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ARTICLE INFO ABSTRACT

Keywords: Background: Repetitive transcranial magnetic stimulation (rTMS) is a potential treatment option
Parkinson’s disease for Parkinson’s disease patients with depression (DPD), but conflicting results in previous studies
Depression

have questioned its efficacy.

Method: To investigate the safety and efficacy of neuronavigated high-frequency rTMS at the left
DLPFC in DPD patients, we conducted a randomized, double-blind, sham-controlled study
(NCT04707378). Sixty patients were randomly assigned to either a sham or active stimulation
group and received rTMS for ten consecutive days. The primary outcome was HAMD, while
secondary outcomes included HAMA, MMSE, MoCA and MDS-UPDRS-III. Assessments were
performed at baseline, immediately after treatment, 2 weeks, and 4 weeks post-treatment.
Results: The GEE analysis showed that the active stimulation group had significant improvements
in depression, anxiety, and motor symptoms at various time points. Specifically, there were
significant time-by-group interaction effects in depression immediately after treatment (, —4.34
[95% CI, —6.90 to —1.74; P = 0.001]), at 2 weeks post-treatment (B, —3.66 [95% CI, —6.43 to
—0.90; P = 0.010]), and at 4 weeks post-treatment (f, —4.94 [95% CI, —7.60 to —2.29; P <
0.001]). Similarly, there were significant time-by-group interaction effects in anxiety at 4 weeks
post-treatment (f, —2.65 [95% CI, —4.96 to —0.34; P = 0.024]) and in motor symptoms imme-
diately after treatment (B, —5.72 [95% CI, —9.10 to —2.34; P = 0.001] and at 4 weeks post-
treatment (B, —5.43 [95% CI, —10.24 to —0.61; P = 0.027]).

Conclusion: The study suggested that neuronavigated high-frequency rTMS at left DLPFC is
effective for depression, anxiety, and motor symptoms in PD patients.
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1. Introduction

Parkinson’s disease (PD) is the second most common neurodegenerative disease that poses a substantial burden on patients,
families, and society [1,2]. Among the various non-motor symptoms associated with PD, depression (DPD) is particularly common,
affecting up to 22.9% of PD patients [3,4]. The onset of depression in PD is insidious and often precedes the onset of typical motor
symptoms [5]. Moreover, research suggests that depression is a clinical prodromal sign of PD and an independent risk factor for its
development, with depressed individuals being 3.24 times more likely to develop PD than the general population [6,7].

Compared to primary depression, patients with DPD often experience additional symptoms such as anxiety, irritability, sadness,
pessimism about the future, and a higher prevalence of death and suicidal ideation. Studies indicated that 28% of PD patients have
experienced death ideation, 11% have had suicidal ideation, and 4% have even attempted suicide [8]. These symptoms have a sub-
stantial negative impact on the quality of life for patients and their families [9,10]. While typical antidepressant medications like
selective serotonin-norepinephrine reuptake inhibitors (SNRIs), selective serotonin reuptake inhibitors (SNRIs) and tricyclic antide-
pressants (TAs) are commonly feasible for DPD [11], SSRIs and SNRIs may worsen the symptoms of Parkinsonism, such as dystonia and
tremor, and may induce 5-hydroxytryptamine syndrome; TAs, on the other hand, have anticholinergic effects, cognitive impairment,
postural hypotension, and increase risk of falls in patients. Given that PD patients are typically older and often have multiple
comorbidities and medications [12], treating depression becomes more complicated. Therefore, exploring non-pharmacological al-
ternatives with fewer side effects and risks is crucial for alleviating depressive symptoms in PD.

Repetitive transcranial magnetic stimulation (rTMS) is a non-invasive neuromodulation technique based on the electromagnetic
induction principle. In recent years, clinicians have shown increasing interest in its potential role in the treatment of neuropsychiatric
disorders [13,14]. Several studies have investigated the effects of rTMS on depression in PD, but the results have been inconsistent
[15]. A recent randomized, sham-stimulation-controlled study reported no significant improvement in depression symptoms [16].
Variations in stimulation targets, parameters, and localization methods may contribute to these discrepancies. The selection of
stimulation targets in rTMS studies for DPD has primarily focused on the primary motor cortex (M1) and the left dorsolateral prefrontal
cortex (DLPFC). While M1 stimulation has demonstrated efficacy in improving motor symptoms, DLPFC stimulation has shown po-
tential in addressing depressive symptoms. Abnormal functional connections within the prefrontal-limbic network have been observed
in patients with DPD [17,18]. The dorsolateral prefrontal cortex (DLPFC), with its extensive connectivity to the limbic system, other
prefrontal and parietal regions, and subcortical structures, has emerged as a promising target for rTMS in DPD. Animal studies have
demonstrated the beneficial effects of r-TMS stimulation of the left DLPFC on dopamine synthesis and release in PD models, which has
been shown to increase dopamine levels in regions such as the hippocampus, striatum, and nucleus accumbens, reduce
inflammation-related factors, and protect against the loss of dopaminergic neurons in the nigrostriatal pathway. Moreover, these
findings have been further supported by evidence of improved mood and motor function recovery in PD animal models [19-22].
Furthermore, human studies have corroborated the beneficial effects of rTMS stimulation of the left DLPFC, which have shown
increased dopamine release [23] and cortical excitation [24] in specific regions such as the left subgenual anterior cingulate cortex and
medial orbitofrontal cortex following high-frequency rTMS stimulation of the left DLPFC. In addition, the localization methods used to
target the DLPFC can impact the effectiveness of r'TMS. Previous studies have mainly relied on the “standard” localization method,
which positions the target approximately 5 cm in front of M1 without considering individual differences in skull and brain
morphology. However, the use of neuronavigation, a novel method that incorporates individual brain information, allows for more
precise targeting of specific regions. Studies have found that using neuronavigation resulted in the DLPFC being positioned approx-
imately 2 cm more anterolateral than conventional methods, which may have implications for treatment outcomes [25,26]. Lastly, the
after-effect of rTMS treatment may depend on stimulation frequency, stimulation time, and the duration of stimulation, with longer
stimulation time leading to longer after-effects [4,27]. Previous studies have mainly focused on a stimulation frequency of 5 Hz and a
daily total of 600 pulses [28,29], which may can be explored for a higher stimulation frequency and larger number of stimulation
pulses.

Therefore, in this randomized, double-blind, sham-controlled clinical trial, we aimed to evaluate the safety and efficacy of high-
frequency (10 Hz) and a daily total of 1200 pulses rTMS in patients with DPD by precisely localizing the left DLPFC using a neuro-
navigation system with high-resolution structural magnetic resonance imaging (MRI). We hypothesized that the active stimulation
group guided by neuronavigation will show greater efficacy in alleviating depression in PD compared to the sham-stimulation
controlled group.

2. Methods
2.1. Study design

This was a randomized, double-blind, sham-controlled study, which recruited 60 patients with DPD from the Department of
Neurology, Guangdong Provincial People’s Hospital, Guangdong Province. The study was approved by the Institutional Ethics
Committee of Guangdong Provincial People’s Hospital (No. GDREC2020181H(R1)) and registered at ClinicalTrials.gov (registration
code: NCT04707378). Before the trial, all participants provided informed consent.

2.2. Participants recruitment

Inclusion criteria: (a) aged between 18 and 85 years and diagnosed with idiopathic Parkinson’s Disease by two neurologists based
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on the 2015 MDS diagnostic criteria for Parkinson’s Disease, with either “clinically established PD” or “clinically probable PD” [30];
(b) met the DSM-IV diagnostic criteria for depression; (c) had a stable drug regimen for at least 28 days if taking a combination of
antiparkinson agents, which was maintained during treatment and follow-ups; (d) had not taken any antidepressants for at least 2
months; (e) subjects and their families were able to comply with the study protocol; (f) subjects and their legal representatives agreed
to participate in the study and signed the informed consent form.

Exclusion criteria: (a) Secondary Parkinsonism or Parkinsonism Plus Syndrome caused by drugs, vascular lesions, toxic, tumors,
trauma, and other insults; (b) unable to cooperate with MRI scanning or rTMS treatment due to persistent head tremor; (c) dementia;
(d) severe psychiatric symptoms and suicidal tendencies; (e) history of impaired consciousness, stroke, or severe neuropsychiatric
disease within 1 year before screening; (f) contraindications to rTMS, including cochlear implants, deep brain stimulation, pacemakers,
medical pumps, and other metal-containing devices close to stimulation sites; history of epilepsy, traumatic brain injury, brain tumor,
encephalitis, cerebrovascular disease, or cerebral metabolic disease; sleep deprivation, unrecovered jet lag, intoxication, overexertion;
pregnancy and heart disease; (g) contraindications to MRI scanning, including metal implants, retractors, stents, and claustrophobia.

2.3. Neuronavigated rTMS

All treatments were performed using the Visor 2 neuronavigation system (ANT Neuro, Berlin, Germany), which enables the
modeling of individual brains based on high-resolution cranial structural MRI. This system allowed for precise targeting of the left
DLPFC, of which the Talairach coordinates is (—42.17, 33.73, 34.74) [31]. The rTMS stimulator used was the YRD CCY-1 transcranial
magnetic stimulator with an 8-character coil (Yiruide, Wuhan, China). In the active stimulation group, the coil was kept in a horizontal
position, while in the sham stimulation group, it was kept vertical. Stimulation frequency was set at 10 Hz, and intensity was set at
100% resting motor threshold [32]. Each session consisted of 2s stimulation followed by an 18s interval, for a total of 60 sessions and
1200 pulses of stimulation per day over 10 consecutive days.

2.4. (Clinical symptoms assessment

Subjects underwent evaluations at baseline, immediately after treatment, as well as 2 and 4 weeks post-treatment, respectively. The
primary outcome was the change in Hamilton Rating Scale for Depression (HAMD) scores. HAMD, known for its satisfactory reliability
and high validity, is recommended for assessing depression in PD [33,34]. Response was defined as a decrease of more than 50% in
HAMD score from baseline, while remission was defined as a HAMD score of less than 8 [35]. Secondary outcomes included the
Hamilton Rating Scale for Anxiety (HAMA) to assess anxiety status; the Mini-mental State Examination (MMSE) and the Montreal
Cognitive Assessment Scale (MoCA) to evaluate cognitive function, and the Part III of MDS-Unified Parkinson’s Disease Rating Scale
(MDS-UPDRS-III) to assess motor symptoms. We have implemented few measures to manage inter-rater reliability in the adminis-
tration of the HAMD and all the other rating scales, including training sessions, regular meeting and discussions.

2.5. Statistical methods

2.5.1. Sample size calculation

Sample size calculation was conducted using R 3.6.2. Based on the pre-experiments’ results and previous study [36], we assumed
that the response rate of high frequency rTMS stimulation in patients with Parkinson’s disease and depression was 45% in the active
stimulation group and 10% in the sham stimulation group. To achieve a power of 80% and a significance level of 0.05 for the difference
testing of two sample rates, a required sample size of 56 cases was calculated, assuming a dropout rate of 20%. We increased the sample
size to 60, with 30 subjects randomly assigned to each group.

2.5.2. Statistical analysis

Statistical analysis was performed using a modified intention-to-treat analysis in R 3.6.2. Normality tests were conducted on
continuous numerical data at baseline, in which age, years of education, LED, HAMD, HAMA, and MDS-UPDRS-III were normally
distributed, thus reported as “mean (standard deviation)” and compared using a student t-test between groups. On the other hand, for
non-normally distributed data such as disease duration, MMSE and MoCA, the median and interquartile range (25th—75th percentile)
were reported, and the Wilcoxon rank sum test was used for group comparisons. Categorical data such as gender, H-Y stage, response,
and remission were reported as frequencies (percentages) and compared using the chi-square test. The generalized estimating equation
(GEE) analysis was employed to analyze the repeated primary and secondary outcome measures over time, with treatment group
(active vs. sham) as the between-subject factor and time (baseline, post-treatment, 2-week post-treatment, and 4-week post-treatment)
as the within-subject factor. Furthermore, age, gender, education, disease duration, LED and baseline MDS-UPDRS-III were included in
the operational correlation matrix by considering the QIC (Quasi-likelihood under the independence model criterion) and clinical
practice, and the correlation between any two follow-up visits was assumed to be equal. All statistical analyses were two-tailed, and P
values less than 0.05 were considered statistically significant.
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3. Results
3.1. Baseline period characteristics

As shown in Fig. 1, a total of 188 potential participants were initially screened for eligibility, of whom 60 were randomized to
receive the intervention. Two patients were unable to complete the treatment due to COVID-19 epidemic prevention and control
measures in Guangzhou, and one patient in the active stimulation group was excluded for self-adjustment of antiparkinson drugs
without informing the researchers in advance. The demographic and clinical characteristics of the two groups were similar at baseline,
as summarized in Table 1. Notably, there was a statistically significant difference in years of education between the two groups (P =
0.009), with the active stimulation group having a longer education than the sham stimulation group. However, there were no sta-
tistically significant differences in HAMD and MDS-UPDRS-III scores between groups at baseline (P = 0.367 and P = 0.362,
respectively).

3.2. Safety analysis

The patients in both groups tolerated the treatment well. Only two subjects in the active stimulation group reported mild transient

Enrollment

Assessed for eligibility

(n=188)
Excluded(n=128):
o Not meet inclusion criteria(87)
i e Declined to participate(41)
Randomized
(n=60)
I
Allocation
Active stimulation(n=30) : Sham stimulation(n=30) :
o Received navigated left- ¢ Received navigated left-
DLPFC active 'TMS(30) DLPFC sham rTMS(30)
Follow-up

v v

e Discontinued intervention(n=1)
e Lost to follow-up(n=1)

I I

¢ Discontinued intervention(n=1)

Analysis
v v
e Analyzed(n=27) e Analyzed(n=28)
¢ Excluded from analysis(n=0) e Excluded from analysis(n=0)

Fig. 1. Flow diagram of neuronavigated rTMS to treat depression in Parkinson’s disease.
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Table 1
Participants’ demographic and clinical features at the baseline.
Sham stimulation (n = 29) Active stimulation (n = 28) P

Age 64.3 (8.9) 62.7 (12.9) 0.580
Gender 0.514

Female 17 (58.6%) 14 (50%)

Male 12 (41.4%) 14 (50%)
Education year 8.4 (4.2) 11.3 (3.9) 0.009
Disease onset 60 (54,65) 57.5 (46,62.2) 0.354
Disease duration 3(2,7) 7 (3,10.2) 0.071
LED 396.1 (340.9) 391.5 (235.4) 0.953
HAMD 21.1 (6.2) 19.5 (7.1) 0.367
HAMA 14.2 (4.7) 13.7 (6) 0.712
MDS-UPDRS-IIT 38(13) 41.7 (17) 0.362
H-Y stage 0.140

1 0 (0%) 1 (3.6%)

1.5 0 (0%) 1 (3.6%)

2 13 (44.8%) 16 (57.1%)

2.5 14 (48.3%) 5 (17.9%)

3 2 (6.9%) 4 (14.3%)

4 0 (0%) 1 (3.6%)
MMSE 28 (26,29) 28 (26,29) 0.871
MoCA 25 (22,27) 25.5 (23,28) 0.466

LED: Levodopa Equivalent Dose, HAMD: Hamilton Rating Scale for Depression, HAMA: Hamilton Rating Scale for Anxiety, MDS-UPDRS-IIL: Part III of
Movement Disorders Society-Unified Parkinson’s Disease Rating Scale, H-Y Scale: Modified Hoehn-Yahr Stage, MMSE: Mini-mental State Exami-
nation and MoCA: Montreal Cognitive Assessment Scale.

headaches at the stimulation target during the initial treatment, which subsided soon after treatment. No adverse effect was reported in
the sham stimulation group.

3.3. Effect of rTMS treatment

3.3.1. Primary outcome: depression

Table 2, Fig. 2A and B illustrated the results of the primary outcome, HAMD. In the active stimulation group, the HAMD score
reduced by 7, 8.7, and 8.9 points (P = 0.001, P = 0.010 and P < 0.001) from baseline immediately after treatment, at 2 weeks post-
treatment, and at 4 weeks post-treatment, respectively. The GEE analysis of HAMD in Table 3 showed significant time effects, revealing
significant improvements of 2.66, 4.93, and 3.72 points (P = 0.001, P < 0.001, P < 0.001) in the sham stimulation group. Additionally,
there were significant time-by-group interaction effects in depression immediately after treatment (p, —4.34 [95% CI, —6.90 to —1.74;
P =0.001]), at 2 weeks post-treatment (, —3.66 [95% CI, —6.43 to —0.90; P = 0.010]), and at 4 weeks post-treatment (§, —4.94 [95%
CI, —7.60 to —2.29; P < 0.001]), revealing that the active stimulation group had significant improvement than the sham stimulation

Table 2
Measurements of primary depression and secondary outcomes.
Scales Visit Scale scores Changes in scale scores
Sham stimulation Active stimulation P Sham stimulation Active stimulation P
(n=29) (n=28) (n=29) (n =28)

HAMD Baseline 21.1 (6.2) 19.5(7.1) 0.367 - - -
After treatment 18.5 (5.5) 12.5 (5.5) <0.001 —2.7 (4.3) -7 (5.4) 0.001
2 weeks post-treatment 16.2 (5.9) 10.8 (4.4) <0.001 -4.9 (5.4 -8.7 (5.3) 0.010
4 weeks post-treatment 17.4 (7.5) 10.7 (5.1) <0.001 -3.7(5.3) -8.9(5) <0.001

MDS-UPDRS-III Baseline 38 (13) 41.7 (17) 0.362 - - -
After treatment 39 (33,46) 37.5 (23,48) 0.507 0.8 (7.7) —4.8 (5.4) 0.003
2 weeks post-treatment 35 (31,42) 35.5(19.8,49.8) 0.981 -3(-10,2) —5(-9.2,-2) 0.174
4 weeks post-treatment 36.2 (10.8) 34.5 (17.7) 0.654 -1.8(9.9) -7.2(8.6) 0.032

HAMA Baseline 14.2 (4.7) 13.7 (6) 0.712 - - -
After treatment 12.1 (4.1) 9.6 (5.4) 0.057 -2 (—4,-1) —3.5(-7.2,-0.8) 0.100
2 weeks post-treatment 11.6 (4.2) 8.6 (4.2) 0.011 —-2.7 (4.1) -5.1(5) 0.052
4 weeks post-treatment 11.9 (5.5) 8.7 (3.6) 0.011 -2.3(3.8) -5 (4.9) 0.023

MMSE Baseline 28 (26,29) 28 (26,29) 0.871 - - -
4 weeks post-treatment 28 (28,30) 28 (27,30) 0.654 0.7 (1.5) 0.6 (1.8) 0.786

MoCA Baseline 25 (22,27) 25.5 (23,28) 0.466 - - -
4 weeks post-treatment 26 (25,28) 26.5 (24.8,28.2) 0.724 1.4 (2.3) 0.6 (2.5) 0.228

LED: Levodopa Equivalent Dose, HAMD: Hamilton Rating Scale for Depression, HAMA: Hamilton Rating Scale for Anxiety, MDS-UPDRS-III: Part III of
Movement Disorders Society-Unified Parkinson’s Disease Rating Scale, MMSE: Mini-mental State Examination, and MoCA: Montreal Cognitive
Assessment Scale. “-~” indicates no data at this visit.
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Fig. 2. A. HAMD at each follow-up visit. B. Changes of HAMD at each visit. The red line represents sham stimulation group, and green line rep-
resents active stimulation group. C. Response at each visit, and response was defined as a more than 50% reduction in HAMD score from baseline. D.
Remission at each visit, and remission was defined as HAMD score <8. *P < 0.05, **P < 0.001. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

Table 3

Estimates of group, time, and interaction effects in HAMD.
Parameter Estimate (p) Standard Error 95% Confidence Limits Z p
Intercept 19.27 3.80 11.82 26.72 5.07 <.001
Group —0.80 1.87 —4.47 2.87 —0.43 0.670
Time 2 vs 1 —2.66 0.78 —4.18 -1.13 —-3.42 0.001
Time 3 vs 1 —4.93 0.98 —6.85 -3.01 —5.04 <.001
Time 4 vs 1 —-3.72 0.97 —5.62 —-1.83 -3.85 <.001
Group*Time (1 vs 2) —4.34 1.30 —6.90 -1.79 —-3.34 0.001
Group*Time (1 vs 3) —3.66 1.41 —6.43 —0.90 —-2.60 0.010
Group*Time (1 vs 4) —4.94 1.35 -7.60 —-2.29 —3.65 <.001
Age 0.10 0.06 —0.01 0.21 1.71 0.087
Sex —-2.20 1.63 -5.39 0.99 -1.35 0.177
Education —0.30 0.17 —0.64 0.04 -1.71 0.088
Disease Duration —0.05 0.16 -0.37 0.26 —0.34 0.735
LED 0.00 0.00 —0.01 0.01 —0.21 0.834

Generalized estimating equation was used for group main effect, time main effect, and group*time interaction effect analysis. Time 2 vs 1, time 3 vs 1
and time 4 vs 1 represent HAMD changes in sham stimulation group between immediately, 2 weeks post-treatment, 4 weeks post-treatment and
baseline, respectively. Group*Time 1 vs 2, 1 vs 3, 1 vs 4 represent changes of HAMD-change between active stimulation and sham stimulation group
after treatment, 2 weeks post-treatment, and 4 weeks post-treatment, respectively. LED: Levodopa Equivalent Dose, HAMD: Hamilton Rating Scale for
Depression.

group in depression at all follow-up visits.

Response and remission are also typical indicators for evaluating antidepressant effects. As demonstrated in Fig. 2C and Supple-
mentary Table 1, the response rates in the active stimulation group were 28.6%, 32.1%, and 35.7%, respectively, which were higher
than those in the sham stimulation group, and the differences were statistically significant (P = 0.011, P = 0.044, P = 0.022).
Meanwhile, in Fig. 2D and Supplementary Table 1, the remission rates in the active stimulation group were 17.9%, 21.4%, and 35.7%,
respectively, which was higher than in the sham stimulation group at 4 weeks post-treatment, and the difference was statistically
significant (P = 0.008).
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3.4. Secondary outcomes

3.4.1. Motor symptoms

Table 2, Fig. 3A and B presented the results of the motor symptom, MDS-UPDRS-IIL In the active stimulation group, the MDS-
UPDRS-III score reduced by 4.8 and 7.2 points (P = 0.003 and P = 0.032) from baseline immediately after treatment and at 4
weeks post-treatment. The GEE analysis of MDS-UPDRS-III in Supplementary Table 2 showed no significant time effects in the sham
stimulation group. However, there were significant time-by-group interaction effects in motor symptoms immediately after treatment
(B, —5.72 [95% CI, —9.10 to —2.34; P = 0.001] and at 4 weeks post-treatment (f, —5.43 [95% CI, —10.24 to —0.61; P = 0.027]),
revealing that the active stimulation group had significant improvement than the sham stimulation group in motor symptoms
immediately after treatment and at 4 weeks post-treatment.

3.4.2. Anxiety

Table 2Fig. 4A and B illustrated the results of the anxiety, HAMA. In the active stimulation group, the HAMA score decreased by 5
points (P = 0.023) from baseline at 4 weeks post-treatment. The GEE analysis of HAMA in Supplementary Table 3 showed significant
time effects in the sham stimulation group, with improvements of 2, 2.7, and 2.3 points (P = 0.001, P < 0.001, P < 0.001), indicating a
placebo effect on anxiety symptoms. Similarly, there were significant time-by-group interaction effects in anxiety at 4 weeks post-
treatment (8, —2.65 [95% CI, —4.96 to —0.34; P = 0.024]), revealing that the active stimulation group had significant improve-
ment than the sham stimulation group in anxiety at 4 weeks post-treatment.

3.4.3. Cognitive function

The study also examined the impact of the treatment on cognitive function, as measured by MMSE and MoCA. The results, shown in
Table 2, Supplementary Tables 4 and 5, indicate that there was a slight improvement of 0.69 and 1.41 points in MMSE and MoCA in the
sham stimulation group at 4 weeks post-treatment, and these improvements were statistically significant (P = 0.011 and P = 0.001).
However, GEE analysis showed that there was no statistically significant time-by-group interaction effect in MMSE and MoCA between
groups, revealing that there was no significant difference between the two groups in cognition function changes.

4. Discussion

In light of the current dearth of effective therapies and the inconsistent findings regarding the impact of rTMS on depression in
Parkinson’s disease (PD), the present study sought to examine the safety and efficacy of high frequency (10 Hz) neuronavigated rTMS
on the left DLPFC in DPD patients. Our findings demonstrated that DPD patients tolerated the neuronavigated rTMS procedure well,
with only minor and transient head pain localized to the stimulation target noted in the active stimulation group and no reports of
serious adverse reactions. Notably, the treatment resulted in a reduction in depression symptoms that persisted for four weeks and was
also associated with improvements in anxiety and motor symptoms in Parkinson’s disease patients.

The results of this study demonstrated that high-frequency neuronavigated rTMS stimulation on the left DLPFC can effectively
improve depressive symptoms in DPD patients over a 10-day treatment period. The improvement was found to be significant compared
to the sham stimulation group. Although depressive symptoms also improved in the sham stimulation group, they worsened 4 weeks
after treatment, possibly due to a reduction in the placebo effect. In contrast, the improvement in the active stimulation group
remained stable up to 4 weeks after treatment. The study observed a significant decrease in HAMD scores by 7, 8.7, and 8.9 points in
active stimulation patients, with response rates of 28.6%, 32.1%, and 35.7% after treatment, 2 weeks and 4 weeks post-treatment,
respectively. The results of this study were consistent with previous small sample size research that indicates high-frequency rTMS
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Fig. 3. A. MDS-UPDRS-III at each follow-up. B. Changes of MDS-UPDRS-III at each visit. The red line represents sham stimulation group, and the
green line represents active stimulation group. *P < 0.05. (For interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)
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Fig. 4. A. HAMA at each follow-up visits. B. Changes of HAMA at each visit. The red line represents sham stimulation group, and green line
represents active stimulation group. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of
this article.)

stimulation of the left DLPFC as an effective method for alleviating depressive symptoms [15,24,28,29,37]. However, the Brys study
did not show significant improvement [38], possibly due to the small sample size of each group, which was not statistically valid
enough to show statistical differences. Moreover, Brys conducted interim analyses on various subgroups, which were prematurely
discontinued due to the absence of demonstrated improvement. This premature termination potentially augmented the likelihood of
committing a type II error. Additionally, the study included a heterogeneous patient population encompassing both early and late stage
disease, with participants who were not currently using antidepressants. This heterogeneity might have obscured the effects observed
within specific subgroups, such as the sham-stimulation group consisting of younger Parkinson’s disease patients with shorter disease
duration, who exhibited a noteworthy placebo effect. Furthermore, it is worth noting that participants were informed that this study
aimed to enhance both motor and nonmotor symptoms, a factor that could have heightened the placebo effect and consequently
influenced the overall outcomes. A recent meta-analysis that included five eligible studies with 202 patients supports the potential
effectiveness of DLPFC stimulation in alleviating depressive symptoms [39], which further strengthens our conclusion. Compared to
previous studies, this study showed a more significant remission of depressive symptoms. In 2010, Pal conducted a study including 22
patients with DPD who underwent 10-day rTMS treatment with a frequency of 5 Hz and 600 pulses per day. The study found that BDI
scores decreased from 9 to 5 points and MADRS scores decreased from 11.5 to 10 points after treatment. One month after treatment,
BDI scores remained at 5 points and MADRS scores decreased to 8.5 points, resulting in treatment responsiveness of 75%. It is worth
noting that Pal defined “treatment responsiveness” as a minimally important clinical difference, i.e., a decrease of at least 2 points in
MADRS score, which is much lower than the “response” criteria used in our study (HAMD score decreased by 50% or more) [40].
Similarly, Shin included 21 patients and used similar treatment parameters to the Pal study. Although the results showed improvement
in patients’ depressive symptoms after treatment, and the effect lasted for six weeks, this study did not calculate the difference in
changes between the active and sham stimulation groups [29]. Compared to these two studies, our study demonstrated a more
substantial improvement in depressive symptoms among individuals with DPD, which can be attributed to the higher stimulation
frequency, more pulsed stimulation, and the use of neuronavigation to localize the stimulation target accurately [41].

Besides relieving depressive symptoms, high-frequency neuronavigated rTMS treatment also demonstrated a positive effect on
motor symptoms that persisted for up to 4 weeks. The MDS-UPDRS-III scores decreased by 4.8, 5, and 7.2 points from baseline at post-
treatment, 2 weeks post-treatment, and 4 weeks post-treatment, respectively. Previous studies focusing on rTMS treatment for motor
symptoms in Parkinson’s disease (PD) have predominantly concentrated on high-frequency stimulation on M1 or supplementary motor
area (SMA) [42-44]. Conversely, no noteworthy effects have been observed when targeting the left DLPFC [45]. The Pal study,
employing 5 Hz stimulation, demonstrated a reduction of 2.5 and 7.5 points on the UPDRS-III scale at the post-treatment and 1-month
post-treatment, respectively. However, the improvement in motor symptoms observed after treatment was comparatively weaker than
the current study, which showcased a similar sustained effect on motor symptoms at the 1-month follow-up period [28]. In the Brys
study, where the HAMD and UPDRS-III were employed as primary outcome measures [16], the results indicated a 3.5-point decrease in
UPDRS-III one month after high frequency stimulation of the left DLPFC, combined with sham stimulation of bilateral M1 in PD
patients. However, this difference did not reach statistical significance, and no amelioration in depressive symptoms or motor
symptoms was observed with combined stimulation of the left DLPFC and bilateral M1. Nonetheless, a study targeting bilateral M1
sites in PD with depressive symptoms as the primary outcome found improvements in both depressive symptoms and motor symptoms
[46]. This suggests that rTMS treatment may be more likely to benefit both symptoms in PD patients with depression, and the precise
targeting of neuronavigation can improve the outcomes. Additionally, it is acknowledged that the impact of the left DLPFC stimulation
on motor symptoms in PD patients may be attributed to either a direct effect or an indirect effect resulting from the antidepressant
effect. However, due to the limitations of a comparatively small sample size trial with 60 subjects, further investigation with larger
sample sizes, such as path analysis, would be needed to address this question.

In addition to improvements in depressive symptoms, our study also demonstrated significant improvements in anxiety symptoms
immediately after treatment and at 4 weeks post-treatment, with possible reasons including the combination of the elimination of the
placebo effect in the sham stimulation group and the post-treatment effect of rTMS. The prevalence of anxiety in PD patients is
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estimated to be around 31% [47]. While there has been no randomized controlled trial investigating the use of rTMS for PD with
anxiety, reductions in anxiety symptoms have been observed in some other interventions such as antidepressants [48,49], cognitive
behavioral therapy [50] and atomoxetine [51]. A non-randomized controlled trial conducted in 2007 on seven patients with DPD
found that 10 sessions of high-frequency (20 Hz) stimulation on left DLPFC led to improvements in both trait and state anxiety
improved [52]. As depression and anxiety are highly correlated, with significant symptom overlap, improvements in depressive
symptoms may also contribute to the improvements seen in anxiety symptoms among patients with DPD following rTMS treatment
[53]. Furthermore, the findings of this study, which indicate higher levels of anxiety symptoms in older individuals with DPD, are
inconsistent with previous research. Previous studies have demonstrated that early-onset PD is more susceptible to anxiety compared
to late-onset PD, irrespective of the severity of motor symptoms [54]. Moreover, it has been observed that anxiety symptoms tend to
gradually decline after the age of 45 in middle-aged and older populations, whereas depressive symptoms gradually decrease after the
age of 65 [55]. However, it is important to note that the patient population in this study was primarily concentrated between the ages
of 60 and 65, at which point the severity of depressive symptoms may be peaking. Furthermore, as age increases, motor symptoms tend
to become more severe, leading to heightened anxiety among patients. Anxiety symptoms often receive less attention than depressive
symptoms in individuals with Parkinson’s disease, but the results of this study suggest that rTMS treatment for depression in PD
patients may also have a positive impact on alleviating anxiety symptoms.

Finally, the study found no improvement in cognitive symptoms after rTMS treatment, which is consistent with previous studies
[56]. Current evidence does not yet support the use of rTMS to improve cognitive function in PD patients. However, the one-month
follow-up in this study may not have been sufficient to evaluate changes in cognitive function.

Moreover, it is also worth noting that the improvements in this study present a tendency towards after-effects. Specifically, the
improvements didn’t occur or change that much immediately after the treatment, but rather at 2 weeks or 4 weeks post-treatment. For
example, depression improved more at the last two visits and anxiety showed improvement only at the last visit. This observation is
consistent with previous studies, which have also reported slight after-effects of rTMS treatment [57,58]. However, the improvements
of both depressive symptoms and motor symptoms in our study showed a more pronounced after-effect and were overall stronger. The
after-effect of TMS treatment may depend on stimulation frequency, stimulation time, and the duration of stimulation, with longer
stimulation times leading to longer after-effects [4,27]. The physiological mechanisms underlying after-effects are not yet fully un-
derstood, but some studies suggest that they may be related to long-term potentiation and long-term depression, which modulate
neural circuitry over time by modulating neuroplasticity [40].

The study had several limitations that should be acknowledged. Firstly, the generalizability of the findings may be limited due to
certain factors. The characteristics of the participants, such as their specific demographic group and particular clinical profiles, may
restrict the applicability of the results to broader populations of PD patients. For instance, most of the patients included in the study
were at an age where the severity of depressive symptoms may be reaching its peak. Therefore, caution should be exercised when
extrapolating these findings to PD patineds. Additionally, the intervention parameters, such as stimulation frequency, stimulation
pulses, and stimulation mode, may not be directly applicable to other interventions or variations in clinical practice. These
intervention-specific factors should be carefully considered when extrapolating the findings to different subgroups of PD patients.
Furthermore, it is important to recognize the inherent limitations of the study design, including sample size, study duration, and
potential biases. For example, the follow-up duration was short, which may not have been sufficient to detect the long-term benefits of
the intervention. These design limitations can impact the reliability and generalizability of the results. Secondly, while high-frequency
rTMS stimulation of the left DLPFC is currently the most established modality for treating depressive symptoms in PD, low-frequency
stimulation of the right DLPFC has also been shown to be potentially effective, and combined bilateral target treatment may produce a
superimposed therapeutic effect. Therefore, more research is needed to explore the use of various combined stimulation modalities.
Furthermore, recent studies have suggested that utilizing functional MRI to identify abnormal functional connectivity for treatment
target selection may be more effective in alleviating depression than high-resolution structural MRI-guided rTMS [59,60]. Although
neuronavigation was employed for precise target localization in the current study, real-time coil adjustment during treatment was not
achieved. Future studies may benefit from the use of TMS robots that integrate neuronavigation and allow for real-time coil
adjustment.

In summary, our findings indicate that high-frequency rTMS stimulation of the left DLPFC with neuronavigation is a safe and non-
invasive treatment technique that significantly alleviates depressive, anxiety and motor symptoms in PD patients. The treatment can be
repeated as needed, making it a valuable tool for treating PD patients with depression. Further studies are required to optimize
treatment parameters and explore the mechanism of effects.
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