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Abstract

Background: Parkinson’s disease (PD) presents a significant challenge due to its wide
range of motor, non-motor, and treatment-related symptoms. Non-invasive interventions
like transcranial magnetic stimulation (TMS) are being explored for potential therapeutic
benefits. This study aimed to assess if a high-frequency repetitive TMS protocol (HF-rTMS)
consisting of 10 trains of 100 pulses of rTMS at 25 Hz over the motor cortex (M1) at 80%
of the resting motor threshold could be effective in treating motor or non-motor symp-
toms in patients with PD with levodopa-induced dyskinesias. Methods: A randomized,
single-blinded, placebo-controlled pilot trial was conducted with eleven PD patients. Nine
patients received HF-rTMS, while two received sham stimulation. Patients were exhaus-
tively evaluated using validated clinical scales to assess motor and non-motor symptoms.
The study followed a rigorous protocol to avoid bias, with assessments conducted by
a neurologist specialized in single-blinded movement disorder. Results: The HF-rTMS
group experienced a statistically significant slight worsening in both motor and non-motor
symptoms, particularly in the mood/cognition and gastrointestinal domains. However,
positive effects were observed in some non-motor symptoms, specifically reduced excessive
sweating and weight. No adverse effects were reported. Conclusions: Although HF-rTMS
did not produce significant motor improvements, its potential benefit on specific non-motor
symptoms, such as autonomic regulation, warrants further investigation.

Keywords: Parkinson’s disease; levodopa-induced dyskinesia; repetitive transcranial
magnetic stimulation

1. Introduction
Parkinson’s disease (PD) stands as a neurodegenerative disorder with a calculated

incidence of 14.9 per 100,000 Mexicans [1]. Although various pharmacological treatment
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options are available [2], levodopa is more commonly used in Mexico than in other coun-
tries, as 75% of PD patients use it during disease management [3]. The adverse motor
effects of levodopa include motor fluctuations and levodopa-induced dyskinesias (LID).
Within the first year of treatment, about 40% of patients will exhibit LID, which occurs more
frequently in those with severe PD who need larger levodopa doses [4]. LID diminishes
the overall quality of life, particularly in the activities of daily living, emotional well-being,
cognition, and communication domains [5,6]. The management of advanced PD with
motor fluctuations and LID presents a clinical conundrum; even though levodopa adjust-
ments and pharmacological treatment with amantadine are effective options, the adverse
effects in terms of neurological and non-neurological manifestations have encouraged the
development of other treatments [5–10]. Deep brain stimulation (DBS) has been reported
to reduce dyskinesia within the globus pallidus internus or subthalamic nucleus (STN)
stimulation by around 89% and 62%, respectively [7,9,10]. Several studies suggest that
the anti-dyskinetic effect of STN DBS is more dependent on medication reduction than
on a direct anti-dyskinetic effect [6,10]. Unfortunately, some patients are not suitable for
invasive treatments or do not have access to them due to the high costs they represent, so
there is a need for effective, non-invasive therapeutic options that can manage LID and
motor fluctuations in PD.

Electrical and magnetic stimulation of the human brain can be used to activate or sup-
press neurons. Transcranial magnetic stimulation (TMS) is a non-invasive neuromodulation
method that uses a magnetic coil placed over the scalp to generate an electric field, influenc-
ing ongoing brain activity [11–14]. After placing the magnetic coil, a short, high-intensity
magnetic field pulse can be produced, creating electric currents strong enough to cause
neuron depolarization [15]. The stimulation of the primary motor cortex (M1) activates the
corticospinal tract, inducing contraction in the corresponding contralateral muscle. These
contractions can be recorded and are called motor-evoked potentials (MEPs) [16]. Various
frequencies of repetitive transcranial magnetic stimulation (rTMS) can be programmed
to modulate neural activity. The effects on the brain can last minutes to hours after the
stimulation has ended [17–19].

rTMS partially enhances functionality by modulating neural connectivity and exerting
local and distant effects through connectivity between regions, which can be revealed
behaviorally, physiologically, or by combining TMS with neuroimaging [20–23]. Animal
models have shown that rTMS effects rely on NMDA receptor-mediated glutamatergic
function, suggesting the involvement of long-term potentiation and depression mecha-
nisms [24]. Furthermore, other processes, such as neurotrophic, neuroinflammatory, and
neuroendocrine factors, as well as the neuroglia network, appear to contribute to the
observable after-effects [25].

rTMS can be classified as low-frequency (1 Hz or less) rTMS (LF-rTMS), which is
assumed to decrease cortical excitability. High-frequency (5 Hz or greater) rTMS (HF-
rTMS) appears to result in a persistent augmentation of motor-evoked size along with a
concomitant reduction in cortical inhibition activity [11]. This assumption is not the only
variable defining the effect on cortical function, as the inter-train interval in a high-frequency
rTMS protocol and the number of pulses given can vary the long-term effects [26–28].

rTMS has been studied in different diseases; in PD, it has been shown that stimulating
M1 bilaterally using HF-rTMS can be recommended for treating motor symptoms. Various
protocols have been used, but intensified designs using a more significant number of
sessions (even including more sessions per day) could be a way to optimize the efficacy of
rTMS [29]. Alternatively, non-invasive TMS of M1 could be combined with invasive deep
brain stimulation to promote associative plasticity in the brain circuits of motor control [29].
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In our previous study, we applied 25 Hz rTMS over M1 in a 12-week protocol, yielding
positive results in improving motor symptoms in patients with PD, 40% of whom also
exhibited LIDs [30]. However, the LIDs were not studied in detail. Given the short-
term positive effects observed, extending the duration of the same rTMS protocol could
further improve motor symptoms, potentially allowing for a reduction in levodopa dosage.
This study aimed to assess whether using the same intensity protocol over an extended
period could benefit PD patients with LIDs, focusing on the potential for levodopa dosage
reduction or its application as a targeted treatment option for LIDs.

2. Materials and Methods
2.1. Subjects

Thirteen patients with idiopathic PD (Hoehn and Yahr Scale 2–3 in off-state), according
to the diagnostic criteria of the UK Parkinson’s Disease Society Brain Bank [12], participated
in the study (Figure 1). Clinical details of the patients are shown in Table 1. Nine patients
were randomly assigned to the experimental patient (EP) group and the other two to the
sham patient group (SP). The study obtained the approval of the ethics committee of the
Secretaría de Salud de la Ciudad de México, registration number 211/101/999/16. Written
informed consent was obtained from all participants. The study was conducted from
August 2015 to September 2017 and followed the principles of Good Clinical Practice and
the Declaration of Helsinki.

Figure 1. Patient disposition. Of the 50 eligible patients, only 13 signed the informed consent and
were scheduled for the first evaluation. After the initial assessment, two patients in the sham arm left
the study because of medical conditions other than PD. Nine patients finished the rTMS and two
finished the sham protocol.

2.2. Inclusion Criteria

The main inclusion criteria were: ≥18 years old; diagnosis of PD according to the
UK Parkinson’s Disease Society Brain Bank criteria and motor complications associated
with levodopa treatment, both assessed by certificated movement disorder neurologists;
levodopa on a stable dose ≥600 mg/day (in combination with benserazide or carbidopa) for
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at least 28 days before baseline; and a Mini-Mental State Examination score ≥25. Patients
were on fixed doses of their usual anti-Parkinsonian medication for at least one month
before starting the protocol until the end of the study. Amantadine was permitted if
the patient was on stable doses for at least 28 days before baseline and was expected
to be maintained for the duration of the study. The exclusion criteria primarily included
conditions where rTMS or previous treatments involving this technique were not applicable.

Table 1. Clinical characteristics description of the eleven PD patients. No statistical differences were
observed between the rTMS and sham groups.

Population Characteristics rTMS Sham
p

Number of patients 9 2

Age (years; median; 25–75 centile) 73(65.5–77) 53.5 (53–54) 0.098

Sex distribution (%)
Female 3 (33.33%) 1 (50%)

0.658
Male 6 (66.66%) 1 (50%)

Laterality (%)
Right 9 (100%) 2 (100%) -
Left 0 0

Scholarity (years; median; 25–75 centile) 6(4.5–9) 8 (7–9) 0.329

Age at diagnosis of PD (years; median;
25–75 centile) 62(52.5–68.5) 43 (39–47) 0.098

Years with PD (years; median;
25–75 centile) 10 (5.5–15) 10.5 (7–14) 0.813

Initial affected site (%)
Right 3 (33.33%) 0

0.887
Left 6 (66.66%) 2 (100%)

Years with levodopa treatment
(years; median; 25–75 centile) 7(4.5–13) 5 (0) 0.469

Actual levodopa dose (mg/day; median;
25–75 centile)

800
(762.5–1212.5) 875 (700–1050) 0.477

Actual dopa agonist
treatment (%)

Yes 7 (77.77%) 2 (100%)
0.461

No 2 (22.22%) 0

Actual amantadine
treatment (%)

Yes 3 (33.33%) 1 (50%)
0.658

No 6 (66.66%) 1 (50%)

2.3. Procedure

The overall experimental procedure consisted of three rTMS sessions with clinical
evaluation before and after the rTMS treatment. Figure 2 shows a scheme of the various
stages and their timings, with their details described below.

2.4. Transcranial Magnetic Stimulation

Stimulation was administered to patients 60 min after their medication intake, with
all sessions conducted in the morning at the neurology service of Ajusco Medio Hospital
by the same trained physician. The room temperature was maintained at 25 ◦C. During
the experiment, patients were seated in a quiet environment. At the same time, motor
cortex excitability was assessed using a Rapid2 Magstim® device (Magstim Co., Ltd.,
Whitland, Southwest Wales, UK) equipped with an 80 mm figure-of-eight coil. The coil was
positioned over M1, explicitly targeting the right abductor pollicis brevis (APB) muscle,
with a mechanical arm ensuring the coil remained tangential to the scalp at a 45◦ angle.
MEPs were recorded using electromyography.

Transcranial magnetic stimulation (TMS) intensity was individualized based on the
resting motor threshold (RMT), defined as the minimum stimulus intensity required to
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evoke an MEP of ≥50 µV in at least 5 out of 10 consecutive trials of the relaxed muscle.
The repetitive TMS (rTMS) protocol involved bilateral stimulation, comprising 10 trains of
100 pulses delivered at 25 Hz over M1 at 80% of the RMT for the right APB muscle. The
experimental group (EP) received active stimulation, while in the SP, the coil was positioned
vertically to prevent stimulation while replicating the sensation of coil placement. This 15-session
protocol was implemented five times during the first week of each month for three months.
Patients were evaluated during different weeks to prevent communication between them.

Figure 2. General treatment schedule. (A) Baseline evaluation was conducted in off-state and before
the rTMS application. Patients were evaluated during the morning before rTMS using the Movement
Disorder Society Unified Parkinson’s Disease Rating Scale, the Unified Dyskinesia Rating Scale, and
the Non-Motor Symptom Assessment Scale for Parkinson’s Disease. The rTMS protocol is detailed in
the methodology. (B) The same evaluation considerations were applied to the sham group.

2.5. Clinical Evaluation

To ensure consistency, a movement disorder specialist neurologist, blinded to the
procedure, evaluated the patients in the off-medication state one hour before the rTMS
session. The assessments were conducted using the Movement Disorder Society Unified
Parkinson’s Disease Rating Scale (MDS-UPDRS), the Unified Dyskinesia Rating Scale
(UDysRS), and the Non-Motor Symptom Assessment Scale for Parkinson’s Disease (NMS)
(Figure 2). No changes were made to the patients’ Parkinson’s disease treatment regimen
throughout the study.

2.6. Study Design

This study used a randomized, single-blind, placebo-controlled, two-arm design to
evaluate the long-term effects of HF-rTMS on motor and non-motor symptoms in PD and
LIDs. Evaluations were conducted by a single-blinded movement disorder neurologist,
ensuring the consistency of the assessments. Patients were evaluated in the off-medication
state using the MDS-UPDRS, the UDysRS, and the NMS. To eliminate potential information
bias, the sham and stimulation groups were assessed in separate weeks, preventing partici-
pant interaction. HF-rTMS administration was standardized, with all sessions conducted
by the same physician trained in brain stimulation techniques.

2.7. Statistical Analysis

Statistical analyses were performed using the Statistical Package for the Social Sci-
ences (SPSS), version 25. The normal distribution of the variables was assessed using the
Kolmogorov–Smirnov test. For normally distributed variables, the Fisher test was applied.
Differences were analyzed using the non-parametric Mann–Whitney U and Wilcoxon tests
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for variables that did not meet normal distribution criteria. The data are presented as
median ±25–75 centile and statistical significance was set at p < 0.05.

3. Results
3.1. Patient Characteristics

Thirteen right-handed patients were randomly assigned: nine to the rTMS group and
four to the sham group. Two patients in the sham group left the study because of medical
conditions other than PD. Patient disposition is shown in Figure 1. Patients in the rTMS
group were older than the sham patients. Disease duration was longer in the rTMS group;
in both groups, initial PD manifestations were in the left hand. There was no difference
between the two groups in the treatment scheme and dose for PD and dyskinesias. None
received treatment with monoamine oxidase inhibitors or anticholinergic inhibitors. None
had a family history of PD or tremor (Table 1).

3.2. Clinical Evaluation Showed No Differences Between Groups Before and After Intervention

The baseline evaluation between both groups using the MDS-UPDRS, the Hoehn
and Yahr Scale (H&Y), the Non-Motor Symptom Assessment Scale for PD (NMS), and the
Unified Dyskinesia Rating Scale (UDysRS) presented no statistical difference. The only
evaluation with a statistical tendency was the MDS-UPDRS Part 3 scale (p = 0.059), which
was more affected than the sham group (Table 2).

The MDS-UPDRS evaluation showed no differences between parts 1 and 2. The rTMS
group worsened in parts 3 and 4; the analysis performed on the different components that
conformed to the scale showed that left-hand, posture, and left-hand kinetic tremors were
the most affected post-rTMS treatment (Table 3). There was no impact in either group in
the H&Y evaluation.

In the NMS, the rTMS group showed detriment in mood/cognition (one point of
difference) and gastrointestinal tract (three points of difference). In the miscellaneous
group, the general evaluation showed a benefit (nine points of difference) because of a
positive impact on weight change (two points of difference) and excessive sweating (four
points of difference). The sham group experienced detriment in cardiovascular assessment
(three points) and urinary symptoms (four points). However, the evaluation showed
improvements in sleep/fatigue symptoms (10 points), attention and memory (1 point),
sexual function (4.5 points of difference), and miscellaneous (9 points of difference) (Table 3).

Table 2. Baseline and post-stimulation clinical characteristics. p1 compares the first and last eval-
uations in the stimulated arm, analyzed with the Wilcoxon test. p2 compares the first and last
evaluations in the sham group, analyzed with the Wilcoxon test. p3 compares the initial assessment
between both groups, analyzed with the U Mann–Whitney test. p4 compares the last evaluation
between both groups, analyzed with the U Mann–Whitney test. H&Y—Hoehn and Yahr Scale;
NMS—Non-Motor Symptom Assessment Scale for PD; UDysRS—Unified Dyskinesia Rating Scale.

Clinical Evaluation

rTMS (n = 9)

p1

Sham (n = 2)

p2 p3 p4First
Evaluation

(Centile 25–75)

Last
Evaluation

(Centile 25–75)

First
Evaluation

(Range)

Last
Evaluation

(Range)

MDS-
UPDRS

Part 1 (median) 16(6.5–20) 14(8.5–17) 0.859 18 (16–20) 13.5 (5–22) 0.655 0.55 0.813

Part 2 (median) 19 (8.5–24.5) 14 (11.5–23) 0.888 21(8–34 19 (11–28) 0.655 0.723 0.906

Part 3 (median) 34 (27.5–37) 40 (33–44.5) 0.021 55(43–67) 42 (30–55) 0.18 0.059 0.813

Part 4 (median) 4 (1.5–6.5) 7 (3–8.5) 0.153 6.5(1–12) 7 (1–13) 0.317 0.812 1

H&Y

2 (total; %) 5 (55.55%) 6 (66.66%)

0.317

1 (50%) 1 (50%)

0.317 0.509 0.6733 (total; %) 4 (44.44%) 3 (33.33) 0 1 (50%)

4 (total, %) 0 0 1 (50%) 0
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Table 2. Cont.

Clinical Evaluation

rTMS (n = 9)

p1

Sham (n = 2)

p2 p3 p4First
Evaluation

(Centile 25–75)

Last
Evaluation

(Centile 25–75)

First
Evaluation

(Range)

Last
Evaluation

(Range)

NMS

Cardiovascular
(median) 1 (0–3) 0 (0- 0.5) 0.48 5 (0–10) 8 0.317 0.62 0.294

Sleep/fatigue
(median) 8 (3.5–21) 5 (2–14) 0.179 27.5 (27–28) 17(5–29) 0.655 0.099 0.406

Mood/cognition
(median) 0 (0–7.5) 1 (0–11) 0.066 10.5 (9–12) 9 (0–18) 0.655 0.23 0.805

Perceptual
problems/

hallucinations
(median)

0 (0–4) 0 (0–2.5) 0.891 1 (0–2) 0 (0) 0.317 0.898 0.275

Attention/
memory
(median)

3 (0–13) 3 (0–8.5) 1 1.5(1–2) 0.5 (0–1) 0.157 0.72 0.227

Gastrointestinal
tract (median) 6 (5–13) 8(5.5–19.5) 0.066 5 (1–9) 6 (0–12) 0.655 0.72 0.476

Urinary
(median) 18 (3–20.5) 12 (4.5–32) 0.44 12 (7–17) 16 (0–32) 0.655 0.637 0.721

Sexual
function
(median)

1 (0–15) 0 (0–6.5) 0.109 4.5 (0–9) 0 (0) 0.317 0.805 0.368

Miscellaneous
(median) 13 (5.5–16.5) 4 (0–4) 0.018 13 (12–14) 4 (0–8) 0.18 1 0.612

Total score
(median) 79 (31.5–91.5) 52 (14.5–102) 0.26 80 (72–88) 60.5 (5–116) 0.655 0.722 0.814

UDysRS

Historical
(median) 14 (3.23.5) 15 (12.5–26) 0.312 15.5 (7–24) 24 (10–38) 0.18 0.55 0.814

Objective
(median) 7(3–8.5) 9 (8–16.5) 0.074 6 (5–7) 12.5 (7–18) 0.18 1 0.905

Total (median) 21(7–31.5) 25 (20.5–42) 0.213 21.5 (12–31) 36.5 (17–56) 0.18 0.637 0.814

Table 3. Analysis of the items showed statistical differences obtained after stimulation. p compares
the first and last evaluations of the stimulated arm, analyzed by the Wilcoxon test. NMS-Non-Motor
Symptom Assessment Scale for PD; DRS-Dyskinesia Rating Scale (DRS).

Clinical Evaluation

rTMS (n = 9)

First Evaluation
(Centile 25–75)

Last Evaluation
(Centile 25–75) p

MDS-UPDRS Part 3 (median)

General (median;
centile 25–72) 34 (27.5–37) 40 (33–44.5) 0.021

Right-hand movement 2 (1–2) 2 (2–2) 0.083

Left-hand movement 2 (1–2) 3 (2–3) 0.053

Right pronation/supination 1 (1–1) 1 (1–1.5) 0.083

Right leg agility 1 (0.5–2) 1 (1–2) 0.083

Posture 1 (1–2) 2 (1.5–2) 0.059

Left-hand postural tremor 0 (0) 0 (0–1) 0.083

Left-hand kinetic tremor 0 (0–0.5) 1 (1–1) 0.02
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Table 3. Cont.

Clinical Evaluation

rTMS (n = 9)

First Evaluation
(Centile 25–75)

Last Evaluation
(Centile 25–75) p

NMS

Mood/cognition
(median)

General (median;
centile 25–72) 0 (0–7.5) 1 (0–11) 0.066

Sad or depressed 0 (0–3) 0 (0–5) 0.066

Gastrointestinal
tract (median) 6 (5–13) 8 (5.5–19.5) 0.066

Miscellaneous
(median) a

General (median;
centile 25–72) 13 (5.5–16.5) 4 (0–4) 0.018

Recent change in weight 2(0–4) 0(0) 0.038

Excessive sweating 4 (0–12) 0 (0–2.5) 0.041
a: Integrated by pain, taste/smell, change in weight, and excessive sweating.

The rTMS and sham groups showed differences in the DRS without reaching statistical
significance. In both groups, dyskinesia worsened in historical and objective assessments,
with the sham group being the most affected (Table 2).

No adverse effects were detected during and one week after the last brain stimulation.

4. Discussion
We investigated the clinical effects of the long-term application of HF-rTMS over

M1 on PD with LID, evaluating the effects on motor and non-motor PD symptomatology
and LIDs.

The results from the MDS-UPDRS assessments for the sham group indicated improve-
ments in Parts 1 to 3 compared to baseline evaluations; however, these changes lacked
statistical significance. In the rTMS group, improvements were observed in Parts 1 and
2 without statistical significance. Conversely, deterioration was noted in Parts 3 and 4,
with Part 3 showing statistically significant deterioration. A detailed analysis of the MDS-
UPDRS Part 3 revealed that this decline was associated with increased symptom severity
on the left side, particularly in hand movement and kinetic tremor, which demonstrated
a statistically significant difference, as well as in posture. No significant changes were
observed in the Hoehn and Yahr Scale for either group. The assessment of motor symptoms
in the rTMS group exhibited modifications in Part 3, the objective evaluation conducted by
the neurologist.

Additionally, our laboratory’s findings and other studies indicate that HF-rTMS effec-
tively improves Parkinsonian motor symptoms, mainly when applied bilaterally over the
motor cortex [12,31–36]. Different studies have improved the UPDRS-III score from 19% to
49% depending on stimulation frequency (5–20 Hz) over the motor cortex [30,37–39]. To
date, bilateral stimulation with HF-rTMS on M1 can be recommended for the treatment of
motor Parkinsonian symptoms. The long-term effect has been contradictory [40,41]. Our
results showed that long-term HF-rTMS did not modify motor symptomatology in PD-LID
patients, allowing a progression rate consistent with the expected.

Regarding non-motor symptoms, the sham group exhibited a general improvement,
particularly in sleep/fatigue and other miscellaneous symptoms; however, these changes
did not reach statistical significance. In contrast, the rTMS group experienced a decline in
mood/cognition and gastrointestinal parameters, which also lacked statistical significance,
and the corresponding subanalyses failed to elucidate the underlying causes of this deterio-
ration. rTMS has been applied to the prefrontal cortex in patients with PD for the treatment
of depression. Studies indicate that HF-rTMS is not superior to sham treatments or selective
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serotonin reuptake inhibitors. Notably, the combination of rTMS with antidepressants may
demonstrate greater efficacy than antidepressants alone [12,31]. Our findings should be
interpreted with the understanding that we stimulated M1, which would not inherently
impact mood or cognition. This study did not include scales for measuring mood, which
would have allowed for an objective assessment of these changes; additionally, in the
domain of cognition, the Mini-Mental State Examination was applied only at baseline as an
inclusion criterion. The Dyskinesia Rating Scale showed progression in both groups, with
a statistical trend in the rTMS group’s objective evaluation of the right arm and drinking.
Previous studies investigating the effects of HF-rTMS in patients with PD-LIDs differ in
sample size (ranging from four to eight participants), dyskinesia measurement scales used
(Abnormal Involuntary Movement Scale and the Unified Parkinson’s Disease Rating Scale),
the frequency of stimulation (one to five sessions), and HF-rTMS protocol. None of these
studies assessed the long-term effects of HF-rTMS [40,42–44]. The present study, with a
more robust sample and a more precise dyskinesia evaluation, concurs with these prior
findings, demonstrating no significant impact of HF-rTMS on LIDs.

The HF-rTMS protocol in this study was derived from a previous trial that reported
positive outcomes over motor symptom control in PD, where 40% of the cohort presented
LID [31]. Our results did not replicate the previously reported improvements in motor
symptoms, suggesting that the effects observed in earlier studies may not extend to a
population solely comprised of PD-LID patients.

We expected three positive outcomes: improved motor symptom control that could
allow levodopa dose adjustment, direct control over LID, or a combination of both. How-
ever, our findings do not support any long-term therapeutic benefit of HF-rTMS for motor
symptoms in PD-LID patients nor indicate a direct ameliorative effect on LIDs.

Despite the inherent limitations of our pilot study, particularly concerning sample
size, it is essential to emphasize the therapeutic adherence and favorable safety profile of
long-term HF-rTMS application.
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