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EYXAPISTIES

O1 peTamToy10KES GTOVIES OV 0TO TUNUO. THS NEVPOOTOKATAOTAGHS EPTOTAY OLTIMS TTO TEAOS
Tovg. ‘Hrow éva onuiovpyiko taliol yeuaTo yvaoels kol mpoKANcEIS ae EVOY TOAD CHUOVTIKO TOUEO,
TG VEDPOLOYIAG, TOV EYEL EVPVTATO EPEVVTIKO UELLOV. ZTOV EVOULON YPOVO TOV GTOVIDYV OV
rapoxolovbnoaoue Evo. eColpeTIKG EVOI0QEPOYV TDVOLO LOONUBTOV, GEUIVOPIMY Kol O10AECEDY G
ELOOYWYN OTO TEPAOTIO TEDIO THS NEVPOUTOKOTAOTATHS TOV UOG EVERVEDTQY TNV EMBVUI VI Ui
mio fabeic ko oloxAnpawuévny mpocéyyion wme. Hrov mold onuovtixo 0t ae 0N ) O1GpKELD. TOD
UETATTOYI0KOD TPOYPOLYUOTOS ELYOUE THV QUEPLTTH DTOGTHPIEH OTTO THY OUCO0, TOV TOVETLTTHUIOD
K1 v arwoteAeauatiky ka.Goonynon e yio. ™ OIEKTENPOLWAH TV EMIOTHUOVIKDV epYooiaV. Oa
nelo. vo eKPPaom TIS EYKAPILES EVYOPIOTIES OV OE OLOVS TOVS OVVIEAEGTES TOV TPOYPOLUOTOS
K01 10101TEPWS OE OLOVS TOVS KAONYNTES TOV UOS UETEOWTOY TH YVDOH TOVS KOL OGS EKOVAY
UETOYOVG THGS EUTEIPLOG TOVG.

THpwtiotwg Pefaiws evyopiotd to kipio kodnynty Evdouio Aopdiwty yio tv d10pyevwaen avtod
TOV TANPOVS KO TOGO EVOIOPEPOVTOS UETOTTOYLAKOD TPOYPauuotos. Me tnyv moAdtiun
KaBoonynan tov k. AopdoiadTy Kol THS OUGOOS TOV TOAUNGO. KO THY TPOTH 1oV PifAloypopikn
QVOOKOTN O, 1] OT0l0. ONuUOGIEdTNKE ETTITLY WS 0To TEPLooikd Behavioural Neurologie. Aev fo
umopovoa. Pefoiwe va unv evxopLaTiom yi avTto Kol Tov Kabnynty uog kopio fociieio Ziwxo k
™V ovUpoITHTPIO. oL Kopia AOnva Aloilov yio thv anuovtixy fonbeio tovg.

Iowutépas Oa 170elo. va evyopiotnow exiong, Tov kopio I pyyopiov Naaoio, o omoiog w¢ emifAéTawv
KaOnynTng e OImAWUATIKIG HOV EPYaTias atadnke OimAa pov oe 0An pov v xpoomobeio. H
Ponbeid tov vrnple moldTiun.

Télog Oo. nOclo vo. exppdo® Oepués evyapiaties oTh YPOUPUATER TOD UETATTOYIOKOD TPOYPOLUUOTOS
ropio Katepiva Zotnpa, n orwoia ue (nAo kou mpoyuotixy couradeio nroy oiria Hog o€ 0Tl
XPEIOLOUOOTAV KOL PPOVTIOE THY OUOAN O1ELOYDYN TWV UOONUATOV Kol GEUIVOPIDY.

Niddbw evyvaouoadvny yio. Ty GOUUETOYN OV GTO GUYKEKPLLEVO UETOTTOYXIOKO TPOYPOLUUO. THS
Nevpoarokaraotoong tov Iavemotnuiov Ocoooliog.

208 evYopLoTM

Lletodvn Xpvon
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ZYNTOMO BIOIPA®IKO
Ovoudlopon IMetadvn Xpoon.

Fevwnka ko peydiAowoca otn Oecocalovikn kot @OiTnoo 6T0  TEPAUATIKO GYOAEl0 TOL
novemotnuiov ®sscarovikng (IIZIO) and 6mov amogoitnoa to 2012 ue dpiota.

Xmovdoco 1atpiky oto Aptototérelo Ilavemomiuio Oecocolovikng. Katd ) Oibpkea tov
GTOVOMV LOL KOl 6TO TAOIGLO TOV TPOYPAUUATOS avTOAAYNG @ottnTdV Erasmus fpba oe emapn
UE TO YEPUOVIKO 10TPIKO CUGTNUO, TPUYLATOTOIOVTOS £VO UEPOC TOV GTOLOMV OV GTO
[Tavemoto tov Freiburg.

Metd v amdktnomn tov truyiov pov to 2018, kavovikd, ota 6 ¥POVIC GTOVIDV, VINPETNGA TN
Onrela pov g aypotikdg Tpog oto voud Koldvne. H egumepio avt cvvetélece oty 1eMKn
EMA0YY TG €W0KOTNTOC TOL O Bera Vo amoKT oW Kol eEmEAEEQ TNV vELPOAOYid, 1 omoia pe
YONTEVE IO TOL TPMTO ¥ POV TOV GTOVODV LLOV.

2N GLVEYEL, OLELPVVOVTOC TIC YVMGELS LOL GTNV VEVPOAOYiQ, TOPAKOAOVONCO LETATTUYIOKEG
omovdEg  pE avtikeipevo v NevpoomokatdoTaon, TOL OPYAVMOCE 1 10TPIKN GYOAN TOL
[Tavemomov Oeccaiog.

LOUUETEXOVTOG EMIONG, GE GLYKEKPUEVO £pELVNTIKO TTPpOYpappa Tov [Havemotnuiov
®eccariag, mpaypatonoinoa 1o AskéuPplo tov 2021 v TpOT HOL dNUOGIELGN GTO
emotnuoviko meptodikod Behavioural Neurology e titho Therapeutic Application of rTMS in
Atypical Parkinsonian Disorders.

Amo tov Ampidio tov 2021 gpyalopan otn I'eppavia oG EWOIKEVOUEVT GTNV VEVPOAOYIKT KAIVIKN
tov [Mavemomuoakov vocokopeiov Tov Bovmeptad (Uni Klinik Helios ).
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Abstract:

The terms atypical parkinsonian disorders (APDs) and Parkinson plus syndromes are mainly
used to describe the four major entities of sporadic neuronal multisystem degeneration:
progressive supranuclear palsy (PSP), corticobasal degeneration (CBD), multiple system atrophy
(MSA), and dementia with Lewy bodies (LBD). APDs are characterized by a variety of
symptoms and a lack of disease modifying therapies; their treatment thus remains mainly
symptomatic. Brain stimulation via repetitive transcranial magnetic stimulation (rTMS) is a safe
and noninvasive intervention using a magnetic coil, and it is considered an alternative therapy in
various neuropsychiatric pathologies. In this paper, we review the available studies that
investigate the efficacy of rTMS in the treatment of these APDs and Parkinson plus syndromes.
The majority of the studies have shown beneficial effects on motor and nonmotor symptoms, but
research is still at a preliminary phase, with large, double-blind studies lacking in the literature.

Key Words: rTMS; atypical parkinsonian disorders; progressive supranuclear palsy; corticobasal
degeneration; multiple system atrophy; lewy body dementia.
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1. Introduction
1.1. Atypical Parkinsonian Disorders/Parkinson plus Syndromes.

Progressive supranuclear palsy (PSP), multiple system atrophy (MSA), corticobasal degeneration
(CBD), and Lewy body dementia (LBD) are the most important entities of the neurodegenerative
disorders consisting the atypical parkinsonian disorders (APDs) or the so-called “Parkinson
Plus” syndromes. The clinical phenotypes of these syndromes present great heterogenity, as a
result of the different underlying pathophysiological mechanisms. These disorders manifest as an
atypical parkinsonian syndrome with symmetric distribution, rapid deterioration, and poor
response to medications (levodopa or other dopaminergic agonists). In addition to parkinsonism,
other atypical clinical symptoms are also present, such as supranuclear gaze palsy, asymmetrical
apraxia, early postural instability, early dementia, and symptoms from the autonomic system [1,
2]. APDs are subdivided into “synucleinopathies” and “tauopathies,” based on the abnormally
accumulated protein that contributes to the neurodegenerative damage (i.e., a-synuclein or Tau).
MSA and LBD are considered synucleinopathies, while PSP and CBD are tauopathies. Although
APDs are rarer disorders than PD, the differential diagnosis is very important, since disease
deterioration and functional deficits usually appear earlier than in PD [3], and classic PD
therapies are only partially beneficial.

1.1.1 Progressive supranuclear palsy (PSP)

The most common of the atypical parkinsonian syndromes is PSP and is usually difficult to
distinguish from PD. 6% of all patients with Parkinsonism are PSP patients, concluding that PSP
is one of the most often APD. The prevalence is 5/100.000 individuals. It is usually appeared in
ages over 50 years old. However these numbers are probably low because of under diagnosis.
Commonly the wrong diagnosis includes PD, other atypical parkinsonian disorders as MSA and
CBS as well as vascular Parkinsonism. In 1963 Richardson and Olzewsky described for the first
time the clinical entity of PSP. Early postural instability and falls, accompanied by akinetic rigid
syndrome and ocular dysfunction, are the most common and typical expressions of this disorder
[2, 4, 5].These symptoms characterized the phenotype of PSP now called Richardson’s syndrome
(PSP-RS). Other rarer symptoms include progressive dementia, change of personality, loss of
interest and dysarthria. Progressive dysphagia can appear in early stages bringing a high risk of
aspiration and pneumonia, resulting in a serious impact for life quality and thus mortality. A key
symptom for PSP is as already mentioned gait disorders. Particularly gait is characterized from
asymmetrical steps and lateral deviation. Usually in the first years of the disease, falls occur with
severe consequences as fractures. The PSP patients move usually recklessly due to their gait
instability, in contrast to the patients of Morbus Parkinson who have a more cautious gait profile.
Additionally to gait problems, visual symptoms are also very often and typical in PSP disease.
These include photosensitivity, diplopia and vertical gaze impairment. In general, the vertical
gaze impairment is very usual but not specific to PSP. Many neurodegenerative disorders present
this reduction as well as the normal aging prossess. In contrast, downgaze impairment is a more
sensitive symptom of PSP and appears on the early stages of the disease. Rarer are
blepharospasm and apraxia of eye opening. Until the 2017 update, the criteria for the clinical
differential diagnosis of PSP had remained unchanged since 1990 [4]. The 2017 update
emphasized that PSP encompasses a number of different clinical phenotypes and outlined ten,
with Richardson’s syndrome (PSP-RS) being only one among those ten [6]. This diagnostic
criteria can conclude to a possible and to a propable PSP diagnosis. Pathophysiologically, PSP
features an overexpression of a particular tau protein isoform, the 4R-tau, which contains four
microtubule-binding repeat domains [7-9]. The tufted astrocyte is the most common
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pathological abnormality in PSP, while neurofibrillary tangles (NFTs) and coiled bodies usually
contribute to the pathology as well [10]. The different localization of tau protein accumulation
drives the different clinical phenotypes. Brainstem pathology is expressed with pure akinesia,
while cortical pathology creates a focal cortical syndrome [7]. Studies have revealed an
important involvement of cerebellar structures in PSP pathology, and especially the dentate
nucleus, despite cerebellar signs in this disorder being rare [4]. Despite potential limited benefits
from dopaminergic drugs, there are still no effective treatments available. A symptomatic
treatment includes physio- logo-,ergotherapy and neuropsychological care. An early placement
of a percutaneous gastrostomy tube by progressive dysphagia contributes to right nutrition and
hydration but does not prevent complications such as pneumonia.

1.1.2 Multiple System Atrophy (MSA)

MSA is a neurodegenerative disorder, manifesting with parkinsonism, cerebellar ataxia, and
autonomic dysfunction [11]. MSA prevalence calculated to be 4/100.000 individuals. The
disease progression is in general faster from PD with estimated survival of 6-10 years. Based on
the predominant symptoms, two main MSA phenotypes are distinguished: the MSA-C with
predominant cerebellar symptoms and the MSA-P with predominant parkinsonian manifestations
[11, 12]. Sleep changes (particularly REM sleep behavior disorders), autonomic failure, and
respiratory dysfunction are common in both subtypes and can precede motor symptoms even for
years [13]. MSA-P can with carefully clinical examination be distinguished from Parkinson
syndrome. Parkinsonism is usually appeared symmetrical in MSA-P in contrast to Morbus
Parkinson. Dysarthria and dysphonia appear earlier in the disease progress. Not rare is a
respiratory stridor in MSA-P patients. Moreover, Parkinson tremor has lower Frequency and
higher Amplitude contrary to MSA tremor. MSA, as already mentioned, belongs to the
synucleinopathies, and its pathology is characterized by glial cytoplasmatic inclusions formed by
fibrillated a-synuclein proteins in the striato-nigral and olivo-ponto-cerebellar areas [14]. MSA
requires a symptomatic therapy from a team of physiotherapists, occupational therapists and
speech therapists, neurophysiologists and social care managers. Dopaminergic therapy can help
in early stages of MSA but in general has limited beneficial outcome, since high doses are
needed, resulting inside effects of medication. Orthostatic hypotension is in general
conservatively treated with high oral liquid and salt intake, as well as compressions socks.
Respiratory stridor and sleep apnea are profited from a Continuous Positive Airway Pressure
(CPAP) therapy.

1.1.3 Corticobasal Degeneration (CBD)

CBD is a rare degenerative neurological disorder pathologically characterized by asymmetrical
cortical brain atrophy, usually more pronounced at the frontoparietal regions, combined with
degenerated basal ganglia. The term CBD describes the pathology of a disease which usually but
not always coexists with clinical symptoms encompassed by the corticobasal syndrome (CBS).
The CBS phenotype usually includes asymmetric hand dysfunction, bradykinesia, dysphagia,
tremor, rigidity, dystonia, and gait and postural instability in the spectrum of motor symptoms,
while cognitive impairment, visuospatial deficits, apraxia and memory impairments constitute
the nonmotor spectrum [15]. The mean onset of the disease is 55 years. Patient’s life period after
the diagnosis is estimated in 7 years. Armstrong and his colleagues proposed in 2013 new
diagnostic criteria, creating four different phenotypes: the CBS classical form as already
mentioned, frontal behavioral spatial syndrome, non-fluent/agrammatic primary progressive
aphasia (naPPA), and PSP syndrome. The treatment of CBS, as the rest APD, follows
symptomatic measures, based on a team approach. Physio- logo and ergotherapy play a very
important role in the life status of the CBS patients.
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1.14 Lewy body dementia (LBD)

Finally, LBD comes after Alzheimer’s disease (AD), as the second most frequent
neurodegenerative dementia, encompassing dementia with Lewy bodies (DLB) and Parkinson’s
disease dementia (PDD) [16]. The pathological characteristic of this disorder is the aggregation
of a-synuclein, creating the so-called Lewy bodies. Parkinsonism, cognitive impairment, serious
behavioral disorders, vivid and recurrent hallucinations,and sensitivity to antipsychotic
medications are the most common and typical symptoms [17]. Typical is the early onset of the
dementia and the rapid progression. Other frequent symptoms are depression, psychotic
expressions and a MSA clinical picture with gait impairment falls and orthostatic hypotencion.
Another common element of these entities is the absence of disease-modifying drugs (DMDs) or
other treatment options that are effective in this regard [16].

In general the treatment of APDs remains largely symptomatic, for example, with botulinum
injections when dystonia manifests [18], while levodopa is either ineffective or effective for a
short period of time [19], so no amelioration in parkinsonism symptoms can be easily achieved.
It is thus evident that safe and effective treatment options are urgently needed. A new research
field that has been gaining more ground in this direction is the application of transcranial
magnetic stimulation (TMS).

1.2. TMS Principles
1.2.1 History

Luigi Galvani (1737-1798) studied the effects of electricity on human body. Michael Faraday
(1791-1867) found that on every alternating current electric power corresponds a magnetic field
and by modulating one of the other corresponds as well. In 1930 the Italian Doctors Cerletti and
Bini develop the Electrospasmotharapy (ECT). This was a therapy for psychiatric disorders
producing a general tonic clonic epileptic seizure, with electrical stimulation on human cortex.
This therapy is today applied in specific indications on treatment resistant depression. In 1980
Merton and Morton used successfully for the first time the transcranial electrical stimulation
(TES) to stimulate the human cortex. In 1985 the fist TMS machine was developed and TMS
was firstly introduced in the group of noninvasive brain stimulation techniques [20].In October
2008 was the first authorization of the TMS machine from FDA. In 2013 many insurance
companies in USA funded the Therapy of Depression via rTMS. Depression is the first disease
which had an officially authorization for therapy with therTMS machine and technique. In 2018
FDA authorized the therapy of treatment-resistant OCD using a deep TMS technique with a new
H7 coil.

1.2.2 Mechanism

TMS is a non-invasive technique stimulating the human cortex. Based on Faraday Principle a
changing magnetic field is used to electrically stimulate the cortex via Electromagnetic
Induction. A quell from electrical pulses is linked with a coil which stimulates electrically the
cortex. The stimulator produces alternating electric current in the coil, which subsequently
creates a magnetic field. As a result, an electrical stimulation or depression is applied on human
cortex. In general TMS uses a magnetic coil targeting the scalp and producing a high-intensity
pulse, which stimulates neurons. Depending on the exact protocol and the different coil
parameters, the stimulation of the neurons can vary, giving way to many different intervention
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potentials [21]. This application has diagnostic and therapeutic potentials on central nerve
system. In pathophysiological studies, single and paired stimuli are usually applied, contrary to
studies investigating the therapeutic use of TMS, which apply a series of repetitive stimuli
[repetitive TMS (rTMS)]. rTMS applied at set frequencies or patterns can alter cortical
excitability, lasting long after the end of the stimulation [22]. rTMS can induce long-lasting
changes through its effect on blood circulation within the CNS, neuronal metabolism, and
excitability of the cortex directly receiving the stimulation and of areas connected to the target of
the stimuli [22—-24]. In general, the stimulation of the brain modulates the plasticity of the cortex.
These changes are induced via long-term potentiation (LTP) and long-term depression (LTD)
[22]. Frequency, duration, and intensity are some of the basic parameters which characterize a
stimulation protocol, and its effects can be either excitatory or inhibitory. High frequency rTMS
(HF-rTMS) (>1 Hz) induces LTP and increases cortical excitability, while the application of
low-frequency stimulation (LF-rTMS) (<1 Hz) produces LTD and a decline in cortical
excitability [25].

Single Pulse Paired Pulse rTMS (repetitive) < T } [ e |>
~ L~

CTBSIlllllll IIII ll iTBS

LTP
corresponds to input of Ca2+ in metasynaptic cells producing an activation of metasynaptic
NMDA receptor. The ideal concentration and input of the Ca2+ via NMDA-receptors increases
the glutaminical neurotransportation and contributes to a better connection of the neurons.
Excessive or insufficient input and concentration of Ca2+ by bigger intense or duration of the
rTMS produces the opposite effect, that is LTD. That means that LTP is depended on the doses
and easily can result in a LTD transition. The magnetic field has a high intensity similar to an
MRI examination. The electrical Stimulation can penetrate up to 5 cm deep in cortex.
Additionally, rTMS protocols can be further subdivided into simple protocols with identical
interstimulus intervals (IS1) between the pulses and patterned protocols with different ISIs. Theta
burst stimulation (TBS) belongs to the patterned group. TBS modulates cerebral cortical
function, via HF-rTMS that mimics the theta brain waves, consisting of three 50 Hz pulses every
200 ms. TBS application includes two different protocols, the intermittent TBS (iTBS) and the
continuous TBS (cTBS) the former increases cortical excitability while the latter decreases it [26

11
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1.2.3 TMS Maschine

Deep TMS
(H7 coil)

H7 coil is a new TMS machine stimulate deeper structures in the brain. With the classical
machine (figure 8) only a cortex stimulation was possible. Moreover, the aforementioned
machine focuses on and affects a specific point on cortex.

Electric Field
~100 V/m
Area ~ 1 cm?
Depth ~ 2-5cm
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The H1 coils reache 2,5 cm deeper and stimulate much more neurons in contrast to the classical
coil (figure 8).

The following picture depicts the differences of the existing coils.

Figure 8 H1 H7

0.7 cm 1.8 cm 3cm

Subdural Subdural Subdural
v 2.5x ‘
- Deeper v' 4x Deeper ‘
! 3cm? 18 cm3 70 cm3
Volume Volume Volume
v' Millions of | v* Millions of
More More

Neurons Neurons

1.2.4 Contraindications, adverse effects and Indications
Contraindications:

Absolute contraindications for rTMS treatment are the inadequate consent of the patient, a
cardiac pacemaker or intracranial stimulations structures (deep brain stimulation, DBS).

Non-absolute contraindications are intracranial metal implantations, high risk or epileptic
medical history and very progredient health situation.

According to Pregnancy and Breastfeeding, there are not enough studies on the rTMS
applications and therefore this intervention can only be recommended.

Adverse effects:

The use of TMS has been associated with some adverse effects. Transient headaches and scalp
discomfort are the most common, and are linked to the activation of scalp pericranial muscles
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[27]. Furthermore, changes in mood (cases of inducted mania), burns of the scalp, and seizures
are the most severe side effects [27, 28]. However, these adverse events are extremely rare, so
rTMS is generally considered a safe treatment modality. For the safe application of rTMS is

nesessary the deep knowledge of the TMS mechanism. Increasing the intense, the duration and

the frequency of the pulses and reducing the intervals the possibility of an adverse event is
additionally increased.

Number of participants reporting each
adverse event (%)"

10 Hz rTMS group iTBS group 120
(n=204) (n=208) /
= 100
Headache 131 (64%) 136 (65%) -
Nausea 22 (11%) 14 (7%) %0
Dizziness 8(4%) 18 (9%)
2 AE: adverse events

Unrelated medical problemt 47 (23%) 46 (22%) 60 AE & SAE ! SAE: serious adverse events

atgue 13 (7 %) 16 (%) D7 |
-
o
Insomnia 14 (7%) 10 (5%) % 7
——Intensity
Anxiety or agitation 8 (4%) 9 (4%) s TR 0t
20
Back or neck pain 7(3%) 6(3%) /

Unrelated accidents 2(1%) 3(1%) o
Vomiting 1(<1%) 1(<1%)
Tinnitus 1(<1%) 3(1%) -20
Migraine aura 3(1%) 4(2%) — optimal
Ab i § = = .40 i range
bnormal sensations 2(1%) 4 (2%) not onough Ca" too much Ca*
rTMS=repetitive transcranial magnetic stimulation. iTBS=intermittent theta -60

burst stimulation. *p>0-05 on Fisher's exact tests for each pair of proportions.

tPredominantly common infections such as colds and flus.

Table 3: Adverse events

Lancet 2018; 391:1683-92

Indications:

rTMS has been considered to be a therapeutic option for many pathologies, such as depression,
migraine, and epilepsy [29-31], and even neurodegenerative conditions with cognitive squeal,
such as Alzheimer’s disease [32]. In addition, rTMS has been extensively studied in PD,
showing positive effects in motor and nonmotor symptoms and in therapy complications [33].
This review aims to summarize the available literature concerning the therapeutic intervention of
rTMS in APDs and to discuss its future applications. Based on our knowledge, it is the first
review to investigate the application of rTMS in the entirety of the APDs. Tables 1 and 2
summarize all the available clinical trials studying the therapeutic application of rTMS in PSP

and MSA patients, respectively, while studies involving rTMS in CBD and DBL can be found in
Table 3.

2. Supranuclear Palsy (PSP)

Table 1. Studies assessing the effects of rTMS in PSP.

AUTHOR-YEAR TYPE OF STUDY STUDY DESIGN RESULTS
Brusa et al. (2014) Prospective cohort e 10 PSP patients, 10 e Clinical
study/open label PD patients, 10 HC improvement
e lateral cerebellum (dysarthria, gait)
bilaterally and a parallel
enhancement in
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ITBS protocol (3
50-Hz pulses,
repeated at a rate
of 5-Hz, 20 trains
of 10 bursts in 8-s
intervals, 600
pulses, 80% of
AMT intensity) for
two weeks
Assessment at
baseline and after
2 weeks via rs-
fMRI and PSP-RSc

functional
connectivity
between the
cerebellar
hemisphere and
motor cortex

No adverse events

Dale et al. (2019)

2 PSP study cases/sham
controlled

2 PSP patients
Cerebellum

RTMS (10 Hz,
4.000 pulses,4
seconds on, 8
seconds off, 100
trains, 90-110% of
RMT intensity) 10
days active 10 days
sham stimulation,
separated by a
month
Assessment at
baseline and
immediately after
treatment

CBI
increased/improve
ment in stability
and speech
Pending tolerability

Pilotto et al. (2020)

Double blind/sham
controlled

20 PSP patients
Cerebellum

TBS (3 50-Hz
pulses repeated at
a rate of 5 Hz, 20
trains of 10 bursts
in 8-s intervals,
600 pulses, 80%
RMT intensity)
Clinical evaluation
[Tinetti test, the
Short Physical
Performance
Battery (SPPB), the
Timed up and Go
test and the
Functional Reach
test (FR)] and
static balance

Beneficial effect on
postural instability
and improvement
in area ,velocity,
acceleration, and
jerkiness of sway
No adverse events
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assessed before
and after active
and sham
stimulation,
inertial sensor unit
(IMU) processing
accelerator signals

Santens et al. (2009)

Prospective cohort
study/open label

6 PSP patients
Lower limb motor
area

RTMS (10 Hz,
1.000 pulses,5
seconds on, 55
seconds off, 20
trains, 80% of MT
intensity) for 5
consecutive days
Assessment with
PSP-RSc atbaseline
and after 5 days

Improvement on
the gait and midline
symptoms

No adverse
events/discomfort
during the
stimulation

Nishida et al. (2017)

Prospective cohort
study/open label

7 PSP patients
Supplementary
motor area (SMA)
RTMS (5 Hz, 500
pulses,10 trains,
10 seconds
on,110% of RMT
intensity) for 10
days

Assessment using
PSP-RSc atbaseline
and immediately
after treatment

Improvement of the
PSP-RS by 7 points
No adverse events

Major et al. (2019)

1PSP case study/open
label

1 PSP patient
Bilateral motor
cortex area
LF-rTMS(1 Hz, 80%
of RMT intesity)20
min per day, for
five consecutive
days

Assessment using
mechanometry
and goniometry
atbaseline and
after 5 days

Increase in the
range of motions
and in the muscle
forces

No adverse events
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Boulogne et al. (2015)

1PSP case study/open
label

1 PSP patient
Right Dorsolateral
Prefrontal Cortex
(DLPFC)

LF-rTMS (1Hz, 6
trains, 1min on —
30sec off, 120% of
RMT intensity)
Assessment
atbaseline and
immediately after
treatmentvia the
Montgomery
Asberg Depression
Rating scale
(MADRS), the
State-Trait Anxiety
Inventory (STAI),
the Lille Apathy
Rating Scale (LARS)
and the Global
Assessment of
Functioning (GAF)
Scale. The PSP-RSc
and the MoCA
were assessed
before and after
the rTMS
treatment

Relieve
depression/MADS
and STAI scores
decreased, the
LARS and GAF scale
scores increased
after rTMS

No adverse events

Madden et al. (2019)

1 PSP study cases/sham
controlled

1 PSP patient

Left dorsolateral
prefrontal cortex
(DLPFC)

TDCS

Assessment
atbaseline and
immediately after
treatment via
language tasks

Improve phonemic
fluency and action
naming

No adverse events

2.1. Cerebellar Stimulation.

An increasing amount of evidence has supported the involvement of the cerebellum in PSP
pathophysiology. Tau isoforms have been shown to accumulate in the cerebellum and lead to
reduce cerebellar volumes [7]. In addition, TMS studies have detected an impairment of
functional connectivity to the pathway of the contralateral primary motor cortex (M1) and the
cerebellar hemispheres [cerebellar brain inhibition (CBI)] [42]. Levodopa can only partially and
temporarily alleviate some of the PSP symptoms, such as akinesia and rigidity [43], with
postural instability remaining an important problem. Based on these considerations, a line of
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studies has explored the effectiveness of cerebellar rTMS in PSP. The first published open-label
trial using TBS over the cerebellum of PSP patients was conducted by Brusa et al. [34]. Ten
PSP-RS patients entered the study and were then clinically evaluated based on the PSP Rating
Scale (PSPRSc). Two control groups, one of PD patients and another of healthy age-matched
subjects, were also enrolled. The cerebellar iTBS protocol (3 50 Hz pulses, repeated at a rate of 5
Hz, 20 trains of 10 bursts in 8 s intervals, 600 pulses, 80% of AMT intensity) was applied
bilaterally to the cerebellum of all subjects for 10 days. Before and after the iTBS application,
functional connectivity between the cerebellum and the contralateral M1 (CBI), intracortical
facilitation (ICF), short intracortical inhibition (SICI), and short latency afferent inhibition
(SLAI) in the contralateral M1 were measured. Resting state functional magnetic resonance (rs-
fMRI) was performed, and the PSP-RSc was administered. After the iTBS treatment, all PSP
patients significantly improved in dysarthria, and 2 out of 10 patients reported a significant
amelioration in gait. Only CBI metrics improved upon stimulation. This study concluded that
PSP patients after cerebellar iTBS showed some clinical improvement and a parallel
enhancement in functional connectivity between the hemisphere of the cerebellum, the caudate
nucleus, and the brain cortex. However, a placebo effect could not be excluded due to the open-
label trial design. The efficacy of rTMS over the cerebellum in PSP was also investigated in a
sham-controlled case study by Dale et al. [35]. They performed CBI assessments with
neuronavigation before and after cerebellar HF-rTMS or sham TMS in two patients with PSP,
collecting posturography data and speech samples before and after the intervention. Quality of
speech was assessed via reading a standard passage, and pace of speech, articulatory difficulty,
and article and phonemic errors were noted. The exact rTMS protocol included 4,000 pulses
delivered over the cerebellum (10 Hz, 90-110% of Resting Motor Threshold (RMT) intensity),
with 10 days of active treatment and 10 days of sham, separated by a month. After treatment,
CBI increased by 50% in subject 1 and by 32% in subject 2, while stability and speech also
presented an improvement. However, a different form of sham stimulation was applied in the
two subjects. Patient 2 received sham stimulation from a coil with a magnetic blocking spacer,
whereas patient 1 had the same spacer with extra superficial electrical stimulation. This
superficial stimulation could not produce the same burning sensation in the posterior head and
neck area as the active one, so patient 1 was able to guess that this was indeed a sham condition.
This unexpected placebo effect in patient 1 means that these results must be taken into
consideration with even greater caution. Pilotto et al. [36] conducted a trial which overcame the
placebo effect problem. They designed a double-blind study controlled with sham stimulation
and assessed postural stability via mobile health technology. Twenty probable PSP patients were
included. All subjects received both real and sham TMS intervention in two different sessions,
with an interval of two weeks. The exact protocol included repetitive cerebellar TBS (3 50 Hz
pulses repeated at a rate of 5 Hz, 20 trains of 10 bursts in 8 s intervals, 600 pulses, 80% of RMT
intensity). The sham stimulation was applied with a coil attached by a spacer so that all the
circumstances were identical to the real one, and the subjects could not differentiate the two
conditions. Clinical evaluation was conducted on all patients before and after each stimulation,
with the Tinetti test, the Timed Up and Go test, the Short Physical Performance Battery (SPPB),
and the Functional Reach test (FR). Furthermore, four different tasks, with a duration of 30s
each, contributed to the assessment of static balance, also conducted before and after each
stimulation. These tasks included tandem and semitandem stance with eyes open and closed, and
additionally, an inertial sensor unit (IMU) located over the third lumbar segment of spine,
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processing and calculating acceleration signals, was also used. Active stimulation was associated
with greater stability, during all tasks, contrary to the sham condition. Significant improvement
in area, velocity and acceleration, and jerkiness of sway, as denoted from IMU extracted
parameters, was detected after active stimulation only. What can be easily deduced from these
studies is that cerebellar rTMS holds promise in tackling postural stability and speech
impairment in PSP patients. However, the patient numbers remain small, and as such, bigger and
better designed clinical trials are needed to confirm its efficacy and determine the most
appropriate protocol.

2.2. Motor Area Stimulation.

Motor cortex disinhibition has been shown to be a predominant feature in PSP pathology [44].
RTMS has already been considered as a possible therapy method for parkinsonism in PD, and its
therapeutic contribution to other similar disorders such as PSP is under investigation, especially
regarding axial rigidity and falls, cardinal symptoms of PSP. The first pilot study exploring the
efficacy of rTMS application over the motor cortex in PSP patients was carried out by Santens et
al. [37]. In this study, 6 PSP-RS patients were enrolled. The subjects received HF-rTMS (10 Hz,
80% of MT intensity) of 1000 pulses targeting the lower limb motor area for 5 consecutive days.
Clinical evaluation was conducted at baseline and after the last stimulation on all patients,
according to the Clinical PSP-RSc. The total score of PSP-RSc improved in five of the patients
after the stimulation, with the most prominent effect shown on the gait/ midline symptoms. A
subjective improvement of overall function and mobility was reported from the subjects, albeit
lasting for only 2-3 days. These findings suggest a potential benefit of rTMS in PSP patients,
especially for gait and midline symptoms. Nevertheless, the validity of these results is questioned
due to the small cohort and the absence of sham stimulation. Nishida et al. [38] investigated the
efficacy of rTMS in 6 PSP-RS cases and one PSP-pure akinesia with gait freezing (PSP-PAGF)
patient. Evaluation at baseline and after the stimulation was carried out on all subjects via the
PSP-RSc. Real HF-rTMS (5 Hz, 110% of RMT intensity) of 500 pulses over the supplementary
motor area (SMA) was applied for 10 days. The 10 trains of each session were equally shared
between the two hemispheres. The results showed that rTMS increased PSP-RSc scores by 7
points. However, only total PSP-RSc scores significantly improved, contrary to each subitem of
the scale, which did not show a significant individual change. Sham controlled stimulation was
not included in the trial, and as such, a placebo effect could not be excluded. Major et al. [39]
studied the effects of rTMS on the motor symptoms of a PSP patient using goniometry and
dynamometry [39]. The case subject was a 65-year-old man with a dominant right hand. LF-
rTMS (1 Hz, 80% of RMT intensity) was applied, with a 20 min duration per day, for five days
consecutively, over the motor cortex bilaterally. Mechanography evaluation included a
goniometer, recording the angles in 15 simple movements, and a dynamometer measuring
muscle strength. A significant increase in range motion and muscle strength was reported after
the stimulation. Collectively, these studies show that rTMS over the motor areas can provide
beneficial effects on motor symptoms in PSP patients. However, the small cohorts, the absence
of sham stimulation control, and the possible placebo effect question the generalization of the
reported results. Furthermore, trials including all PSP phenotypes (not only PSP-RS) should be
conducted. The results are promising, but still, more trials are needed to evaluate their
persistence and reproducibility. Additionally, evidence is stronger for HF-rTMS, but small-scale
evidence of LF also being effective, such as the aforementioned case report, raise questions

19

Institutional Repository - Library & Information Centre - University of Thessaly
27/07/2024 07:54:15 EEST - 3.138.105.69



regarding the underlying mechanisms in PSP, and what researchers will need to target in the
future, and how.

2.3. Dorsolateral Prefrontal Cortex Stimulation.

Prefrontal cortex abnormalities are thought to be the pathophysiological source of depression in
PSP patients [45]. Following this line of thought and based on the fact that rTMS over this area
has received strong recommendation for treating major depression in the latest guidelines [50],
Boulogne et al. [40] applied LF-rTMS (1 Hz, 120% of RMT intensity) targeting the right
dorsolateral prefrontal cortex (DLPFC) of a 62- year-old PSP male patient with treatment-
resistant major depression. The subject was neurologically and psychologically examined and
evaluated using the PSP-RSc and the Montreal cognitive assessment (MoCA), along idea
number of other psychiatric scales, namely, the State-Trait Anxiety Inventory (STAI), the
Montgomery Asberg Depression Rating scale (MADRYS), the Lille Apathy Rating Scale (LARS),
and the Global Assessment of Functioning (GAF) Scale, all administered at baseline and after
the rTMS intervention. Except for hydroxyzine administration upon serious anxiety symptoms,
no other treatments were applied. The researchers observed an improvement in depressive
symptoms and apathy after rTMS application; in greater detail, the MADS and STAI scores
decreased, while the LARS and GAF scale scores increased after rTMS. This case study shows
that rTMS over right DLPFC may relieve depression and contribute to a better life quality of
PSP patients, though this remains a sole case report. Regarding language impairments, Madden
et al. [41] published a case report, indicating that stimulation targeting the left DLPFC in PSP
patients can produce benefits regarding language functions. The technique of noninvasive
stimulation of brain applied on the PSP patient was not TMS but transcranial direct current
stimulation (tDCS). The subject studied was a male PSP patient with speech deficits such as
declined verb fluency and speech production. A group of language exercises was used to
evaluate the patient’s language production at baseline and after sham or active application of
tDCS targeting the left DLPFC. After each intervention, a different group of exercises was used
to avoid any practice effect. This protocol was repeated four times, and the patient was blind to
the stimulation status, real or sham. Comparison of speech production effects, between the
groups of real and sham intervention, showed that the patient benefited from tDCS in phonemic
fluency and action naming. Taken together, these two cases insinuate that LF-rTMS targeting the
right DLPFC can be safe and beneficial for PSP patients with major depression resisting
treatment, and that noninvasive brain stimulation over left DLPFC in PSP patients can improve
language deficits, although the case report applied tDCS.

3. Multiple System Atrophy (MSA)

Table 2. Studies assessing rTMS in MSA.

AUTHOR-YEAR TYPE OF STUDY STUDY DESIGN RESULTS
Liu et al. (2018) Prospective cohort e 9 MSA patients e Improved motor
study/open label e M1 bilaterally- control and
lateral increased
cerebellum resting-state
bilaterally complexity
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HF-rTMS(5Hz,
2000 pulses,500
for each
target,50
trains,100% of
RMT intensity)
for 5 days
Assessment
atbaseline and
after 5 days via
fMRI and
UMSARS

within the motor
cortex

No adverse
events

Yildiz et al. (2016)

Prospective cohort
study/open label

12 MSA-C
patients, 5 AD
patients and 9
healthy controls
Lateral
cerebellum
LF-rTMS (1 Hz,
600 pulses,90%
of RMT intensity
)

Evaluation in 2
different
sessions in the
same day using a
computerized
reaction time
(RT) task and SAI
responses

Improvement in
SAl
deficits,improve
ment in post-
rTMS RT values
in the MSA-C
group in contrast
with the pre-
rTMS RT

No adverse
events

Chou et al. (2015)

Wang et al. (2016)

Randomized/double-
blind/sham controlled

study

Prospective

cohort/sham controlled

study

21 MSA patients
Left M1
HE-rTMS (5
Hz,1000
pulses,10 trains,
110% RTM
intensity) for 10
days, one
session per day
Assessment at
baseline and
after 5and 10
days via fMRI
and UMSARS-II

15 MSA patients
and 18 healthy
controls

Improvement of
motor
symptoms,
increased brain
functional
connections in
the active rTMS
group

No adverse
events

Improvement of
motor

symptoms,increa
sed activation in
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Left M1
HF-rTMS (5 Hz,

the bilateral
cerebellum in the

1000 pulses, 10 active rTMS MSA
trains, 110% group

RTM intensity) e No adverse

over the left M1 events

over 2 weeks

e Assessment at
baseline and
after 5and 10
days via fMRI
and UMSARS-II

3.1. Cerebellar Stimulation.

MSA patients usually present with defective movement control, which stems from cerebellar
dysfunction and damage in cerebellar neural pathways [51]. In the cerebellum-M1 circuit, the
Purkinje cells inhibit the cerebellar dentate nuclei, which normally induce excitatory effects on
M1 area via the ventral thalamus [52]. Degeneration and atrophy of the cerebellum in MSA
means Purkinje cell loss, indicating a disinhibition of the dentate nucleus and its excitatory effect
[53], becoming a target in rTMS studies. Liu et al. [46] studied the therapeutic outcome of rTMS
on controlling motor movements and spontaneous brain activity in MSA patients [46]. This
study enrolled 9 subjects with MSA, who received daily sessions of HF-rTMS (5 Hz, 100% of
RMT intensity) for 5 days. The stimulation coil targeted the M1 cortex bilaterally and the right
and left lateral cerebellum sequentially. The Unified Multiple System Atrophy Rating Scale
(UMSARS) was used for motor control assessment at baseline and within 3 days after the
stimulation. Resting-state brain network activity was assessed via fMRI. After the rTMS
sessions, improved motor control was found in 7 patients, compared to baseline. In addition, the
resting-state complexity of the motor cortex showed an increase after stimulation in 6 patients.
The researchers also noticed that the change in motor scores correlated with the change noted in
motor network resting-state complexity. This study presented as rationale that multifocal
interventions have provided beneficial results in the setting of PD and applied a combined
intervention as well. However, whether the noted results stem from stimulation of the cerebellum
or the motor cortex or both cannot be deduced from this study. Additionally, the interaction of
the simultaneous stimulation needs to be assessed; one cannot exclude a possibility of the two
stimulations counteracting each other and attenuating the improvement. A TMS study by Celebi
et al. [54] reported impairments in cognitive functions that correlated with short-latency afferent
inhibition (SAI) in MSA patients. SAI is a neurophysiological tool that assesses motor cortex
excitability modulation and also corresponds to the inhibition of brain cortex via the cholinergic
system [22, 55]. With this background, Yildiz et al. [47] investigated the alteration of cerebellar-
cortical interactions in MSA-C patients after cerebellar rTMS intervention. Twelve MSA-C
patients, 5 AD patients, and 9 healthy controls entered the study. All subjects were cognitively
evaluated with a series of neurophysiological tests. Attention and spatial working memory were
evaluated with a simple computerized reaction time (RT) task. Six hundred pulses of LF-rTMS
(1 Hz, 90% of RMT intensity) were applied, targeting the lateral cerebellum (ipsilateral to the
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side recording the motor evoked potential). The study included two different sessions in the same
day. Firstly, RT and SAI were evaluated with simple TMS, while during the second session,
rTMS was applied, and RT and SAI were reevaluated within 10 minutes from the stimulation.
The study found that cerebellar rTMS provoked an important improvement in SAI deficits only
in the MSA-C patients. Additionally, regarding the RT, there was a significant improvement in
postrTMS RT values of the MSA-C patients in contrast with the pre-rTMS RT values but not in
the healthy control subjects. This study indicates that rTMS over the cerebellum influences SAI,
inducing changes in cognitive functions, and may thus be a promising therapeutic approach for
MSA patients. In summary, the few available studies show that rTMS over the cerebellum acts
on the abnormal cerebellarcortical inhibitory neuronal connections of MSA patients. Different
protocols with both high and low frequency cerebellar rTMS both seem to induce clinical
improvement in MSA patients, which needs to be cleared in future studies, especially double
blind studies with larger cohorts and patients with pure cerebellar syndromes. Additionally,
assessing the duration of the positive effects also needs to be addressed, by including assessment
sessions surpassing the initial week after the intervention.

3.2. Motor Area Stimulation.

Chou et al. [48] conducted a double-blind, controlled with sham rTMS study assessing HF-rTMS
over the left M1 in MSA. Twenty-one righthanded MSA patients were randomly categorized
into a real or sham rTMS group. At baseline, all subjects were evaluated for their motor
functions using the UMSARSII and received a resting-state fMRI. The rTMS intervention
protocol included 10 HF-rTMS sessions (5 Hz, 110% of RTM intensity) of 1000 pulses targeting
the left M1, over a span of 2 weeks, one session per day for five days in each week. After the 5th
day of intervention, a midstimulation evaluation with the UMSARSII was conducted. At the end
of all sessions, all patients received a resting-state fMRI and another UMSARSII assessment.
The sham group followed the same protocol but with the coil positioned over the scalp with the
back inactive surface. Motor symptoms were significantly improved (decreased UMSARSII)
only in the real rTMS group. The resting-state fMRI data investigated differences between the
real and sham rTMS application, before and after the rTMS intervention. A set of 47 functional
connections was found to be significantly changed in the real rTMS group after the intervention.
In addition, when examining the correlation of these brain link alterations and the motor
symptoms improvement, a significant association for 10 of these connections was found. None
of these correlations were reported for subjects that received sham intervention. This study
suggests that HF-rTMS targeting the left M1 produces an improvement of motor symptoms by
modulating specific brain functional connections. The same team also conducted another study
investigating the therapeutic outcome of rTMS targeting the left M1 of MSA patients [49]. They
enrolled 15 right-handed MSA patients, 7 of which received the treatment and 8 consisted the
controls. Additionally, a group of 18 healthy controls subjects, matched on age and sex, was
prospectively included. At baseline, all MSA patients were assessed for their motor deficits, with
the UMSARSII. The experimental procedure consisted of two fMRI sessions, before and after 10
sessions of HF-rTMS (5 Hz, 110% of RMT intensity) targeting the left M1, over 2 weeks, one
session per day for 5 days per week. During fMRI scanning, a tapping exercise was performed.
RTMS was not applied to the healthy controls, and fMRI examination was conducted only once.
Patients in the sham group followed the same protocol but with the coil touching the scalp from
the inactive back side. After the 5th rTMS session, a midstimulation evaluation with the
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UMSARSII was conducted. At the end of all stimulations, all patients received a resting-state
fMRI and a final motor assessment with the UMSARSII. After rTMS treatment, only patients
receiving active stimulation showed significant improvements in their UMSARS-II scores and
their motor impairment. Comparing the fMRI data between the healthy control group and the
MSA group, a bilateral increase in cerebellar cortex activation was detected in the MSA patients.
Comparison between the active and sham rTMS groups showed that the cerebellar activation was
significantly higher after the real stimulation. This study indicates that HF-rTMS may improve
the motor deficits, accompanied by an increased activation of the cerebellum after motor cortex
stimulation. Taken together, these results suggest that HF-rTMS targeting the left M1 probably
leads to a significant improvement on motor dysfunction in MSA. Increased activation of the
cerebellar cortex as shown with fMRI could correlate with the clinical improvement. However,
double-blind studies with larger cohorts are needed, in order for these results to be confirmed
and replicated.

4. Corticobasal Degeneration (CBD)

The only study investigating the therapeutic role of rTMS in CBS was conducted by Shehata et
al. [56]. Twenty-six CBS patients were enrolled in the study and were followed for 12-18
months. A combination of rTMS, pharmacotherapy, rehabilitation therapy, and injection of
botulinum toxin was applied. The akinetic-rigid syndrome and cognitive dysfunction were the
predominant symptoms for the majority of the subjects. LF-rTMS (1 Hz, 90% of MT intensity)
was applied to all patients targeting the contralateral motor cortex of the more damaged side,
with one session, 3 times a week for 1 month, every 3 months. The subjects were assessed using
a variety of clinical scales and were evaluated every 3 months. In short, after 3 months, the
UPDRS, caregiver burden, and quality of life were improved, while cognitive functions
remained stable, and this improvement was detected up to 18 months later. The lack of control
subjects and a possible placebo effect are the main limitations of the study, implying that more
clinical trials, sham controlled, randomized, and double-blinded are necessary to elucidate the
results of LF-rTMS or other forms of rTMS in CBS therapy.

5. Lewy Body Dementia (LBD)

Due to the similarities between LBD and PD and other dementias where rTMS has shown its
potential, rTMS has long been insinuated as a possible therapeutic option for LBD [57].
However, there is only one trial assessing rTMS in LBD therapy, focusing on depressive
symptoms. In this study, 6 LBD patients with drug-resistant depression were assessed after
rTMS intervention. Daily sessions of LFrTMS (1 Hz, 110% of MT intensity) targeting the right
DLPFC and HF-rTMS (10 Hz, 100% of MT intensity) targeting the left DLPFC were applied for
ten days. Hamilton Depression Scale (HAL-D) was used for evaluation at base line and after the
intervention showing a significant attenuation of depressive symptoms [58].

Table 3. Studies assessing r TMS in CBD and LBD.

AUTHOR-YEAR TYPE OF STUDY STUDY DESIGN RESULTS
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Shehata et al. (2015)

Prospective cohort
study/open label

26 CBS patients
Motor cortex
contralateral to
the more
affected side
LF-rTMS (1Hz, 90
% of MT
intensity), a
session 3 times a
week for 1
month, every 3
months
Assessment
atbaseline and
every 3 months
over 18
monthsvia
UPDRS,
Addenbrooke’s
cognitive
examination
(ACE-R), Unified
Dystonia rating
scale (UDRS),
HRQolL, Caregiver
burden
questionnaire
and videotaping

The UPDRS,
caregiver burden
and quality of life
were improved
after 3 months
No adverse
events

Takahashi et al. (2009)

Prospective cohort
study/open label

167 patients with
mood disorder, 6
DLB patients
received rTMS
DLPFC bilaterally
LF-rTMS (1 Hz,
110% of MT
intensity) over
the right DLPFC
and HF-rTMS (10
Hz, 100% MT
intensity) for the
left DLPFC daily
for ten days

Assessment
atbaseline and
after 10 days via
the HAM-D

Improvement of
depressive
symptoms

No adverse
events
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6. Ongoing Trials

Searching the clinicaltrials.gov website (last accessed on the 24th of November 2021) with the
keywords “PSP” and “rTMS”, we came up with 4 studies. Of these, the NCT02236832 study
applies rTMS only on healthy participants as a control group and was thus not further read. A
cross-over sham-controlled study (NCT04222218), lastly updated in January 2020,will apply
cerebellar rTMS-theta burst to PSP patients, assessing its efficacy in postural instability using
wearing sensor technology, and has been listed as completed since November 2019, though no
results have been made available. Similarly, the NCT01174771 is also listed as complete since
February 2012 and was lastly updated in May 2014. This pilot study investigates the potential
benefits of the application of rTMS in PSP and CBD patients. This trial proposes that HF- and
LF-rTMS targeting motor and prefrontal cortical regions in PSP and CBD patients respectively,
may ameliorate motor and cognitive dysfunction; however, no results have been published yet.
The NCT04468932, lastly updated in July 2020, investigates the effects of rTMS on motor
control in PSP. This study is aimed at proving that cerebellar inhibition via cerebellar LF-rTMS
will decrease postural instability in patients with PSP by increasing functional connectivity
between the cerebellum, thalamus, and primary motor cortex. Regarding the research for the
studies using rTMS in MSA patients, 2 ongoing trials were found via our search. The
NCT04595578, lastly updated in October 2020, applies a combination treatment with cerebellar
rTMS and physical therapy (PT) in patients with MSA-C and spinocerebellar ataxia. This pilot
study investigates the efficacy and the safety of the combined application of cerebellar rTMS and
PT, contrary to the single PT therapy (sham rTMS intervention) in MSA-C patients. However,
no results have been published yet. A randomized trial NCT04313530, lastly updated in March
2020, investigates the mechanism and effect of rTMS intervention in MSA patients with fatigue.
The researchers’ anticipation is that after rTMS there will be a decrease of fatigue in MSA
patients, based on the hypothesis that fatigue in MSA may be associated with an altered default
mode network and sensorimotor network connectivity.

7. Discussion and Conclusions

The majority of rTMS studies on parkinsonism focus on PD. This is reasonable considering the
high frequency of this degenerative disease [59, 60, 61], but the small number of studies on
atypical parkinsonian disorders (APDs) highlights the need for additional research regarding
these diseases, as they also affect numerous individuals and may ultimately be more debilitating
than PD, given the lack of effective treatments. Regarding PSP, most studies indicated that
cerebellar rTMS exerted positive effects, improving postural instability and speech impairment
[34-36]. This could be the reflection of improvement in cerebellar-brain inhibition, as Dale et al.
[35] and Brusa et al. [34] even quantified and used as an outcome measure for their study, based
on studies revealing its diminishing in the setting of PD and PSP [34, 35]. CBl is a physiological
cortical inhibition by cerebellar Purkinje cells, crucial for proper motor control. TMS studies
revealed that stimulation over the cerebellum recruits the cerebellothalamo-cortical pathway and
restores CBI [62], possibly explaining the amelioration of kinetic parameters shown in cerebellar
rTMS studies in PSP. In fact, the study by Brusa et al. [34] showed that CBI was the only
cerebellocortical functional connectivity index improved upon cerebellar rTMS. However, only
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one double-blinded study was available in this domain, so evidence is preliminary at best.
Furthermore, rTMS application over the motor area and the DLPFC showed beneficial effects in
motor and depressive symptoms, respectively [38—40]. Nevertheless, several questions arise,
which still remain unanswered. In almost all of the aforementioned studies, the PSP patient
groups almost exclusively included the Richardson’s syndrome subtype of PSP. The update of
the clinical diagnostic criteria for PSP in 2017 emphasized the large phenotypical heterogeneity
of PSP. Richardson’s syndrome appears as only one type of the ten possible PSP phenotypes.
There are no clinical trials examining the effect of rTMS on the rarer PSP phenotypes. Only
Nishida et al. included six patients with a different variant, the PSP-pure akinesia with gait
freezing (PSP-PAGF). As such, more studies are needed, to evaluate the efficacy of rTMS to the
whole phenotypical spectrum of PSP. Additionally, conflicting results have arisen due to both LF
and HF protocols giving positive results. Regarding the motor symptoms, reduced intracortical
inhibition has been highlighted as a feature of PSP [44], so LF protocols, which induce inhibitory
changes, may hold more meaning to be explored in the future. Besides, the two studies that
applied HF-rTMS and reported positive results [34, 35] showed that these were either short-
lasting or insignificant in the various subitems. Finally, Madden et al. [41] reported a case of
tDCS improving language deficits in a PSP patient. Albeit not rTMS, this study is important in
bringing forward the potential of noninvasive brain stimulation as an effective modality in
neurodegenerative diseases and PSP in particular. The rTMS studies regarding the cerebellum in
MSA have not aided in pinpointing a certain direction this far. The few available studies have
been vastly heterogeneous, and regarding the cerebellum, both LF and HF protocols over the
same area seem to be beneficial, one regarding motor and the other cognitive performance [47,
63]. This seems heavily counterintuitive and further raises questions of erroneous methods in the
studies. In MSA, the cerebellum seems to be affected in a way that is similar to PSP; reduced
physiological cerebellar inhibitory inputs give way to motor disorders. In this sense, HF
protocols, increasing this input, should be able to present better results, as shown in the study
addressing motor deficits. The reasons behind LF protocol seemingly producing cognitive
benefits remain unclear; it could be the case that different circuits are involved in each pathology
but without further studies to counter or corroborate the aforementioned results; one can not
reach any conclusions. On the contrary, the results of two sham-controlled studies involving the
left motor cortex have provided consistent positive results, with implication of the cerebellum as
well [48, 64]. However, both of them were conducted by the same group and were not double-
blinded. The search for studies on rTMS and CBD or LBD yielded only two trials involving
patients of these degenerative disorders. First, Shehata et al. [56] studied the efficacy of LF-
rTMS to twenty-six CBS patients. According to their results, many disease parameters were
improved after three months, and the improvement was maintained for more than a year
postintervention. The rationale of this study in applying LF-rTMS lay in studies showing
reduced cortical inhibition in LBD and in previous studies of rTMS over the motor cortex of PD
patients yielding positive results. This train of thought is useful, in drawing inspiration for the
already lain road of PD, and more studies in this direction are more than encouraged. Of note,
this is the only study in the mentioned literature that followed the patients for 18 months and
could draw conclusions on the long-term results of the intervention. The duration and the
persistence of the beneficial effects of a therapeutic intervention are of major importance when
assessing a therapeutic option, and more research is needed regarding near-transfer effects of
rTMS in APDs and the longitudinal observation of possible rTMS benefits. It will be even more
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interesting to see whether rTMS is even capable of slowing the progression of some of these
diseases and gain a preventative, rather than a solely therapeutic role. Future studies should
address some issues mostly concerning the study design. Large studies with big cohorts are not
easy to be organized, as a lack of equipment and qualified research staff is often encountered. A
multicenter study design could gather larger samples of patients, and consequently, more
accurate results could be obtained. Sham controlled studies must be preferred, so that the placebo
effect may be controlled for. Some of the mentioned trials did not apply sham stimulation,
driving to a lower quality of their study. Dale et al. [35], who investigated cerebellar rTMS
effects in two PSP patients, used sham stimulation, though a different sham stimulation was
applied on each of the patients. One of them could understand the sham intervention since this
superficial stimulation could not produce the same sensation over the head and neck area as the
real one. Naturally, this placebo effect raises doubts on the trial findings and highlights the need
for proper methodology. The application of rTMS in earlier disease stages is another issue that
needs to be discussed. For instance, regarding AD, a common degenerative disorder combined
with dementia, the excitant literature shows that patients in earlier stages had responded better
after treatment with rTMS [32, 65, 66]. This phenomenon could be explained from the smaller
degree of brain atrophy, contributing to better responsiveness to rTMS [67]. An early diagnosis
of APDs would enable the earlier application of rTMS with probably better modulation effects,
but the great variety of phenotypical expression of these disorders and their lower prevalence
contribute to a difficult early differential diagnosis. Nowadays, there are important scientific
attempts towards reaching an accurate and early diagnosis of APDs, using updated clinical
criteria, functional imaging, and nuclear medicine. As such, future trials could attempt to assess
the effect of rTMS therapy on early stages of these disorders or compare its efficacy between
earlier and more advanced stages. In conclusion, particularly because of the limited
pharmacologic and nonpharmacologic treatment options for patients with APDs, rTMS is a
promising tool for therapy. However, the determination of the exact therapeutic protocols still
has a long way to go due to the lack of large-scale trials, driving to the urgent need of high
quality clinical studies, providing strong evidence on the persistence and reproducibility of the
observed beneficial effects.
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