https://www.frontiersin.org/journals/neuroscience/articles/10.3389/fnins.2024.1257579. 

Brainard, D. H. 1997. ñThe Psychophysics Toolbox.ò Spatial Vision 10 (4): 433ï36. 
Brown, Peter, Antonio Oliviero, Paolo Mazzone, Angelo Insola, Pietro Tonali, and Vincenzo Di 

Lazzaro. 2001. ñDopamine Dependency of Oscillations between Subthalamic Nucleus 
and Pallidum in Parkinsonôs Disease.ò The Journal of Neuroscience 21 (3): 1033. 
https://doi.org/10.1523/JNEUROSCI.21-03-01033.2001. 

Chaudhuri, K Ray, and Anthony HV Schapira. 2009. ñNon-Motor Symptoms of Parkinsonôs 
Disease: Dopaminergic Pathophysiology and Treatment.ò The Lancet Neurology 8 (5): 
464ï74. https://doi.org/10.1016/S1474-4422(09)70068-7. 

Contarino, M. F., A. Daniele, A. H. Sibilia, L. M. A. Romito, A. R. Bentivoglio, G. Gainotti, and 
A. Albanese. 2007. ñCognitive Outcome 5 Years after Bilateral Chronic Stimulation of 
Subthalamic Nucleus in Patients with Parkinsonôs Disease.ò Journal of Neurology, 
Neurosurgery, and Psychiatry 78 (3): 248ï52. 
https://doi.org/10.1136/jnnp.2005.086660. 

Cools, Roshan, and Mark DôEsposito. 2011. ñInverted-U-Shaped Dopamine Actions on Human 
Working Memory and Cognitive Control.ò Biological Psychiatry 69 (12): e113-125. 
https://doi.org/10.1016/j.biopsych.2011.03.028. 



 

22 

David, Fabian J., Miranda J. Munoz, and Daniel M. Corcos. 2020. ñThe Effect of STN DBS on 
Modulating Brain Oscillations: Consequences for Motor and Cognitive Behavior.ò 
Experimental Brain Research 238 (7ï8): 1659ï76. https://doi.org/10.1007/s00221-020-
05834-7. 

Deuschl, Günther, Carmen Schade-Brittinger, Paul Krack, Jens Volkmann, Helmut Schäfer, Kai 
Bötzel, Christine Daniels, et al. 2006. ñA Randomized Trial of Deep-Brain Stimulation 
for Parkinsonôs Disease.ò The New England Journal of Medicine 355 (9): 896ï908. 
https://doi.org/10.1056/NEJMoa060281. 

Emch, M·nica, Claudia C. von Bastian, and Kathrin Koch. 2019. ñNeural Correlates of Verbal 
Working Memory: An fMRI Meta-Analysis.ò Frontiers in Human Neuroscience 13. 
https://doi.org/10.3389/fnhum.2019.00180. 

Eriksson, Johan, Edward K. Vogel, Anders Lansner, Fredrik Bergström, and Lars Nyberg. 
2015. ñNeurocognitive Architecture of Working Memory.ò Neuron 88 (1): 33ï46. 
https://doi.org/10.1016/j.neuron.2015.09.020. 

Friedman, Naomi P., and Trevor W. Robbins. 2022. ñThe Role of Prefrontal Cortex in Cognitive 
Control and Executive Function.ò Neuropsychopharmacology 47 (1): 72ï89. 
https://doi.org/10.1038/s41386-021-01132-0. 

Gruber, Matthias J., Liang-Tien Hsieh, Bernhard P. Staresina, Christian E. Elger, Juergen Fell, 
Nikolai Axmacher, and Charan Ranganath. 2018. ñTheta Phase Synchronization 
between the Human Hippocampus and Prefrontal Cortex Increases during Encoding of 
Unexpected Information: A Case Study.ò Journal of Cognitive Neuroscience 30 (11): 
1646ï56. https://doi.org/10.1162/jocn_a_01302. 

Hamani, Clement, Jean A. SaintȤCyr, Justin Fraser, Michael Kaplitt, and Andres M. Lozano. 
2004. ñThe Subthalamic Nucleus in the Context of Movement Disorders.ò Brain 127 (1): 
4ï20. https://doi.org/10.1093/brain/awh029. 

Hayes, Michael T. 2019. ñParkinsonôs Disease and Parkinsonism.ò The American Journal of 
Medicine 132 (7): 802ï7. https://doi.org/10.1016/j.amjmed.2019.03.001. 

Haynes, William I. A., and Suzanne N. Haber. 2013. ñThe Organization of Prefrontal-
Subthalamic Inputs in Primates Provides an Anatomical Substrate for Both Functional 
Specificity and Integration:  Implications for Basal Ganglia Models and Deep Brain 
Stimulation.ò The Journal of Neuroscienceל: The Official Journal of the Society for 
Neuroscience 33 (11): 4804ï14. https://doi.org/10.1523/JNEUROSCI.4674-12.2013. 

Hershey, T., F. J. Revilla, A. Wernle, P. Schneider Gibson, J. L. Dowling, and J. S. Perlmutter. 
2004. ñStimulation of STN Impairs Aspects of Cognitive Control in PD.ò Neurology 62 
(7): 1110ï14. https://doi.org/10.1212/01.wnl.0000118202.19098.10. 

Hershey, T., J. Wu, P. M. Weaver, D. C. Perantie, M. Karimi, S. D. Tabbal, and J. S. 
Perlmutter. 2008. ñUnilateral vs. Bilateral STN DBS Effects on Working Memory and 
Motor Function in Parkinson Disease.ò Experimental Neurology 210 (2): 402ï8. 
https://doi.org/10.1016/j.expneurol.2007.11.011. 

Herz, Damian M., Michael J. Frank, Huiling Tan, and Sergiu Groppa. 2024. ñSubthalamic 
Control of Impulsive Actions: Insights from Deep Brain Stimulation in Parkinsonôs 
Disease.ò Brainל: A Journal of Neurology 147 (11): 3651ï64. 
https://doi.org/10.1093/brain/awae184. 

Hollunder, Barbara, Jill L. Ostrem, Ilkem Aysu Sahin, Nanditha Rajamani, Simón Oxenford, 
Konstantin Butenko, Clemens Neudorfer, et al. 2024. ñMapping Dysfunctional Circuits in 
the Frontal Cortex Using Deep Brain Stimulation.ò Nature Neuroscience 27 (3): 573ï86. 
https://doi.org/10.1038/s41593-024-01570-1. 

Horn, Andreas, Martin Reich, Johannes Vorwerk, Ningfei Li, Gregor Wenzel, Qianqian Fang, 
Tanja Schmitz-Hübsch, et al. 2017. ñConnectivity Predicts Deep Brain Stimulation 
Outcome in Parkinson Disease.ò Annals of Neurology 82 (1): 67ï78. 
https://doi.org/10.1002/ana.24974. 



 

23 

Jahanshahi, M., C. M. A. Ardouin, R. G. Brown, J. C. Rothwell, J. Obeso, A. Albanese, M. C. 
Rodriguez-Oroz, E. Moro, A. L. Benabid, and P. Pollak. 2000. ñThe Impact of Deep 
Brain Stimulation on Executive Function in Parkinsonôs Disease.ò Brain 123 (6): 1142ï
54. 

Jahanshahi, Marjan, Ignacio Obeso, John C. Rothwell, and Jos® A. Obeso. 2015. ñA Fronto-
Striato-Subthalamic-Pallidal Network for Goal-Directed and Habitual Inhibition.ò Nature 
Reviews. Neuroscience 16 (12): 719ï32. https://doi.org/10.1038/nrn4038. 

Kalia, Lorraine V., and Anthony E. Lang. 2015. ñParkinsonôs Disease.ò Lancet (London, 
England) 386 (9996): 896ï912. https://doi.org/10.1016/S0140-6736(14)61393-3. 

Kelley, Ryan, Oliver Flouty, Eric B Emmons, Youngcho Kim, Johnathan Kingyon, Jan R 
Wessel, Hiroyuki Oya, Jeremy D Greenlee, and Nandakumar S Narayanan. 2017. ñA 
Human Prefrontal-Subthalamic Circuit for Cognitive Control.ò Brain 141 (1): 205ï16. 
https://doi.org/10.1093/brain/awx300. 

Kleiner, M., D. Brainard, and D. Pelli. 2007. ñWhatôs New in Psychtoolbox-3?ò In ECVP 
Abstract Supplement. Vol. 14. 

Kreiss, D. S., C. W. Mastropietro, S. S. Rawji, and J. R. Walters. 1997. ñThe Response of 
Subthalamic Nucleus Neurons to Dopamine Receptor Stimulation in a Rodent Model of 
Parkinsonôs Disease.ò The Journal of Neuroscienceל: The Official Journal of the Society 
for Neuroscience 17 (17): 6807ï19. https://doi.org/10.1523/JNEUROSCI.17-17-
06807.1997. 

Kühn, Andrea A., Andreas Kupsch, Gerd-Helge Schneider, and Peter Brown. 2006. ñReduction 
in Subthalamic 8ï35 Hz Oscillatory Activity Correlates with Clinical Improvement in 
Parkinsonôs Disease.ò European Journal of Neuroscience 23 (7): 1956ï60. 

Kühn, Andrea A., Alexander Tsui, Tipu Aziz, Nicola Ray, Christof Brücke, Andreas Kupsch, 
Gerd-Helge Schneider, and Peter Brown. 2009. ñPathological Synchronisation in the 
Subthalamic Nucleus of Patients with Parkinsonôs Disease Relates to Both 
Bradykinesia and Rigidity.ò Experimental Neurology 215 (2): 380ï87. 
https://doi.org/10.1016/j.expneurol.2008.11.008. 

Kühn, Andrea A., David Williams, Andreas Kupsch, Patricia Limousin, Marwan Hariz, Gerd-
Helge Schneider, Kielan Yarrow, and Peter Brown. 2004. ñEvent-Related Beta 
Desynchronization in Human Subthalamic Nucleus Correlates with Motor Performance.ò 
Brainל: A Journal of Neurology 127 (Pt 4): 735ï46. 
https://doi.org/10.1093/brain/awh106. 

Lam, Jordan, Justin Lee, Marcus Williams, Melanie Cohn, Melissa Wilson, Catherine Mark, 
Nasrin Esnaashari, et al. 2021. ñCognitive Effects of Theta Frequency Bilateral 
Subthalamic Nucleus Stimulation in Parkinsonôs Disease: A Pilot Study.ò Brain 
Stimulation 14 (2): 230ï40. https://doi.org/10.1016/j.brs.2020.12.014. 

Lau, Lonneke M. L. de, and Monique M. B. Breteler. 2006. ñEpidemiology of Parkinsonôs 
Disease.ò The Lancet. Neurology 5 (6): 525ï35. https://doi.org/10.1016/S1474-
4422(06)70471-9. 

Lee, Darrin J., Neil M. Drummond, Utpal Saha, Philippe De Vloo, Robert F. Dallapiazza, Robert 
Gramer, Tameem M. Al-Ozzi, et al. 2021. ñAcute Low Frequency Dorsal Subthalamic 
Nucleus Stimulation Improves Verbal Fluency in Parkinsonôs Disease.ò Brain 
Stimulation 14 (4): 754ï60. https://doi.org/10.1016/j.brs.2021.04.016. 

LeszczyŒski, Marcin, Juergen Fell, and Nikolai Axmacher. 2015. ñRhythmic Working Memory 
Activation in the Human Hippocampus.ò Cell Reports 13 (6): 1272ï82. 
https://doi.org/10.1016/j.celrep.2015.09.081. 

Lisman, John E., and Ole Jensen. 2013. ñThe ɗ-ɔ Neural Code.ò Neuron 77 (6): 1002ï16. 
https://doi.org/10.1016/j.neuron.2013.03.007. 

Litvak, Vladimir, Alexandre Eusebio, Ashwani Jha, Robert Oostenveld, Gareth Barnes, Tom 
Foltynie, Patricia Limousin, et al. 2012. ñMovement-Related Changes in Local and 



 

24 

Long-Range Synchronization in Parkinsonôs Disease Revealed by Simultaneous 
Magnetoencephalography and Intracranial  Recordings.ò The Journal of Neuroscienceל: 
The Official Journal of the Society for Neuroscience 32 (31): 10541ï53. 
https://doi.org/10.1523/JNEUROSCI.0767-12.2012. 

Litvak, Vladimir, Ashwani Jha, Alexandre Eusebio, Robert Oostenveld, Tom Foltynie, Patricia 
Limousin, Ludvic Zrinzo, Marwan I. Hariz, Karl Friston, and Peter Brown. 2011. ñResting 
Oscillatory Cortico-Subthalamic Connectivity in Patients with Parkinsonôs Disease.ò 
Brainל: A Journal of Neurology 134 (Pt 2): 359ï74. 
https://doi.org/10.1093/brain/awq332. 

Lofredi, Roxanne, Wolf-Julian Neumann, Antje Bock, Andreas Horn, Julius Huebl, Sandy 
Siegert, Gerd-Helge Schneider, Joachim K Krauss, and Andrea A Kühn. 2018. 
ñDopamine-Dependent Scaling of Subthalamic Gamma Bursts with Movement Velocity 
in Patients with Parkinsonôs Disease.ò Edited by Eilon Vaadia. eLife 7 
(February):e31895. https://doi.org/10.7554/eLife.31895. 

Menon, Vinod, and Mark DôEsposito. 2022. ñThe Role of PFC Networks in Cognitive Control 
and Executive Function.ò Neuropsychopharmacologyל: Official Publication of the 
American College of Neuropsychopharmacology 47 (1): 90ï103. 
https://doi.org/10.1038/s41386-021-01152-w. 

Moro, E., Rianne Esselink, Jing Xie, M Hommel, Alim Benabid, and P Pollak. 2002. ñThe 
Impact on Parkinsonôs Disease of Electical Parameter Settings in STN Stimulation.ò 
Neurology 59 (October):706ï13. https://doi.org/10.1212/WNL.59.5.706. 

Oehrn, Carina R., Stephanie Cernera, Lauren H. Hammer, Maria Shcherbakova, Jiaang Yao, 
Amelia Hahn, Sarah Wang, Jill L. Ostrem, Simon Little, and Philip A. Starr. 2024. 
ñChronic Adaptive Deep Brain Stimulation versus Conventional Stimulation in 
Parkinsonôs Disease: A Blinded Randomized Feasibility Trial.ò Nature Medicine 30 (11): 
3345ï56. https://doi.org/10.1038/s41591-024-03196-z. 

Olde Dubbelink, Kim T. E., Arjan Hillebrand, Jos W. R. Twisk, Jan Berend Deijen, Diederick 
Stoffers, Ben A. Schmand, Cornelis J. Stam, and Henk W. Berendse. 2014. ñPredicting 
Dementia in Parkinson Disease by Combining Neurophysiologic and Cognitive 
Markers.ò Neurology 82 (3): 263ï70. https://doi.org/10.1212/WNL.0000000000000034. 

Ong, Kenneth, Franziska Schmidt, Kira Tosefsky, Muhammad Faran, Can Sarica, Christopher 
R. Honey, Fidel Vila-Rodriguez, and Stefan Lang. 2024. ñNon-Motor Effects of Low-
Frequency Deep Brain Stimulation of the Subthalamic Nucleus in Parkinsonôs Disease: 
A Systematic Review.ò Stereotactic and Functional Neurosurgery, August, 1ï13. 
https://doi.org/10.1159/000540210. 

Pillon, B., C. Ardouin, P. Damier, P. Krack, J. L. Houeto, H. Klinger, A. M. Bonnet, P. Pollak, A. 
L. Benabid, and Y. Agid. 2000. ñNeuropsychological Changes between óoffô and óonô 
STN or GPi Stimulation in Parkinsonôs Disease.ò Neurology 55 (3): 411ï18. 
https://doi.org/10.1212/wnl.55.3.411. 

Prakash, K. M., N. V. Nadkarni, W.-K. Lye, M.-H. Yong, and E.-K. Tan. 2016. ñThe Impact of 
Non-Motor Symptoms on the Quality of Life of Parkinsonôs Disease Patients: A 
Longitudinal Study.ò European Journal of Neurology 23 (5): 854ï60. 
https://doi.org/10.1111/ene.12950. 

R Core Team. 2021. ñR: A Language and Environment for Statistical Computing.ò R 
Foundation for Statistical Computing. URL https://www.R-project.org/. 

Riddle, Justin, Jason M. Scimeca, Dillan Cellier, Sofia Dhanani, and Mark DôEsposito. 2020. 
ñCausal Evidence for a Role of Theta and Alpha Oscillations in the Control of Working 
Memory.ò Current Biology 30 (9): 1748-1754. e4. 

Rodriguez-Oroz, Maria C., Jon López-Azcárate, David Garcia-Garcia, Manuel Alegre, Jon 
Toledo, Miguel Valencia, Jorge Guridi, Julio Artieda, and Jose A. Obeso. 2011. 
ñInvolvement of the Subthalamic Nucleus in Impulse Control Disorders Associated with 



 

25 

Parkinsonôs Disease.ò Brainל: A Journal of Neurology 134 (Pt 1): 36ï49. 
https://doi.org/10.1093/brain/awq301. 

Salmi, Juha, Liisa Ritakallio, Daniel Fellman, Ulla Ellfolk, Juha O. Rinne, and Matti Laine. 2020. 
ñDisentangling the Role of Working Memory in Parkinsonôs Disease.ò Frontiers in Aging 
Neuroscience 12:572037. https://doi.org/10.3389/fnagi.2020.572037. 

Sauseng, Paul, Birgit Griesmayr, Roman Freunberger, and Wolfgang Klimesch. 2010. ñControl 
Mechanisms in Working Memory: A Possible Function of EEG Theta Oscillations.ò 
Neuroscience & Biobehavioral Reviews 34 (7): 1015ï22. 

Scangos, Katherine W., Cameron S. Carter, Gene Gurkoff, Lin Zhang, and Kiarash Shahlaie. 
2018. ñA Pilot Study of Subthalamic Theta Frequency Deep Brain Stimulation for 
Cognitive Dysfunction in Parkinsonôs Disease.ò Brain Stimulation 11 (2): 456ï58. 
https://doi.org/10.1016/j.brs.2017.11.014. 

Schapira, Anthony H.V., K. Ray Chaudhuri, and Peter Jenner. 2017. ñNon-Motor Features of 
Parkinson Disease.ò Nature Reviews Neuroscience 18 (7): 435ï50. 
https://doi.org/10.1038/nrn.2017.62. 

Simioni, Alison C., Alain Dagher, and Lesley K. Fellows. 2017. ñEffects of Levodopa on 
Corticostriatal Circuits Supporting Working Memory in Parkinsonôs Disease.ò Cortex 93 
(August):193ï205. https://doi.org/10.1016/j.cortex.2017.05.021. 

Simon, Olivier B., Donald C. Rojas, Debashis Ghosh, Xinyi Yang, Sarah E. Rogers, Christine 
S. Martin, Samantha K. Holden, Benzi M. Kluger, and Isabelle Buard. 2022. ñProfiling 
Parkinsonôs Disease Cognitive Phenotypes via Resting-State 
Magnetoencephalography.ò Journal of Neurophysiology 127 (1): 279ï89. 
https://doi.org/10.1152/jn.00316.2021. 

Surmeier, Dalton James. 2018. ñDeterminants of Dopaminergic Neuron Loss in Parkinsonôs 
Disease.ò The FEBS Journal 285 (19): 3657ï68. https://doi.org/10.1111/febs.14607. 

Temel, Yasin, Arjan Blokland, Harry W. M. Steinbusch, and Veerle Visser-Vandewalle. 2005. 
ñThe Functional Role of the Subthalamic Nucleus in Cognitive and Limbic Circuits.ò 
Progress in Neurobiology 76 (6): 393ï413. 
https://doi.org/10.1016/j.pneurobio.2005.09.005. 

Tsang, E.W., C. Hamani, E. Moro, F. Mazzella, U. Saha, A.M. Lozano, M. Hodaie, et al. 2012. 
ñSubthalamic Deep Brain Stimulation at Individualized Frequencies for Parkinson 
Disease.ò Neurology 78 (24): 1930ï38. 
https://doi.org/10.1212/WNL.0b013e318259e183. 

Wang, Linbin, Jun Li, Yixin Pan, Peng Huang, Dianyou Li, and Valerie Voon. 2023. ñSubacute 
Alpha Frequency (10Hz) Subthalamic Stimulation for Emotional Processing in 
Parkinsonôs Disease.ò Brain Stimulation 16 (5): 1223ï31. 
https://doi.org/10.1016/j.brs.2023.08.005. 

Wang, Qiang, Harith Akram, Muthuraman Muthuraman, Gabriel Gonzalez-Escamilla, Sameer 
A. Sheth, Simón Oxenford, Fang-Cheng Yeh, et al. 2021. ñNormative vs. Patient-
Specific Brain Connectivity in Deep Brain Stimulation.ò NeuroImage 224 
(January):117307. https://doi.org/10.1016/j.neuroimage.2020.117307. 

Weintraub, Daniel, Paul J. Moberg, John E. Duda, Ira R. Katz, and Matthew B. Stern. 2004. 
ñEffect of Psychiatric and Other Nonmotor Symptoms on Disability in Parkinsonôs 
Disease.ò Journal of the American Geriatrics Society 52 (5): 784ï88. 
https://doi.org/10.1111/j.1532-5415.2004.52219.x. 

Weintraub, David B., and Kareem A. Zaghloul. 2013. ñThe Role of the Subthalamic Nucleus in 
Cognition.ò Reviews in the Neurosciences 24 (2): 125ï38. 
https://doi.org/10.1515/revneuro-2012-0075. 

Wessel, Jan R., and Adam R. Aron. 2017. ñOn the Globality of Motor Suppression: Unexpected 
Events and Their Influence on Behavior and Cognition.ò Neuron 93 (2): 259ï80. 
https://doi.org/10.1016/j.neuron.2016.12.013. 



 

26 

Witt, Karsten, Christine Daniels, Julia Reiff, Paul Krack, Jens Volkmann, Markus O. Pinsker, 
Martin Krause, et al. 2008. ñNeuropsychological and Psychiatric Changes after Deep 
Brain Stimulation for Parkinsonôs Disease: A Randomised, Multicentre Study.ò The 
Lancet. Neurology 7 (7): 605ï14. https://doi.org/10.1016/S1474-4422(08)70114-5. 

Ye, Zheng, Marcus Heldmann, Lisa Herrmann, Norbert Brüggemann, and Thomas F Münte. 
2022. ñAltered Alpha and Theta Oscillations Correlate with Sequential Working Memory 
in Parkinsonôs Disease.ò Brain Communications 4 (3): fcac096. 
https://doi.org/10.1093/braincomms/fcac096. 

Zavala, Baltazar A, Anthony I Jang, and Kareem A Zaghloul. 2017. ñHuman Subthalamic 
Nucleus Activity during Non-Motor Decision Making.ò Edited by David Badre. eLife 6 
(December):e31007. https://doi.org/10.7554/eLife.31007. 

Zavala, Baltazar, Anthony Jang, Michael Trotta, Codrin I Lungu, Peter Brown, and Kareem A 
Zaghloul. 2018. ñCognitive Control Involves Theta Power within Trials and Beta Power 
across Trials in the Prefrontal-Subthalamic Network.ò Brain 141 (12): 3361ï76. 
https://doi.org/10.1093/brain/awy266. 

Zavala, Baltazar, Huiling Tan, Keyoumars Ashkan, Thomas Foltynie, Patricia Limousin, Ludvic 
Zrinzo, Kareem Zaghloul, and Peter Brown. 2016. ñHuman Subthalamic Nucleus-Medial 
Frontal Cortex Theta Phase Coherence Is Involved in Conflict and Error Related 
Cortical Monitoring.ò NeuroImage 137 (August):178ï87. 
https://doi.org/10.1016/j.neuroimage.2016.05.031. 

Zavala, Baltazar, Kareem Zaghloul, and Peter Brown. 2015. ñThe Subthalamic Nucleus, 
Oscillations, and Conflict.ò Movement Disordersל: Official Journal of the Movement 
Disorder Society 30 (3): 328ï38. https://doi.org/10.1002/mds.26072. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

27 

7. Appendix  
 

7.1 Journal article 

 



 

28 

 



 

29 

 



 

30 

 



 

31 

 



 

32 

 



 

33 

 



 

34 

 



 

35 

7.2 Supplementary material 



 

36 

 
































