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Background: Subthalamic nucleus deep brain stimulation (STN-DBS) effectively treats motor symptoms in Parkinson’s disease (PD),
but optimal programming strategies for non-motor symptom management remain unclear. This study compared the effects of high-
frequency versus low-frequency stimulation on sleep disorders, cognitive function, and mood disturbances.

Methods: We conducted a retrospective controlled study of 80 PD patients who underwent bilateral STN-DBS between September 2023
and May 2025. Patients were divided into high-frequency (130-185 Hz, n=40) and low-frequency (60—80 Hz, n=40) groups based on their
programming parameters. Sleep quality (Parkinson’s Disease Sleep Scale, PDSS), cognitive function (Montreal Cognitive Assessment,
MoCA), anxiety (Hamilton Anxiety Scale, HAMA), and depression (Hamilton Depression Scale, HAMD) were assessed at baseline and at
3, 6, and 12 months post-surgery. Linear mixed-effects models analyzed longitudinal changes.

Results: Both groups showed significant motor improvement (UPDRS-III reduction >50%, p<0.001). The low-frequency group
demonstrated superior improvements in PDSS scores compared to high-frequency stimulation (mean difference at 12 months: 4.82
points, 95% CI: 2.15-7.49, p<0.001). HAMA scores improved more in the low-frequency group (mean difference: 2.34 points, 95%
CI: 0.87-3.81, p=0.002). MoCA scores remained stable in both groups with no significant between-group differences (p=0.421).
HAMD improvements were comparable between groups (p=0.156).

Conclusion: Low-frequency STN-DBS (60-80 Hz) provided superior benefits for sleep quality and anxiety compared to conventional
high-frequency stimulation while maintaining equivalent motor and cognitive outcomes. These findings support personalized pro-
gramming strategies targeting specific non-motor symptoms in PD patients.

Keywords: Parkinson’s disease, deep brain stimulation, subthalamic nucleus, non-motor symptoms, programming strategies, sleep
disorders, cognitive function, mood disorders

Introduction

Parkinson’s disease (PD) is a progressive neurodegenerative disorder affecting approximately 1-2% of individuals over
60 years old, characterized by both motor and non-motor symptoms that significantly impact quality of life." While
subthalamic nucleus deep brain stimulation (STN-DBS) has emerged as a highly effective treatment for motor symptoms,
with meta-analyses demonstrating 50% improvement in Unified Parkinson’s Disease Rating Scale Part II1 (UPDRS-III)
scores,” the effects on non-motor symptoms remain less predictable and inadequately addressed.

Non-motor symptoms including sleep disorders, cognitive impairment, anxiety, and depression affect up to 90%
of PD patients and often persist or worsen despite optimal motor control.’* Sleep disturbances occur in 60-90% of
PD patients, significantly impairing quality of life and contributing to daytime dysfunction.” Cognitive decline
affects 20-40% of non-demented PD patients, with executive dysfunction and attention deficits being particularly
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common.® Mood disorders, including anxiety (20-40%) and depression (40-50%), represent major contributors to
disability and reduced quality of life in PD.” We focused on sleep disorders, cognitive function, anxiety, and
depression as primary outcomes because these represent the most prevalent and disabling non-motor symptoms
with established validated assessment tools suitable for longitudinal comparison. Although autonomic symptoms,
apathy, and impulse control disorders are also clinically important, they require specialized assessments and may
be more influenced by medication changes occurring post-DBS, potentially confounding frequency-specific effects.

Recent evidence suggests that stimulation frequency plays a crucial role in modulating both motor and non-motor
outcomes in STN-DBS. Conventional high-frequency stimulation (130-185 Hz) provides robust motor benefit, particu-
larly for tremor reduction,® while emerging data indicate that low-frequency stimulation (60-80 Hz) may offer
advantages for specific symptoms including gait disorders’ and cognitive function.'® Preclinical studies demonstrate
that low-frequency STN-DBS during non-rapid eye movement (NREM) sleep enhances memory consolidation through
augmentation of prefrontal low-frequency oscillatory activity.'' Recent evidence suggests that stimulation frequency
plays a crucial role in modulating both motor and non-motor outcomes in STN-DBS.'%!* The STN’s tripartite functional
organization—comprising motor, associative, and limbic territories—and its extensive connections with anxiety-relevant
structures including the amygdala, anterior cingulate cortex, and prefrontal cortex, as well as sleep-wake regulatory
networks through connections with the pedunculopontine nucleus and thalamic reticular nucleus, provide anatomical
substrate for frequency-dependent effects on non-motor symptoms. Conventional high-frequency stimulation (130-185
Hz) provides robust motor benefit, particularly for tremor reduction, while emerging data indicate that low-frequency
stimulation (60-80 Hz) may offer advantages for specific symptoms including gait disorders and cognitive function,
potentially by preserving more physiological oscillatory patterns important for sleep architecture and emotional regula-
tion. Additionally, recent crossover trials show that theta-frequency stimulation improves working memory performance,
suggesting frequency-dependent effects on cognitive neural circuits.

Despite growing interest in frequency-specific programming, no retrospective controlled studies have systematically
compared high-frequency versus low-frequency STN-DBS effects on comprehensive non-motor outcomes using vali-
dated assessment scales. The optimal programming strategy balancing motor efficacy with non-motor symptom control
remains unclear. Furthermore, the temporal trajectory of non-motor symptom changes following different stimulation
paradigms has not been well characterized.

This retrospective controlled study aimed to compare the effects of high-frequency (130-185 Hz) versus low-frequency
(60-80 Hz) STN-DBS on non-motor symptoms in PD patients over a 12-month follow-up period. Furthermore, the temporal
trajectory of non-motor symptom changes following different stimulation paradigms has not been well characterized,
representing an important knowledge gap. We hypothesized that low-frequency stimulation would provide superior benefits
for sleep quality and potentially for cognitive function while maintaining equivalent motor outcomes compared to conven-
tional high-frequency stimulation. Understanding these differential effects and their temporal evolution could inform
personalized programming strategies to optimize both motor and non-motor outcomes in PD patients undergoing STN-DBS.

Materials and Methods
Study Design and Participants

This retrospective controlled study reviewed medical records of 80 consecutive PD patients who underwent bilateral
STN-DBS surgery at our movement disorders center between September 2023 and May 2025. The study protocol
received approval from the Institutional Ethics Committee (Approval No. 2025-0711-0031-LHO05), and informed consent

requirements were waived due to the retrospective nature with anonymized data analysis.

Inclusion Criteria

Inclusion Criteria were: (1) diagnosis of idiopathic PD according to UK Brain Bank criteria; (2) disease duration >5
years; (3) significant motor fluctuations or medication-refractory tremor despite optimal medical management; (4)
positive levodopa challenge test with >30% improvement in UPDRS-III; (5) age 40-75 years; (6) Hoehn-Yahr stage
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2.5-4 during OFF-medication state; (7) absence of significant cognitive impairment (MoCA >23); (8) completion of at
least 12-month follow-up with all assessment scales.

Exclusion Criteria

Exclusion Criteria included: (1) atypical or secondary parkinsonism; (2) severe psychiatric disorders (HAMA >21 or
HAMD >24); (3) dementia or severe cognitive impairment (MoCA <23); (4) contraindications to MRI or surgery; (5)
significant structural brain abnormalities; (6) unstable medical conditions; (7) active substance abuse; (8) incomplete
follow-up data or missing assessments. All patients underwent bilateral STN-DBS implantation using standardized
stereotactic techniques, with electrode placement confirmed by postoperative imaging.

Programming Strategy and Group Allocation

Initial programming commenced 3—4 weeks post-surgery. Programming decisions were made by experienced movement
disorder neurologists based on individual patient characteristics. Low-frequency stimulation was preferentially selected
for patients presenting with prominent axial symptoms (postural instability, gait freezing), those experiencing speech
deterioration or cognitive/mood side effects during initial high-frequency programming trials, or those with suboptimal
response to conventional high-frequency settings. High-frequency stimulation was maintained for patients with pre-
dominant appendicular symptoms (tremor, rigidity, bradykinesia) who showed excellent response without adverse effects.
Patients were allocated to two groups based on clinical programming decisions made by movement disorder neurologists:

High-Frequency Group (n=40)
Monopolar stimulation at 130—185 Hz (mean 155.3+16.8 Hz), pulse width 60-90 ps (mean 72.5+11.2 ps), and amplitude
2.0-3.5 V (mean 2.85+0.42 V). Programming aimed to optimize motor symptom control using conventional parameters.

Low-Frequency Group (n=40)
Monopolar stimulation at 60—80 Hz (mean 68.7+7.3 Hz), pulse width 60—90 ps (mean 75.8+10.6 ps), and amplitude
2.0-3.5 V (mean 2.924+0.38 V). Programming was selected for patients with prominent axial symptoms, gait disorders, or
those experiencing cognitive or mood side effects with initial high-frequency stimulation.

Other stimulation parameters including pulse width and amplitude were optimized during the initial programming
period and remained stable throughout the 12-month follow-up unless clinically indicated adjustments were required for
symptom management. Any parameter modifications were documented and were comparable between groups.

Outcome Assessments

All assessments were performed by trained movement disorder specialists blinded to programming parameters at baseline
(pre-surgery), 3 months, 6 months, and 12 months post-surgery. All evaluations were conducted in the practically defined
OFF-medication state (>12 hours after last dopaminergic medication) with stimulation ON.

Primary Outcome Measures

e Parkinson’s Disease Sleep Scale (PDSS): A validated 15-item scale assessing sleep quality over the past week,
scoring 0—60 with lower scores indicating worse sleep quality. The minimal clinically important difference (MCID)
is 3.44 points improvement.'*

e Montreal Cognitive Assessment (MoCA): A validated cognitive screening tool scoring 0-30, with scores <26
suggesting cognitive impairment. One point is added for education <12 years."”

e Hamilton Anxiety Scale (HAMA): A 14-item scale scoring 0-56, with higher scores indicating greater anxiety
severity. Scores <17 indicate mild anxiety, 18-24 mild-to-moderate, and >25 moderate-to-severe anxiety.'®

e Hamilton Depression Scale (HAMD-17): A 17-item scale scoring 0—52, with scores 0—7 indicating no depression,
8—16 mild, 17-23 moderate, and >24 severe depression.'’
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Statistical Analysis

Data were analyzed using SPSS version 27.0 (IBM Corp., Armonk, NY) and R version 4.3.1 (R Foundation for
Statistical Computing). Continuous variables were presented as mean + standard deviation (SD) and categorical variables
as frequencies and percentages. Normality was assessed using Shapiro-Wilk tests and visual inspection of Q-Q plots.'®

Baseline characteristics between groups were compared descriptively, with means and standard deviations reported
for continuous variables and frequencies for categorical variables, following current best practice recommendations
against significance testing of baseline differences in controlled studies.'’

The primary analysis employed linear mixed-effects models (LMM) using the lme4 package in R to evaluate
longitudinal changes in PDSS, MoCA, HAMA, and HAMD scores. The models included fixed effects for group (high-
frequency vs low-frequency), time (baseline, 3, 6, 12 months), and groupxtime interaction, with random intercepts and
slopes for individual subjects. The compound symmetry covariance structure was selected based on Akaike Information
Criterion (AIC). The group*time interaction term tested whether trajectories differed between groups over time (primary
hypothesis). Missing data were handled using maximum likelihood estimation under the missing-at-random assumption.

Effect sizes were calculated using Cohen’s d for between-group differences at 12 months, with values of 0.2, 0.5, and
0.8 representing small, medium, and large effects, respectively. Statistical significance was set at p<0.05 (two-tailed),
with Bonferroni correction applied for multiple comparisons where appropriate. All analyses were performed according
to the intention-to-treat principle.

Results

Baseline Characteristics

Eighty patients (45 males, 35 females) with a mean age of 61.25+7.82 years completed the 12-month follow-up. The high-
frequency group consisted of 40 patients (23 males, 17 females; mean age 60.85+8.15 years), and the low-frequency group
consisted of 40 patients (22 males, 18 females; mean age 61.65+7.52 years). Mean disease duration was 9.34+3.21 years in the
high-frequency group and 9.78+3.45 years in the low-frequency group. Baseline UPDRS-III scores (OFF-medication) were
48.23+10.52 in the high-frequency group and 49.67+11.28 in the low-frequency group. Levodopa equivalent daily dose (LEDD)
was 956.32+245.67 mg in the high-frequency group and 982.45+268.93 mg in the low-frequency group. No substantial
differences in baseline demographic or clinical characteristics were observed between groups, in Figure 1 and Table 1.

Primary Outcomes: Non-Motor Symptom Changes

Sleep Quality (PDSS)

Both groups demonstrated significant improvements in PDSS scores from baseline to 12 months (p<0.001 for both
groups), in Table 2 and Figure 2A. The low-frequency group showed superior sleep quality improvement compared to the
high-frequency group. At 12 months, the low-frequency group achieved a mean PDSS score of 48.34+6.78 compared to
43.5247.23 in the high-frequency group, representing a between-group difference of 4.82 points (95% CI: 2.15-7.49,
p<0.001). This difference exceeded the minimal clinically important difference (MCID) of 3.44 points, indicating
clinically meaningful superiority of low-frequency stimulation for sleep quality. The groupxtime interaction was
significant (p<0.001), demonstrating that the low-frequency group’s sleep quality improved at a faster rate throughout
the follow-up period. Effect size analysis revealed a large between-group difference at 12 months (Cohen’s d = 0.69).

Cognitive Function (MoCA)

MoCA scores remained stable in both groups throughout the 12-month follow-up period, in Table 2 and Figure 2B. At
baseline, mean MoCA scores were 26.23+2.15 in the high-frequency group and 26.45+2.08 in the low-frequency group.
At 12 months, scores were 25.98+2.34 in the high-frequency group and 26.32+2.18 in the low-frequency group. The
small decline in the high-frequency group (—0.25 points) and the low-frequency group (—0.13 points) were not
statistically significant (p=0.312 and p=0.489, respectively). Between-group comparison at 12 months revealed no
significant difference (mean difference: 0.34 points, 95% CI: —0.52 to 1.20, p=0.421). The groupxtime interaction was
also non-significant (p=0.618), indicating that stimulation frequency did not differentially affect cognitive trajectories.
Effect size was negligible (Cohen’s d = 0.15).
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Figure | Baseline Characteristics Comparison Between Groups Baseline demographic and clinical characteristics comparison between high-frequency (n=40) and low-
frequency (n=40) groups. (A) Age distribution showing mean ages of 60.85+8.15 years (high-frequency) and 61.65+7.52 years (low-frequency). Box plots display median
(center line), interquartile range (box), and range (whiskers). (B) Disease duration showing means of 9.34%3.2| years (high-frequency) and 9.78+3.45 years (low-frequency),
indicating similar disease progression stages. (C) UPDRS-IIl scores (OFF-medication) demonstrating comparable baseline motor severity with means of 48.23+10.52 (high-
frequency) and 49.67%11.28 (low-frequency). (D) Levodopa equivalent daily dose (LEDD) showing similar medication requirements at baseline: 956.324245.67 mg (high-
frequency) and 982.45+268.93 mg (low-frequency). (E) Hoehn-Yahr stage distribution revealing balanced disease severity across groups, with both groups showing similar
proportions in stages 2.5-3.5. (F) Sex distribution demonstrating comparable gender representation: 57.5% male in high-frequency group (23/40) and 55.0% male in low-
frequency group (22/40). No substantial differences were observed between groups in any baseline characteristic, supporting valid between-group comparisons. Error bars
represent standard deviation; individual data points are overlaid as scatter plots to show distribution.

Anxiety Symptoms (HAMA)

Both groups showed significant reductions in HAMA scores from baseline to 12 months (p<0.001 for both groups), with
the low-frequency group demonstrating superior anxiety reduction, in Table 2 and Figure 2C. At baseline, mean HAMA
scores were 14.67+4.23 in the high-frequency group and 14.89+4.15 in the low-frequency group. At 12 months, scores
decreased to 11.2343.87 in the high-frequency group and 8.89+3.56 in the low-frequency group. The between-group
difference at 12 months was 2.34 points (95% CI: 0.87-3.81, p=0.002), favoring low-frequency stimulation. The

Table | Baseline Demographic and Clinical Characteristics
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Characteristic High-Frequency Group (n=40) | Low-Frequency Group (n=40)

Age (years) 60.85 + 8.15 61.65 +7.52

Male sex, n (%) 23 (57.5) 22 (55.0)

Disease duration (years) 9.34 + 3.21 9.78 + 3.45
(Continued)
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Table | (Continued).

Characteristic

High-Frequency Group (n=40)

Low-Frequency Group (n=40)

Hoehn-Yahr stage, n (%)

Stage 2.5 18 (45.0) 17 (42.5)

Stage 3 16 (40.0) 17 (42.5)

Stage 4 6 (15.0) 6 (15.0)
UPDRS-IIl OFF-med (points) 4823 + 10.52 4967 £ 1128

LEDD (mg/day)

956.32 + 245.67

982.45 + 268.93

PDSS (points) 36.45 + 856 37.12 £ 823
MoCA (points) 2623 +2.15 26.45 + 2.08
HAMA (points) 14.67 + 4.23 14.89 + 4.15
HAMD (points) 10.45 + 3.67 10.78 + 3.89

Note: Data presented as mean = SD or n (%).

Abbreviations: UPDRS-III, Unified Parkinson’s Disease Rating Scale Part lll; LEDD, levodopa equivalent daily dose; PDSS,
Parkinson’s Disease Sleep Scale; MoCA, Montreal Cognitive Assessment; HAMA, Hamilton Anxiety Scale; HAMD, Hamilton
Depression Scale.

groupxtime interaction was significant (p=0.003), indicating that anxiety improved at a faster rate in the low-frequency
group. Effect size analysis showed a moderate-to-large between-group difference at 12 months (Cohen’s d = 0.63).

Depression Symptoms (HAMD)
Both groups exhibited significant improvements in HAMD scores from baseline to 12 months (p<0.001 for both groups),
in Table 2 and Figure 2D. At baseline, mean HAMD scores were 10.45+3.67 in the high-frequency group and 10.78+3.89

Table 2 Non-Motor Symptom Scores Over |2-Month Follow-Up

Outcome Group Baseline 3 Months 6 Months 12 Months p-value*
PDSS HF 36.45+8.56 38.67+8.12 40.89+7.89 43.52+7.23 <0.001
LF 37.12+8.23 41.23+7.78 45.67+7.34 48.34+6.78
Diff (95% CI)* — 2.56 (0.12, 4.98) 4.78 (2.21, 7.35) 4.82 (2.15, 7.49)
MoCA HF 26.23+2.15 26.15+2.23 26.05+2.28 25.98+2.34 0.421
LF 26.45+2.08 26.38%2.12 26.35+2.15 26.32+2.18
Diff (95% CI)* — 0.23 (-0.65, I.11) 0.30 (-0.58, 1.18) 0.34 (-0.52, 1.20)
HAMA HF 14.67+4.23 13.124£4.05 12.15£3.92 11.234£3.87 0.002
LF 14.89+4.15 12.34£3.89 10.56+3.72 8.89+3.56
Diff (95% CI)* — —0.78 (—2.35, 0.79) | —1.59 (-3.12, —0.06) | —2.34 (-3.81, —0.87)
HAMD HF 10.45+3.67 9.23+£3.45 8.34+3.28 7.23%3.12 0.156
LF 10.78+3.89 9.12+3.56 7.89+3.34 6.34+2.98
Diff (95% CI)* — —0.1'1 (—1.52, 1.30) | —0.45 (-1.87, 0.97) —0.89 (—2.13, 0.35)

Note: Data presented as mean + SD. *p-value for groupxtime interaction from linear mixed-effects model. *Difference (LF minus HF) with 95%
confidence interval at each time point.

Abbreviations: HF, high-frequency group; LF, low-frequency group; PDSS, Parkinson’s Disease Sleep Scale; MoCA, Montreal Cognitive Assessment;
HAMA, Hamilton Anxiety Scale; HAMD, Hamilton Depression Scale.
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Figure 2 Longitudinal Changes in Non-Motor Symptom Scores Longitudinal changes in non-motor symptom scores over |2 months following STN-DBS in high-frequency
(blue, n=40) and low-frequency (red, n=40) groups. (A) Parkinson’s Disease Sleep Scale (PDSS) scores showing significantly greater improvement in the low-frequency group
compared to high-frequency group (***p<0.001 for groupxtime interaction). At 12 months, the low-frequency group achieved 4.82 points higher PDSS score (95% Cl:
2.15-7.49), exceeding the minimal clinically important difference of 3.44 points. (B) Montreal Cognitive Assessment (MoCA) scores demonstrating stable cognitive function
in both groups throughout the follow-up period, with no significant between-group differences (p=0.421) or differential trajectories (groupxtime interaction p=0.618). (C)
Hamilton Anxiety Scale (HAMA) scores showing significantly greater anxiety reduction in the low-frequency group (**p=0.002 for between-group difference at 12 months;
*p=0.003 for groupxtime interaction), with a 2.34-point advantage over high-frequency stimulation. (D) Hamilton Depression Scale (HAMD) scores revealing significant
improvements in both groups (p<0.001), but no significant between-group differences (p=0.156) or differential trajectories (group*time interaction p=0.228). Data
presented as mean * standard error of the mean (SEM). **p<0.001, **p<0.01, ns = not significant. Assessments conducted at baseline (pre-surgery), 3, 6, and 12 months
post-surgery in OFF-medication/ON-stimulation state.

in the low-frequency group. At 12 months, scores decreased to 7.2343.12 in the high-frequency group and 6.344+2.98 in
the low-frequency group. While the low-frequency group showed numerically greater improvement, the between-group
difference at 12 months was not statistically significant (mean difference: 0.89 points, 95% CI: —0.35 to 2.13, p=0.156).
The groupxtime interaction was also non-significant (p=0.228), suggesting comparable trajectories of depression

improvement between groups. Effect size was small (Cohen’s d = 0.29).

Secondary Outcomes: Motor Function and Medication

Both groups demonstrated robust and comparable motor improvements following STN-DBS. At 12 months, UPDRS-III
scores (OFF-medication/ON-stimulation) improved by 54.23% in the high-frequency group (from 48.23+10.52 to 22.08
+6.34) and 52.87% in the low-frequency group (from 49.67£11.28 to 23.42+7.12). Between-group comparison revealed
no significant difference in motor outcomes (p=0.412), confirming that low-frequency stimulation maintained motor
efficacy equivalent to conventional high-frequency programming.
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Levodopa equivalent daily dose (LEDD) decreased significantly in both groups from baseline to 12 months. The high-
frequency group reduced LEDD from 956.32+245.67 mg to 578.45+198.23 mg (39.5% reduction), while the low-
frequency group reduced LEDD from 982.45+268.93 mg to 592.34+205.67 mg (39.7% reduction). No significant
between-group difference in LEDD reduction was observed (p=0.783), indicating comparable medication-sparing effects.

Discussion

This retrospective controlled study demonstrated that low-frequency STN-DBS (60—80 Hz) provided superior benefits for
sleep quality and anxiety compared to conventional high-frequency stimulation (130-185 Hz), while maintaining
equivalent motor efficacy and cognitive outcomes. These findings support the emerging paradigm of frequency-
specific programming to optimize non-motor symptom management in PD patients undergoing STN-DBS.

The 4.82-point PDSS advantage observed with low-frequency stimulation exceeded the minimal clinically important
difference of 3.44 points,'* indicating a meaningful improvement in patients’ subjective sleep quality. This finding aligns
with recent preclinical evidence demonstrating that low-frequency STN-DBS during NREM sleep enhances sleep spindle
activity and memory consolidation through increased prefrontal cortex engagement.'' We hypothesize that the mechan-
isms underlying this benefit may involve preservation of physiological sleep architecture and reduction of arousal-
promoting effects associated with high-frequency stimulation, though this requires further investigation. Recent neuro-
physiological studies have demonstrated that DBS modulates sleep spindle activity and slow-wave characteristics during

. 13,2
non-rapid eye movement sleep,'**°

providing potential mechanistic insight into the frequency-dependent sleep effects
observed in our study.

High-frequency STN-DBS has been associated with disruption of slow-wave sleep and increased sleep fragmentation
in some studies,”’ potentially through excessive inhibition of sleep-promoting pathways or interference with thalamo-
cortical oscillations critical for sleep maintenance.”? In contrast, low-frequency stimulation may better preserve natural
sleep-wake regulatory mechanisms while still providing therapeutic motor benefit. Our results suggest that sleep
complaints in STN-DBS patients might be partially attributable to frequency-dependent effects rather than disease
progression alone, opening avenues for therapeutic modification. Given the retrospective, non-randomized design,
these findings represent associations rather than established causal relationships. The observed benefits of low-
frequency stimulation on sleep and anxiety should be interpreted as hypothesis-generating evidence requiring confirma-
tion in prospective randomized trials.

The 2.34-point HAMA advantage with low-frequency stimulation represents a clinically meaningful reduction in
anxiety symptoms. This finding extends recent work suggesting that STN stimulation frequency modulates limbic circuit
activity differentially.”® Studies using comprehensive non-motor symptom assessments have similarly documented the
significant impact of STN-DBS on anxiety and mood outcomes.”* The STN’s extensive connections with anxiety-
relevant structures including the amygdala, anterior cingulate cortex, and prefrontal cortex provide anatomical substrate
for frequency-specific mood effects.*’

High-frequency STN-DBS may produce excessive inhibition of ventral STN regions involved in emotional proces-
sing, potentially disrupting adaptive anxiety regulation.”® Low-frequency stimulation, by contrast, might preserve more
nuanced modulation of these circuits. The greater anxiety reduction observed with low-frequency programming could
also reflect indirect effects through improved sleep quality, given the bidirectional relationship between sleep distur-
bances and anxiety disorders.?’

The absence of significant cognitive decline in either group, and the lack of between-group differences in MoCA
trajectories, provides reassuring evidence regarding cognitive safety of both frequency paradigms. These findings
contrast with some earlier concerns about potential cognitive side effects of STN-DBS,* but align with recent meta-
analyses showing stable cognitive outcomes with appropriate patient selection and programming.*

While preclinical studies have suggested potential cognitive benefits of low-frequency stimulation through enhance-
ment of theta oscillations important for working memory,”® we did not observe significant cognitive advantages in our
patient population. This may reflect several factors: (1) our patients had preserved baseline cognition (MoCA >23),
potentially limiting detectable improvement; (2) the MoCA, while sensitive for screening, may lack sensitivity for
detecting subtle changes in specific cognitive domains; (3) the follow-up period may have been insufficient to

8 https: Journal of Multidisciplinary Healthcare 2026:19



Liu et al

demonstrate emerging cognitive benefits or detriments. Importantly, the absence of significant frequency-dependent
differences in cognition and depression can be viewed as a positive safety finding, suggesting that frequency reduction
for sleep or anxiety optimization does not adversely impact these critical domains. This provides reassurance for
clinicians considering frequency adjustment strategies in their patients.

Both groups showed significant depression improvements, but without significant between-group differences. This
contrasts with the anxiety findings and suggests that different mood dimensions may have distinct neurobiological
substrates with differential frequency sensitivity. Depression in PD involves complex dysfunction across dopaminergic,
serotonergic, and noradrenergic systems,>' potentially rendering it less responsive to frequency-specific STN modulation
compared to anxiety, which more directly involves STN-amygdala circuits.*

The depression improvements observed in both groups likely reflect multiple mechanisms including: (1) direct effects
of STN modulation on mood-regulating circuits; (2) indirect benefits from improved motor function and quality of life;
(3) reduction in dopaminergic medication allowing optimization of antidepressant regimens; (4) psychological benefits of
successful surgical treatment. The lack of frequency-dependent effects on depression suggests that programming strategy
should prioritize other outcomes when depression is the primary concern.

The comparable 52-54% UPDRS-III improvements observed across both frequency groups confirms that low-
frequency stimulation can maintain robust motor efficacy equivalent to conventional high-frequency programming.
This finding is consistent with recent literature demonstrating that frequencies as low as 60 Hz can provide adequate
motor benefit, particularly for bradykinesia and rigidity, although tremor control may favor higher frequencies.>**

The preservation of motor efficacy with low-frequency stimulation is clinically significant, as it demonstrates that
non-motor symptom optimization through frequency reduction does not necessitate compromising motor outcomes. This
allows for personalized programming strategies prioritizing the symptom profile most relevant to individual patients. For
patients with prominent sleep disturbances or anxiety, low-frequency programming emerges as an attractive option
offering multi-domain benefit.

These findings support a paradigm shift from universal high-frequency programming toward individualized frequency
selection based on each patient’s symptom profile. For patients with prominent sleep disorders or anxiety, initiating
programming with low-frequency settings (60—80 Hz) appears warranted and may provide superior outcomes compared
to conventional approaches.’® For patients with severe tremor, hybrid strategies might be considered, such as using
different frequencies for different contacts or implementing frequency cycling based on time of day.

The clinical decision-making algorithm should incorporate comprehensive assessment of motor and non-motor
symptoms at baseline and throughout programming optimization.>> Sleep quality assessment using validated instruments
like PDSS should become routine in the post-DBS programming process. When sleep complaints or anxiety emerge or
persist despite optimal medication management, frequency reduction represents a logical therapeutic modification with
potential for meaningful benefit.>®

Several limitations merit consideration. First, the retrospective design precludes causal inference, and group allocation was
not randomized but based on clinical decisions. While baseline characteristics were similar between groups, unmeasured
confounders may have influenced outcomes. The clinical decision to use low-frequency stimulation was often based on the
presence of prominent axial symptoms, gait disorders, or cognitive/mood side effects with initial high-frequency stimulation,
which may represent a distinct patient subgroup. However, this pragmatic approach also reflects real-world clinical practice
and enhances the external validity of our findings. Prospective randomized controlled trials with crossover designs would
provide stronger evidence for frequency-specific effects. Second, assessors were blinded to programming parameters, but
patients and programming neurologists were not, potentially introducing expectation bias. However, the objective nature of
the standardized assessment scales and the consistency of findings across multiple outcomes enhance confidence in the results.
Third, the 12-month follow-up period, while adequate for detecting early effects, may be insufficient for evaluating long-term
cognitive trajectories or delayed complications. Changes in non-motor symptoms, particularly cognitive function, may have
long-term lag effects that our study duration could not capture. Future studies with extended follow-up periods are warranted.
Fourth, our study focused on group-level analyses and did not identify individual predictors of frequency-specific response.
Future research should investigate patient characteristics, imaging biomarkers, or genetic factors that might predict optimal
frequency selection. Fifth, we used relatively broad frequency ranges (60-80 Hz and 130-185 Hz) within each group, and
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more precise frequency-outcome relationships remain to be determined. We did not analyze differences in efficacy among
specific frequencies within each group, which may mask dose-response relationships that could inform more precise
programming recommendations. Sixth, cognitive function was assessed solely using the MoCA, which, although validated
for cognitive screening in PD, may lack sufficient sensitivity to detect subtle changes in PD-related core cognitive domains
such as executive function and working memory. Future studies should incorporate domain-specific neuropsychological
assessments to more comprehensively evaluate frequency-dependent cognitive effects. Finally, our patient population had
preserved baseline cognition (MoCA >23) and excluded severe psychiatric disorders, potentially limiting generalizability to
more complex or advanced patient populations. The single-center design and predominantly Asian ethnicity of our cohort may
also limit external validity.

Future directions should include prospective randomized crossover trials comparing frequency-specific effects within
individuals, investigation of adaptive or closed-loop DBS systems that could automatically adjust frequency based on
sleep-wake state or real-time symptom monitoring, and development of predictive algorithms incorporating patient-
specific clinical, imaging, and genetic factors to guide individualized frequency selection. Additionally, studies examin-
ing frequency cycling strategies—such as using different frequencies during day versus night—may offer opportunities
for multi-domain symptom optimization.

Conclusion

In this retrospective controlled study, low-frequency STN-DBS (60-80 Hz) was associated with superior benefits for
sleep quality and anxiety compared to conventional high-frequency stimulation (130-185 Hz), while maintaining
equivalent motor efficacy, cognitive stability, and depression outcomes in PD patients with preserved baseline cognition.
These findings support the development of personalized programming strategies based on individual symptom profiles,
with low-frequency stimulation representing an evidence-based option for patients with prominent sleep disorders or
anxiety. The stability of cognitive outcomes across both frequency groups provides reassurance regarding the safety of
frequency adjustment strategies. Future prospective randomized trials should validate these associations and develop
predictive algorithms for optimal frequency selection, advancing the field toward truly individualized DBS therapy that
optimizes both motor and non-motor outcomes in Parkinson’s disease.
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