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Summary
Background Enhanced glutamatergic transmission leading to motor neuron death is considered the major patho-
physiological mechanism of amyotrophic lateral sclerosis (ALS). Motor cortex excitability can be suppressed by
transcranial static magnetic stimulation (tSMS), thus tSMS can be evaluated as a potential treatment for ALS. The aim
of present study was to investigate the efficacy and safety of tSMS in ALS.

Methods In this phase 2 trial, we randomly assigned ALS patients to receive daily tSMS or placebo stimulation over a
period of 6 months. For each participant we calculated mean disease monthly progression rate (MPR) as the variation
of the total ALS Functional Rating Scale-Revised (ALSRFS-R) score, before the beginning of the treatment (over a
period of at least three months) and over the six-month treatment period. The primary efficacy outcome was the
difference in MPR before and after the beginning of treatment. Secondary outcomes included safety and
tolerability, compliance, and changes in corticospinal output. A long-term follow-up of 18 months was performed
in all patients who completed the six-month treatment considering a composite endpoint event (tracheostomy or
death). Trial registered at ClinicalTrials.gov, ID: NCT04393467, status: closed.

Findings Forty participants were randomly assigned to real (n = 21) or placebo stimulation (n = 19). Thirty-two
participants (18 real and 14 placebo) completed the 6-month treatment. The MPR did not show statistically
significant differences between the two arms during the pre-treatment (mean ± Standard deviation; Real:
1.02 ± 0.62, Sham: 1.02 ± 0.57, p-value = 1.00) and treatment period (Real: 0.90 ± 0.55, Sham: 0.94 ± 0.55, p-
value = 0.83). Results for secondary clinical endpoints showed that the treatment is feasible and safe, being
compliance with tSMS high. The change in corticospinal output did not differ significantly between the two
groups. At the end of the long-term follow-up of 18 months, patients of real group had a statistically significant
higher tracheostomy-free survival compared with patients of placebo group (Hazard Ratio = 0.27 95% Confidence
interval 0.09–0.80, p-value = 0.019).

Interpretation tSMS did not modify disease progression during the 6 months of treatment. However, long-term
follow-up revealed a substantial increase in tracheostomy free survival in patients treated with real stimulation
supporting the evaluation of tSMS in larger and more prolonged studies.
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Research in context

Evidence before this study
Our randomized controlled trial investigates the efficacy and
safety of transcranial static magnetic stimulation (tSMS) as a
potential treatment for amyotrophic lateral sclerosis (ALS).
To date, no treatments are available that significantly modify
the course of ALS. Both glutamatergic excitatory
neurotransmission and oxidative damage are associated with
neurodegeneration in ALS. Among FDA-approved
medications, riluzole targets glutamatergic excitatory
neurotransmission, whereas edaravone and tofersen target
oxidative damage. Tofersen has been approved for patients
with mutations of superoxide dismutase 1 (SOD1) gene
encoding for a powerful antioxidant enzyme protecting cells
from superoxide radicals’ toxicity. Mutant SOD1 protein is
toxic for motor neurons and tofersen has been designed to
reduce the synthesis of this protein.
A non-pharmacological approach to counteract excitotoxicity
has been evaluated in several small trials using non-invasive
neuromodulation techniques, namely transcranial magnetic
stimulation (TMS) and transcranial direct current stimulation
(tDCS) of the primary motor cortex or invasive epidural
cortical stimulation. We retrieved all these studies of
therapeutic brain stimulation in ALS from the PubMed
database, published from 2004 to 2023, which we also
reviewed in a recent article. Overall, these studies provide
preliminary evidence on a variable effect of neuromodulation

in determining a slight slowing of ALS progression. Still,
treatment type, duration, and frequency might represent
critical factors in obtaining clinically significant results.

Added value of this study
In a double-blind study design, followed by an open-label
phase, we assessed the efficacy and safety of a newly
introduced non-invasive neuromodulation approach, the
tSMS, allowing a prolonged magnetic field exposure of the
target brain areas to increase the treatment dosage.
In the present study, tSMS did not modify ALS progression
during the six months of double-blind treatment. However,
long-term follow-up revealed a substantial increase in
tracheostomy-free survival in treated patients, supporting the
evaluation of tSMS in larger and more prolonged studies.

Implications of all the available evidence
Present results indicate that tSMS should be considered as a
non-invasive neuromodulation tool with potential
therapeutic usefulness in ALS, deserving further investigation
and possibly a better-tailored approach. Indeed, our study
suggests a long-term effect of stimulation and confirms that
the treatment is feasible, safe, and associated with high
compliance. The biophysical characteristics of tSMS also allow
for self-administration at the patient’s home multiple times
daily, making it suitable for potential routine clinical usage.
Introduction
Amyotrophic lateral sclerosis (ALS) is a fatal neurode-
generative disease without cure, leading to death on
average within three years of symptom onset. Excito-
toxicity mediated by an enhanced response of motor
neurons to glutamatergic inputs leading to neuronal
death is considered a major pathophysiological mecha-
nism of ALS.1 In human ALS, an abnormal response of
the upper motor neurons (UMN) to excitatory inputs
has been demonstrated using non-invasive transcranial
magnetic stimulation (TMS) of the brain since the early
phases of the disease.2,3 Recent studies further suggest
that motor cortex changes can also trigger lower motor
neuron degeneration.4 The main current pharmacolog-
ical treatment is riluzole which targets glutamatergic
neurotransmission in the attempt to reduce excitotox-
icity even if its precise mechanism of action is not
completely explained.5 However, the disease-modifying
effect of riluzole, a glutamate-release inhibitor
approved by the Food and Drug Administration (FDA)
and European Medical Agency (EMA) for ALS, is rather
limited. Currently, only 3 medications are FDA
approved for ALS treatment: riluzole, edaravone, and
tofersen, an intrathecally administered antisense oligo-
nucleotide, reducing the synthesis of the superoxide
dismutase 1 (SOD1) protein for patients with ALS
associated with mutations in SOD1 gene.6

Motor cortex excitatory neurotransmission can be
modulated using repetitive TMS (rTMS).7 The potential
therapeutic effects of rTMS protocols capable of
reducing motor cortex excitability have been tested in
several studies as a non-pharmacological approach to
antagonize excitotoxicity.8 These studies demonstrated a
slight but significant reduction of ALS progression
correlated with the duration and the frequency of
treatments. Based on these findings, it can be hypoth-
esized that intensive protocols of rTMS might result in a
more pronounced effect. However, there are main lim-
itations in the therapeutic use of rTMS: its after-effects
are short-lived, and it can be performed only in clin-
ical settings, with high costs. Thus, the feasibility of
intensive stimulation in ALS patients who have an
increasing disability remains challenging. These limi-
tations can be overcome by using the transcranial direct
current stimulation (tDCS) that can be performed even
at patient’s home, being based on battery-driven
www.thelancet.com Vol 45 October, 2024
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devices,9 or by using chronic invasive brain neuro-
stimulation through implanted electrodes. Transcranial
DCS protocols capable of suppressing corticospinal
excitability have been evaluated in pilot studies, but the
results are controversial, with one study, based on
cortico-spinal DCS, reporting a positive effect on muscle
strength but not on functional outcome,10 and the other
study reporting no effect or even enhanced disease
progression.11 Epidural motor cortex stimulation
(eMCS), an invasive form of brain stimulation that uses
electrodes implanted over the dura, produces physio-
logic effects comparable to those of rTMS.12 The po-
tential of eMCS has been evaluated in a single patient
with rapidly progressive ALS who survived for more
than 15 years after implantation.13 The benefits of eMCS
in ALS were recently confirmed in a murine model of
the disease.14 The dose-dependent effects of non-
invasive rTMS and the pronounced effect of eMCS in
humans and animals support the hypothesis that
chronic motor cortex stimulation might be effective in
slowing ALS progression.

Recently, a new technique of non-invasive stimula-
tion, termed transcranial static magnetic field stimula-
tion (tSMS), has been introduced. It is based on
exposure to a static magnetic field produced by a cylin-
drical neodymium magnet placed over the scalp trough
a helmet.15 When tSMS is applied to the motor cortex of
healthy subjects for 10–30 min, it can suppress its
excitability.16 Even though tSMS can reduce motor cor-
tex excitability as rTMS and tDCS inhibitory protocols,
the mechanisms of action of tSMS are still poorly
defined. Studies in humans with epidural spinal elec-
trodes in whom it is possible to record directly cortico-
spinal activity have shown that rTMS and tDCS produce
a direct modulation of corticospinal output suppressing
the repetitive discharge of pyramidal cells.17 Regarding
tSMS, there is converging evidence from experimental
studies suggesting a modulation of ionic interchange
across the membrane that is responsible for its physio-
logical effects at the cellular/synaptic level.15,18,19 Inter-
estingly, a recent study in motor cortical slices of mice,
showed that the decrease in neuronal excitability
induced by static magnetic stimulation is produced by
an enhancement in shunting inhibition via a plasma
membrane chloride channel with a reduced repetitive
action potential firing of pyramidal neurons.20 Since
tSMS does not require any electronic equipment, it can
be easily performed multiple times daily at patients’
home to obtain chronic suppression of cortical excit-
ability. Transcranial SMS has been recently evaluated
for treating dyskinesias in Parkinson’s disease with ev-
idence of significant subjective benefit.21 In a pilot study,
we recently evaluated the effects of chronic home-based
tSMS treatment, performed three times a day, in two
patients with rapidly progressive ALS.22 The study
showed that daily tSMS is feasible and safe; moreover, a
dramatic and prolonged reduction in disease
www.thelancet.com Vol 45 October, 2024
progression was observed. Considering that both pa-
tients had a rapidly progressive form of ALS, the fact
that they remained quite stable for years suggests that
multiple daily sessions of tSMS may significantly
modify disease progression.23

Here, we describe the results of a phase 2, ran-
domized, placebo-controlled trial evaluating the safety
and efficacy of chronic tSMS in patients with sporadic
ALS.
Methods
This was a bicentric, placebo-controlled, randomized,
and double-blind phase 2 trial conducted fromMay 2020
through July 2022 at two Italian ALS Centers: “Campus
Bio-Medico University of Rome” and “Istituto Aux-
ologico Italiano IRCCS” of Milan. It included a pre-
treatment observation period of at least three months
to evaluate disease progression in individual patients
before the beginning of treatment followed by a six-
month intervention period. The trial was conducted in
accordance with the Good Clinical Practice guidelines of
the International Conference on Harmonisation and the
ethical principles of the Declaration of Helsinki. Proto-
col approval was provided by the Ethics Committee of
the two trial sites and by the section for Medical Devices
of the Italian Ministry of Health. Written informed
consent was provided by the participants before
screening. The trial has been registered at ClinicalTrials.
gov, ID: NCT04393467.

With Ethical Committee approval, after the conclu-
sion of the six-month period of treatment, open-label
real stimulation was offered both to patients who had
undergone real and to patients who had undergone
placebo stimulation.

Trial participants
The trial enrolled adults with a diagnosis of ALS as
determined by revised El Escorial23 and Awaji-Shima
criteria24 within 24 months after symptom onset. Addi-
tional eligibility criteria included: 1) age between 18 and
75 years; 2) total score on the ALS Functional Rating
Scale–Revised (ALSFRS-R)25 >30 at the recruitment; 3) a
decrease in the pre-randomization observation period of
the ALSFRS-R score of at least 0.3 points per month; 4)
normal respiratory function with a forced vital capacity
>80% and a total score >4 at the recruitment on
ALSFRS-R items evaluating respiratory function (items
10, 11, 12); 5) treatment with riluzole 50 mg twice a day.
The choice to include patients on riluzole was done in
accordance with FDA recommendation of add-on de-
signs, in which a treatment previously shown to be
effective for the treatment of ALS is given to all patients
participating in the trial. Exclusion criteria were: 1)
participation in other clinical trials; 2) tracheostomy
and/or percutaneous gastrostomy (PEG); 3) contraindi-
cations to magnetic field exposure; 4) pregnancy or
3
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breast-feeding; 5) history of epilepsy or seizures; 6)
current treatment with drugs acting on central nervous
system except for antidepressant drugs and benzodiaz-
epines; 7) cognitive impairment. Patients were recruited
mainly from the ALS population followed at the two
participating centers but also patients referred from
other centers were considered.

Study design
At recruitment, patients were clinically evaluated calcu-
lating the ALSFRS-R score (T0: Recruitment). After a
pre-treatment observation period of at least three
months, patients were randomly assigned to either real
tSMS or placebo (sham) tSMS group (T1: Randomiza-
tion). At this time, a new clinical evaluation with
ALSFRS-R administration and TMS assessment of the
corticospinal excitability were performed. TSMS treat-
ment was then started and performed for 6 months. At
the end of this double-blind treatment period (T2), pa-
tients of both arms underwent a new clinical and TMS
assessment. Afterwards, open-label real stimulation was
offered to all recruited patients: tracheostomy-free sur-
vival was monitored during this study extension period.
The flowchart of the study is reported in Fig. 1.

There were neither deviations from the protocol nor
protocol amendments affecting trial recruitment or
conduct during the study.

Randomization
Randomization was based on a simple randomization
method using a pre-determined allocation list with a 1:1
Fig. 1: Flowchart of the study: participants’
ratio, extracted by software and managed by a co-author
who was not involved in patients’ evaluations. Subjects
were sequentially allocated to either treatment or control
group following the list order. The tSMS device was
delivered to the patients for home self-administration by
a co-author not involved in patients’ evaluations.

Trial interventions and procedures
Outcomes
In each patient, we calculated the mean disease monthly
progression rate (MPR) as the variation of the total
ALSFRS-R score measured at T0 and T1 divided by the
months of observation (before the beginning of the
treatment) and the variation between T1 and T2 divided
by six-months (over the treatment period). The primary
efficacy outcome was the difference in MPR before
(from T0 to T1) and during the six-month treatment
(from T1 to T2).

Secondary outcomes were: 1) safety and tolerability
evaluated as incidence of adverse events during the
stimulation period; 2) compliance evaluated as the
number of stimulation sessions actually completed by
each patient assessed by means of patients’ reports
collected monthly or daily with phone calls or at the time
of clinical evaluations or via electronic devices; patients
were also asked to specify in the report the duration of
each stimulation session; 3) effects of tSMS on cortico-
spinal output evaluated as percentage change in motor
evoked potential (MEP) amplitude between T1 and T2.

We did not use a structured questionnaire to evaluate
placebo effect or stimulation related pain/discomfort;
enrolment, randomization, and analysis.

www.thelancet.com Vol 45 October, 2024
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however, patients were instructed at the beginning of
the study to report any side/adverse event and specif-
ically asked for any side/adverse effect on occasion of
clinical evaluations or phone calls monitoring of treat-
ment adherence.

Post-hoc analysis: long-term follow-up. We evaluated the
disease progression (survival analysis) during an
extended follow-up of 18 months starting from T2. In
this long-term follow-up were included only patients
who had completed the original 6-month treatment
period (from T1 to T2). The patients were grouped ac-
cording to their initial trial-group randomization
regardless of switching from sham to real treatment at
the end of the study. A composite endpoint event (tra-
cheostomy or death) was considered in this post-hoc
analysis comparing the long-term follow-up in patients
in the real stimulation arm with that observed in pa-
tients treated with sham stimulation or sham stimula-
tion followed by delayed real stimulation started after
the six-month follow-up visit.

Procedures
Transcranial static magnetic field stimulation
To deliver tSMS we used a cylindrical Nickel-plated NdFeB
magnet of 60 mm diameter, 30 mm of thickness and a
weight of 0.67 Kg, with a nominal field strength of
∼120 Kg (MAG60r/MAG60s, Neurek SL, Toledo, Spain),
held in place by an ergonomic helmet specifically designed
to target the motor cortex (MAGmv1.1, Neurek). An
additional non-magnetic steel nickel-coated cylinder
(MAG60s, Neurek) was located in the helmet over the
contralateral motor cortex to counterbalance the weight of
the active magnet. The MAG60s has the same size and
weight of the MAG60r. The total weight of the stimulation
system is ∼2 Kg. We trained patients and caregivers to the
use of the helmet at the beginning of the study and the
first trial of tSMS was performed at the hospital under
direct supervision. For chronic treatment, tSMS was self-
administered at patients’ home, for 3 times every day at
least 4 h apart; in each session tSMS was applied
sequentially for 20 min over each motor cortex. To prevent
displacement of the helmet patients were instructed to rest
during stimulation.

Evaluation of corticospinal output using transcranial
magnetic stimulation
We evaluated the effect of chronic tSMS on corticospinal
output to hand muscles using TMS. We recorded MEPs
before the beginning of tSMS and at the end of the six-
month period of stimulation. MEPs were recorded from
abductor pollicis brevis muscle (for patients studied in
Milan) or from the abductor digiti minimi muscle (for
patients studied in Rome). TMS was performed using a
Magstim 2002 stimulator (The Magstim Co. Ltd., Whit-
land, UK) at an intensity of 100% of maximal stimulator
output.
www.thelancet.com Vol 45 October, 2024
Statistical analysis
The normality of continuous variables has been evalu-
ated by means of graphical inspection (QQ plot) and
Shapiro–Wilk test. Continuous variables are shown as
mean and standard deviation (or median and inter-
quartile range in case of non-normal data), while cate-
gorical variables are shown as absolute and relative
frequencies. Unpaired T-test (or Wilcoxon rank-sum test
in case of non-normal data) was used to compare the
continuous variables between groups and Chi-square (or
Fisher’s exact test) for categorical ones. Moreover, for T-
test, when the group variances were not homogeneous
(based on F-test), the Satterthwaite correction of effec-
tive degrees of freedom was applied.

For the primary outcome (MPR), a repeated mea-
surements ANOVA model was implemented by a linear
mixed model considering the observation at different
time as repeated measurements within patients. The
correlation between measurements was modelled
through the compound symmetry matrix. The model
included the following covariates: time (T0 to T1 and T1
to T2), group (Real and Sham), and their interaction.
Only patients who completed the 6-month treatment
were included in the analysis. For post-hoc analysis,
Kaplan–Meier curves and associated log-rank test were
applied to test differences between groups. We included
all the patients who completed the 6-month treatment
period who were also included in the primary outcome
analysis. We performed a proportional hazards Cox
model to estimate Hazard Ratio and its 95% confidence
interval (95% CI) of composite endpoint event (trache-
ostomy or death) associated with Real or Sham group.
The assumption of proportional hazards was verified by
means of the method of inclusion of time dependent
covariate.

For both analyses, in presence of significant find-
ings we further performed sensitivity analyses. The
first, aimed to take into account the potential unbal-
anced distribution of patient characteristics, was car-
ried out using weighted regression model in which
each patient was weighted by the inverse probability-
of-treatment received (IPTW approach) To estimate
the weight, a logistic regression model was fitted
considering the group as dependent and age, gender,
ALS phenotype at disease onset and mean ALSFRS-R
score at T0 as covariates.26 The second one, aimed to
verify the impact of selection bias due to missing
outcome data, was performed applying the IPW
approach, based on the same rationale of IPTW
approach, with weights obtained by a logistic regres-
sion model with non-missingness status as dependent
variable and the same covariates used in IPTW
approach plus group.27

For all hypothesis tests, a p-value less than 0.05 was
considered statistically significant. All statistical analysis
was performed using SAS software (SAS, Version 9.4;
SAS Institute, Cary, North Carolina, USA).
5

http://www.thelancet.com


Articles

6

We planned to enroll 40 participants randomized 1:1
to real stimulation or sham stimulation. This sample
size achieves 80% power to reject the null hypothesis of
equal means when the population MPR mean differ-
ence is 0.45 assuming a standard deviation for both
groups of 0.5 and an alpha of 0.05 using a two-sided
two-sample equal-variance t-test.28 We also tried to
reduce the effect of the pronounced interindividual
variability in ALS progression including only patients
with a clear evidence of disease progression as demon-
strated by a decrease of the ALSFRS-R score of at least
0.3 points per month in the pre-randomization obser-
vation period. Due to the limited sample size, no ana-
lyses on gender effect on outcomes could be performed.

Role of the funding source
The study was investigator-initiated with Campus Bio-
Medico University as sponsor. Funding was provided
by “Fondazione ‘Nicola Irti’ per le opere di carità e di
cultura”. “Fondazione ‘Nicola Irti’ per le opere di carità e
di cultura” had no role in final study design, data
collection, analysis and interpretation, manuscript
preparation, or the decision to submit for publication.
Results
One-hundred patients were screened for the study
(Fig. 1). Forty-six patients did not meet inclusion/
exclusion criteria and 14 patients declined to participate.
Forty participants were randomly assigned either to real
(n = 21) or to placebo stimulation (n = 19). The patients
had no relevant co-morbidity, in particular they had no
other neurological disorder.

The patients had no family history of ALS, and ge-
netic testing for the main ALS genes (C9ORF72, SOD1,
TARDBP, and FUS) was negative. The demographic and
clinical characteristics of the real and sham patients are
reported in Table 1: there were no statistically or
All participants (n = 40

Sex

Male 25 (62%)

Female 15 (37%)

Age (years), mean (SD) 57.5 (11)

ALS phenotype at disease onset

Bulbar 7 (17%)

Spinal 33 (83%)

Disease duration (months), mean (SD) 24.1 (7.9)

ALSFRS-R score at T0, median [IQR] 39 [37–42]

ALSFRS-R score at T1, median [IQR] 36 [31–38]

MPR pre-randomization, median [IQR] 1.00 [0.67–1.48]

ALS: amyotrophic lateral sclerosis; ALSFRS-R: Revised ALS Functional Rating Scale; tSM
deviation; T0: time of recruitment; T1: time of randomization; MPR: monthly progressio
Percentages are based on the number of participants in each treatment group for the pop
(T1).

Table 1: Demographics and clinical characteristics by treatment group.
clinically significant differences between groups at
baseline. Four participants in the placebo group and one
in the real group decided to discontinue the stimulation
before the conclusion of the study. Thus, they did not
complete the six-month stimulation period. Moreover,
one patient in the placebo group and two in the real
group died or underwent tracheostomy within six
months after randomization.

Primary outcome: effects on disease progression
The primary outcome analysis was conducted on the 32
subjects who completed the six-month treatment period
(real group: n = 18; sham group: n = 14). Fig. 2 shows, in
Panel A, the median values and interquartile ranges of
ALSFRS-R at different time points by treatment arm,
and, in Panel B, the same statistics for MPR.

All patients showed a decline over time. In partic-
ular, considering “pre-randomization” and “six months
after randomization” measurements (mean ± SD),
similar group-specific decrements were observed (from
40.3 to 31.0 and from 37.7 to 28.2 for patients of real
and sham groups, respectively). The MPR did not show
statistically significant differences between the two
arms during the pre-treatment observation, i.e., from
T0 to T1 (Real: 1.02 ± 0.62, Sham: 1.02 ± 0.57, p-
value = 1.00) and during the treatment period, i.e.,
from T1 to T2, (Real: 0.90 ± 0.55, Sham: 0.94 ± 0.55, p-
value = 0.83). Analogously, the change of MPR during
time was not statistically different between groups (p-
value = 0.86).

Long-term follow-up
Long-term follow-up after the end of the six-month
double-blind study was performed in the 32 patients
who completed it.

Ten out of 18 patients in the real group decided to
continue stimulation and 6 out of 14 patients in the
placebo group decided to switch to real stimulation.
) Real tSMS (n = 21) Sham tSMS (n = 19)

12 (57%) 13 (68%)

9 (43%) 6 (31%)

55.3 (12) 60.2 (9)

3 (14%) 4 (21%)

18 (86%) 15 (79%)

24.5 (7.1) 23.7 (8.6)

40 [39–42] 38 [34–43]

37 [33–39] 35 [27–37]

1.00 [0.67–1.20] 1.17 [0.67–1.67]

S: transcranial Static Magnetic Stimulation. IQR: interquartile range; SD: standard
n rate (see Methods). Data are presented as n (%) or mean (SD) or median [IQR].
ulation being analyzed. Disease duration is measured at the time of randomization
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Fig. 2: ALSFRS-R (panel A) and monthly progression rate (MPR) (panel B) median values and interquartile ranges at different time points by
treatment arm. MPR is calculated as the ALSFRS-R variation divided by the months of observation, for each period of interest. T0: recruitment;
T1: randomization; T2: end of 6-month blind tSMS treatment.
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The last patient completed the long-term follow-up in
January 2024. Two patients (1 real and 1 placebo) were no
longer contactable and thus, they were lost to the follow-
up. The median follow-up time was 18 months (IQR
10–18 months). As shown in Fig. 3, at the end of the
long-term follow-up 13 patients in the real group and 4
Fig. 3: Tracheostomy-free survival according to the treatment group, as
starting at the completion of the 6-month double-blind treatment perio
patients. HR: hazard ratio; CI: confidence interval.

www.thelancet.com Vol 45 October, 2024
patients in the sham group were alive and tracheostomy
free with a statistically significant higher tracheostomy-
free survival in the real group compared with the
sham/delayed real stimulation group (p-value = 0.011).
The association between group (Real vs Sham) and tra-
cheostomy/death was HR = 0.27 (95% CI 0.09 to 0.80,
evaluated during the extended follow-up phase of the study (i.e.,
d). Real group: dark blue line; Sham group: purple line. +: censored

7
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p-value = 0.019) and it remained statistically significant
after adjustments for age, MPR at baseline and ALS
phenotype at disease onset (HR = 0.30).

The sensitivity analyses showed similar results
(IPTW approach: HR = 0.45, 95% CI 0.20 to 0.98, p-
value = 0.044 and IPW approach: HR = 0.25, 95% CI
0.09 to 0.68, p-value = 0.007). Moreover, 2 out of 4
patients in the sham group had undergone PEG posi-
tioning while all patients in the real group were
PEG-free.

Secondary outcomes
Safety and tolerability
The retention rate at T2 was 80%. Overall, 11 patients
(27.5%) reported treatment-emergent adverse events
(TEAEs), of which 6 (28.6%) in the real group and 5
(26.3%) in the sham group. Of these events, only 4
(10%) could have a probable, possible, or definite rela-
tionship to the intervention, so they were defined as
treatment-related AEs. They were mild and included
headache (n = 2 in the real group), which was transitory
in the first weeks of treatment, and cervical pain (n = 1
in the real group and n = 1 in the sham group), attrib-
uted to the device weight (most patients needed a
headrest to sustain the helmet during the procedure). In
the real group, cervical pain was the cause of treatment
and study withdrawal in one patient. Serious AEs were 7
(17.5%) in the overall population (n = 4 in the real group
and n = 3 in the sham), but no one was related to
treatment. Serious AEs included pulmonary embolism,
respiratory failure, and worsening of dysphagia
requiring tracheostomy and PEG positioning. As re-
ported above, one patient in the real group and one in
the sham group died within six months after randomi-
zation as a consequence of ALS progression (one patient
All partic

TEAEs 11 (28%)

Treatment-related TEAEs 4 (10%)

Treatment-related serious TEAEs 0 (0%)

Participants with TEAEs by maximum severity

Mild 4 (10%)

Moderate 1 (5%)

Severe 7 (18%)

Potentially life-threatening 0 (0%)

SAEs 7 (18%)

Participants with treatment-related SAEs 0 (0%)

Participants with TEAEs resulting in treatment withdrawal 2 (5%)

Participants with TEAEs resulting in withdrawal from study 2 (5%)

Participants with TEAEs resulting in death 2 (5%)

TEAE: treatment-emergent adverse event; tSMS: transcranial Static Magnetic Stimulati
treatment group. Percentages are based on the number of participants in a given trea
adverse event started after the initiation of tSMS. Treatment-related AEs are TEAEs th
intervention.

Table 2: Overall summary of adverse events by treatment group: population
in the sham group presented a worsening of dysphagia
but refused PEG positioning). A summary of the dis-
tribution of TEAEs and a list of the major AEs are re-
ported in Table 2 and Table 3.

Compliance
Compliance was assessed by means of a diary that pa-
tients (or caregivers) were instructed to keep, and it was
reported as a percentage of completed tSMS sessions.
Compliance was high in both groups, with a medium
value of 92%.

Effects of tSMS on corticospinal output
We analyzed the effects of tSMS on corticospinal output
to hand muscles evaluated as MEP amplitude change
between T1 and T2. Data were available for 16 patients
in the real group and 10 patients in the sham group, all
these patients were included in the final analysis.

A decrease in MEP amplitude at T2 was observed in
both groups (Real: −31.0%; Sham: −48.0%). However,
the comparison of changes between randomization
groups was not significant (p-value = 0.62).
Discussion
Cortical hyperexcitability characterizes ALS since the
early phases and even in the pre-symptomatic stage of
the disease and it is believed to underlie corticospinal
cell degeneration.3 In the present study, we used pro-
longed non-invasive stimulation suppressing motor
cortex excitability with the aim to mitigate excitoxicity
and to reduce ALS progression. To this end, we selected
tSMS, a neuromodulation technique capable of
reducing motor cortex excitability suitable for home-
based treatments and thus ideal for intensive and
ipants (n = 40) Real-tSMS (n = 21) Sham-tSMS (n = 19)

6 (29%) 5 (26%)

3 (14%) 1 (5%)

0 (0%) 0 (0%)

3 (14%) 1 (5%)

1 (5%) 0 (0%)

4 (19%) 3 (16%)

0 (0%) 0 (0%)

4 (19%) 3 (16%)

0 (0%) 0 (0%)

2 (10%) 0 (0%)

2 (10%) 0 (0%)

1 (5%) 1 (5%)

on; SAEs: serious adverse events. Values are reported as n (%) and divided by
tment group divided by the population being analyzed. A TEAE is defined as any
at are considered to have a probable, possible, or definite relationship to the

safety.
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Real-tSMS (n = 21) Sham-tSMS (n = 19)

Headache 2 (10%) 0 (0%)

Cervical pain 1 (5%) 1 (5%)

Pulmonary embolism 0 (0%) 2 (11%)

Deep venous thrombosis 1 (5%) 0 (0%)

Respiratory failure leading to NIV 1 (5%) 0 (0%)

Respiratory failure leading to tracheostomy 1 (5%) 1 (5%)

Worsening of dysphagia (PEG refusal) 0 (0%) 1 (5%)

Worsening of dysphagia leading to PEG positioning 1 (5%) 0 (0%)

Death 1 (5%) 1 (5%)

tSMS: transcranial Static Magnetic Stimulation; NIV: non-invasive ventilation; PEG: percutaneous endoscopic gastrostomy. Data are reported as n (%). Percentages are based
on the number of participants in a given treatment group divided by the population being analyzed.

Table 3: Participants with adverse events by treatment group.

Articles
prolonged protocols of daily stimulation. Because the
rate of disease progression is variable in ALS,29,30 we
considered as primary outcome the change in monthly
rate of disease progression. The definition of likely
course in individual patients and the inclusion of pa-
tients with clear evidence of disease progression can
minimize the confounding effects of disease progres-
sion variability31 and enhance the possibility of attaining
adequate statistical power with a limited sample size.
Moreover, we evaluated the change in the amplitude of
MEPs recorded in hand muscles after motor cortex
stimulation as a secondary outcome. MEPs represent an
indirect measure of corticospinal projection function32

and, thus, they can be considered a neurophysiological
biomarker of corticospinal tract degeneration.

In this double-blind, randomized, placebo-
controlled, phase 2 trial evaluating tSMS effects in
patients with sporadic ALS, there was no difference
between treatment groups in the primary endpoint of
change of MPR during the first six months of treatment.
However, the long-term follow-up extended to
18 months after the end of the study, revealed a sub-
stantial increase in tracheostomy-free survival in pa-
tients treated with real stimulation when compared with
patients who underwent sham stimulation during the
first six months of treatment. The tracheostomy-free
survival was almost doubled in the real group at the
end of the follow-up, and the HR was 0.27.

Although the difference between real and sham
stimulation groups is very pronounced, the clinical
implication of this finding should consider the low
precision of effect estimates, represented in a wide 95%
CI (i.e., 0.20 to 0.98 for the HR). Moreover, this result
needs to be interpreted with caution because the long-
term follow-up represents a post-hoc analysis. On the
other side, the most recent clinical trials on ALS tend to
indicate that the efficacy of any treatment needs to be
evaluated after a prolonged period of observation. The
results of trials with sodium phenylbutyrate-taur-
ursodiol33 and with tofersen for SOD1 ALS6 strongly
support the need of long-term observation to detect the
www.thelancet.com Vol 45 October, 2024
efficacy of treatments on clinical parameters and perti-
nent biomarkers. Many works underline the heteroge-
neity of ALS patients making it difficult to determine if a
disease-modifying therapy is effectively slowing pro-
gression.34 The need for a prolonged period of treatment
to attain clinical effects is also suggested by our single
case study evaluating the effects of epidural motor cortex
stimulation in ALS. In this patient, no effect was
observed during the first 22 months of stimulation, but
a very pronounced reduction in MPR was observed in
the following period.13

The effect of riluzole, even in the most severe stages
of the disease, further supports the idea that glutamate-
related excitotoxicity can be a therapeutic target
throughout the entire course of the disease.35

The analysis of the secondary outcomes shows that
the treatment is feasible and well tolerated as demon-
strated by the high retention rate at the end of the six
months of treatment (80%) and the high adherence to
the treatment (92% of compliance). Moreover, the
treatment is safe as demonstrated by the low number
of patients (10%) who experienced treatment-related
adverse events that, in any case, were mild and
reversible.

Previous studies have shown that tSMS is safe in
healthy humans in that tSMS application for 2 h did
not induce neural or glial damage as assessed by
serum levels of neuron-specific enolase and S-100
protein.36 Moreover, in a clinical trial in patients with
advanced Parkinson’s disease, the application of tSMS
over the motor cortex (10 sessions over two weeks) did
not produce any relevant adverse event.21 Present
findings extend the safety of repeated sessions of
tSMS in patients with neurodegenerative diseases. It
should also be considered that the magnetic flux
density at cortical level during tSMS exposure is below
200 mT,37–39 a value which is one order of magnitude
below the International Commission on Non-Ionizing
Radiation Protection limit for occupational exposure.40

Thus, it is highly unlikely that tSMS may induce local
damage.
9
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The neurophysiological assessment reveals an overall
reduction of MEP amplitude over the six-month treat-
ment period, without a significant difference between
the study groups, which we interpret as indicative of
motoneuron loss related to disease progression. How-
ever, it should be considered that we obtained these
measurements only in a part of the study sample
(n = 26) and that the MEP amplitude parameter,
depending on both upper and lower motoneuron pres-
ervation, might not be sensitive enough to detect any
cortical protective effect of neuromodulation. To this
end, measuring the amplitude ratio between MEP and
compound motor action potential evoked by peripheral
nerve stimulation could provide a more accurate infor-
mation on UMN dysfunction, although we did not have
evidence of a different disease progression between
treatment groups.

The helmet we used for stimulation mainly targets
the lateral motor cortex corresponding to the upper
limbs however, because of the relatively large magnet
employed (6-cm diameter) and because of the existence
of cortico-cortical connections, functional changes are
conceivably induced beyond the upper limb represen-
tation in the nearby areas connected to bulbar and trunk
muscles. This is supported by previous studies reporting
tSMS induced excitability changes beyond the local
circuits.41–44 Interestingly, a recent study in monkey
revealed that the diaphragm has two separate repre-
sentations in the motor cortex one of which is located
close to hand motor cortex.45 The lateral representation
of the diaphragm, that overlaps the origin of cortical
projections to laryngeal muscles, might have been
directly modulated by the magnet reducing excitoxicity-
related neurodegeneration with positive effects on res-
piratory function. However, further studies targeting
more directly cortical representation of respiratory and
swallowing muscles might be extremely interesting.

A recent study in normal subjects demonstrated that
tSMS not only suppresses the excitability of the stimu-
lated motor cortex, but also results in a facilitation of the
contralateral motor cortex possibly due to a reduction of
the interhemispheric inhibition.46 The possibility to
manipulate motor cortex excitability producing opposite
effects on the stimulated side and on the contralateral
side has a therapeutic potential in those disorders
characterized by an imbalance in motor cortex excit-
ability such as stroke,47 and a preliminary study by
Shimomura et al.48 suggests that tSMS of the contrale-
sional motor cortex might have positive effects in sub-
acute stroke. Although the contralateral effect of tSMS is
short lasting,46 it might reduce the benefit of tSMS in
ALS patients due the possible enhancement of the
excitability of the non-stimulated motor cortex. Thus, a
concomitant bilateral motor cortex stimulation might be
a better option than sequential bilateral motor cortex
stimulation in ALS. We are currently exploring this
approach in an ongoing proof of principle study
evaluating the effects of concomitant bilateral motor
cortex tSMS in ALS.

Only 10 out of 18 patients in the real group and 6 out
of 14 patients in the placebo group decided to continue/
start real stimulation at the end of the study. We did not
investigate systematically the reasons for declining long-
term stimulation thus, we can only speculate about
possible reasons for this choice. All patients showed a
decline over the main study and this could represent the
main reason for choosing of not continuing/starting real
stimulation. Another possible reason is represented by
the progression of the motor deficit in particular in neck
muscles that increased the discomfort associated with
the wearing of the 2 Kg helmet in patients in a more
advanced stage of the disease. To this end, a lighter
helmet could increase the tolerability of the stimulation.

This study has several limitations. Several measures of
cortical excitability such as intracortical inhibition and
facilitation as evaluated by paired pulse TMS can provide
additional insights on the function of corticospinal neu-
rons and of cortico-cortical excitatory and inhibitory in-
terneurons and might be very useful to characterize motor
cortex involvement and for monitoring the progression of
ALS.49 Unfortunately, these parameters were not evaluated
in present study but they represent an extremely inter-
esting biomarker in ALS to be included in future studies.

Sample size calculation did not consider attrition,
and this impacts the power of the analysis since the
retention rate at the end of the 6-month blind treatment
was 80%. Also, selection bias and confounding could
have affected our estimates. Despite we applied IPW
and IPTW approaches to try to control these errors, we
cannot exclude residual confounding and systematic
error due to missing outcome data in our findings.

Conclusions
In conclusion, our study demonstrates that long-term,
home-based, self-administered tSMS in ALS is safe
and feasible. Although the primary endpoint was not
met in the study, results of the long-term follow-up
strongly suggest a possible clinical efficacy of tSMS with
increased tracheostomy-free survival, supporting the
necessity to assess the efficacy of this innovative tech-
nique in further studies with more prolonged follow-up
and a larger sample.

Contributors
VD, FR and VS conceptualized and designed the study. DS and AZ
designed the statistical plan and analysis. FR, AD, MB, LM, EC, NT,
GM, and FC led the investigation and collected data. All authors eval-
uated and interpreted the outputs from the formal data analysis. VD
wrote the first draft with support from VS and FR. All authors were
involved in critical review and revision of the manuscript. All authors
had full access to all the data in the study and had final responsibility for
the decision to submit for publication.

Data sharing statement
Data collected for the study, including de-identified individual partici-
pant data and a data dictionary defining each field in the set, will be
made available to others upon request.
www.thelancet.com Vol 45 October, 2024

http://www.thelancet.com


Articles
Declaration of interests
V.S. received compensation for consulting services and/or speaking
activities from AveXis, Cytokinetics, Italfarmaco, Liquidweb S.r.l.,
Novartis Pharma AG, and Zambon Biotech SA, and receives or has
received research support from the Italian Ministry of Health, AriSLA,
and E-Rare Joint Transnational Call. He is member of the Editorial
Boards of Amyotrophic Lateral Sclerosis and Frontotemporal Degeneration,
European Neurology, American Journal of Neurodegenerative Diseases,
Frontiers in Neurology, and Exploration of Neuroprotective Therapy.

N.T. received compensation for consulting services and/or speaking
activities from Amylyx Pharmaceuticals, Biogen, Zambon, Italfarmaco
and has received research support from the Italian Ministry of Health,
AriSLA, and Thierry Latran Foundation. He participated on a Data
Safety Monitoring Board for Amylyx Pharmaceuticals.

All other authors declare no conflicts of interest.

Acknowledgements
The “Fondazione ‘Nicola Irti’ per le opere di carità e di cultura”, Rome,
Italy, supported the present study that is dedicated to the memory of
Nicola Irti.

Appendix A. Supplementary data
Supplementary data related to this article can be found at https://doi.
org/10.1016/j.lanepe.2024.101019.
References
1 Kiernan MC, Park SB. Hyperexcitability, neurodegeneration, and

disease progression in amyotrophic lateral sclerosis. Muscle Nerve.
2023;68:103–105. https://doi.org/10.1002/mus.27843.

2 Vucic S, Ziemann U, Eisen A, Hallett M, Kiernan MC. Transcranial
magnetic stimulation and amyotrophic lateral sclerosis: patho-
physiological insights. J Neurol Neurosurg Psychiatry. 2013;84:1161–
1170. https://doi.org/10.1136/jnnp-2012-304019.

3 Eisen A, Vucic S, Mitsumoto H. History of ALS and the competing
theories on pathogenesis: IFCN handbook chapter. Clin Neuro-
physiol Pract. 2023;9:1–12. https://doi.org/10.1016/j.cnp.2023.11.
004.

4 Gunes ZI, Kan VWY, Jiang S, Logunov E, Ye X, Liebscher S.
Cortical hyperexcitability in the driver’s seat in ALS. Clin Transl
Neurosci. 2022;6:5. https://doi.org/10.3390/ctn6010005.

5 Vucic S, Menon P, Huynh W, et al. Efficacy and safety of CNM-Au8
in amyotrophic lateral sclerosis (RESCUE-ALS study): a phase 2,
randomised, double-blind, placebo-controlled trial and open label
extension. EClinicalMedicine. 2023;60:102036. https://doi.org/10.
1016/j.eclinm.2023.102036.

6 Miller TM, Cudkowicz ME, Genge A, et al. Trial of antisense
oligonucleotide tofersen for SOD1 ALS. N Engl J Med.
2022;387:1099–1110. https://doi.org/10.1056/NEJMoa2204705.

7 Lefaucheur JP, Aleman A, Baeken C, et al. Evidence-based guide-
lines on the therapeutic use of repetitive transcranial magnetic
stimulation (rTMS): an update (2014-2018). Clin Neurophysiol.
2020;131:474–528. https://doi.org/10.1016/j.clinph.2019.11.002.

8 Di Lazzaro V, Ranieri F, Bączyk M, et al. Novel approaches to
motoneuron disease/ALS treatment using non-invasive brain and
spinal stimulation: IFCN Handbook Chapter. Clin Neurophysiol.
2024;158:114–136. https://doi.org/10.1016/j.clinph.2023.12.012.

9 Sivaramakrishnan A, Datta A, Bikson M, Madhavan S. Remotely
supervised transcranial direct current stimulation: a feasibility
study for amyotrophic lateral sclerosis. NeuroRehabilitation.
2019;45:369–378. https://doi.org/10.3233/NRE-192851.

10 Benussi A, Cantoni V, Grassi M, et al. Cortico-spinal tDCS in
amyotrophic lateral sclerosis: a randomized, double-blind, sham-
controlled trial followed by an open-label phase. Brain Stimul.
2023;16:1666–1676. https://doi.org/10.1016/j.brs.2023.11.008.

11 Di Lazzaro V, Ranieri F, Capone F, Musumeci G, Dileone M. Direct
current motor cortex stimulation for amyotrophic lateral sclerosis: a
proof of principle study. Brain Stimul. 2013;6:969–970. https://doi.
org/10.1016/j.brs.2013.06.005.

12 Di Lazzaro V, Oliviero A, Pilato F, et al. Comparison of descending
volleys evoked by transcranial and epidural motor cortex stimula-
tion in a conscious patient with bulbar pain. Clin Neurophysiol.
2004;115:834–838. https://doi.org/10.1016/j.clinph.2003.11.026.
www.thelancet.com Vol 45 October, 2024
13 Di Lazzaro V, Pellegrino G, Capone F, et al. Reduction of disease
progression in a patient with amyotrophic lateral sclerosis after
several years of epidural motor cortex stimulation. Brain Stimul.
2017;10:324–325. https://doi.org/10.1016/j.brs.2016.11.012.

14 Kim H, Kim H-I, Kim Y-H, Kim S-Y, Shin Y-I. An animal study to
examine the effects of the bilateral, epidural cortical stimulation on
the progression of amyotrophic lateral sclerosis. J NeuroEng Reha-
bil. 2014;11:139. https://doi.org/10.1186/1743-0003-11-139.

15 Oliviero A, Mordillo-Mateos L, Arias P, Panyavin I, Foffani G,
Aguilar J. Transcranial static magnetic field stimulation of the hu-
man motor cortex. J Physiol. 2011;589:4949–4958. https://doi.org/
10.1113/jphysiol.2011.211953.

16 Dileone M, Mordillo-Mateos L, Oliviero A, Foffani G. Long-lasting
effects of transcranial static magnetic field stimulation on motor
cortex excitability. Brain Stimul. 2018;11:676–688. https://doi.org/
10.1016/j.brs.2018.02.005.

17 Di Lazzaro V, Rothwell JC. Corticospinal activity evoked and
modulated by non-invasive stimulation of the intact human motor
cortex. J Physiol. 2014;592:4115–4128. https://doi.org/10.1113/
jphysiol.2014.274316.

18 Foffani G, Oliviero A. Transcranial static magnetic field stimula-
tion. online edn. In: Wassermann Eric M, ed. The oxford handbook
of transcranial stimulation: 2nd ed., Oxford Handbooks. Oxford Aca-
demic; 2024. https://doi.org/10.1093/oxfordhb/9780198832256.
013.8.

19 Hernando A, Galvez F, García MA, et al. Effects of moderate static
magnetic field on neural systems Is a non-invasive mechanical
stimulation of the brain possible theoretically? Front Neurosci.
2020;14:419. https://doi.org/10.3389/fnins.2020.00419.

20 Sinha AS, Shibata S, Takamatsu Y, Akita T, Fukuda A, Mima T.
Static magnetic field stimulation enhances shunting inhibition via a
SLC26 family Cl- channel, inducing intrinsic plasticity. J Neurosci.
2024;44:e1324222024. https://doi.org/10.1523/JNEUROSCI.1324-
22.2024.

21 Dileone M, Ammann C, Catanzaro V, et al. Home-based trans-
cranial static magnetic field stimulation of the motor cortex for
treating levodopa-induced dyskinesias in Parkinson’s disease: a
randomized controlled trial. Brain Stimul. 2022;15:857–860.
https://doi.org/10.1016/j.brs.2022.05.012.

22 Di Lazzaro V, Musumeci G, Boscarino M, et al. Transcranial static
magnetic field stimulation can modify disease progression in
amyotrophic lateral sclerosis. Brain Stimul. 2021;14:51–54. https://
doi.org/10.1016/j.brs.2020.11.003.

23 Brooks BR, Miller RG, Swash M, Munsat TL, World Federation of
Neurology Research Group on Motor Neuron Diseases. El Escorial
revisited: revised criteria for the diagnosis of amyotrophic lateral
sclerosis. Amyotroph Lateral Scler Other Motor Neuron Disord.
2000;1:293–299. https://doi.org/10.1080/146608200300079536.

24 de Carvalho M, Dengler R, Eisen A, et al. Electrodiagnostic criteria
for diagnosis of ALS. Clin Neurophysiol. 2008;119:497–503. https://
doi.org/10.1016/j.clinph.2007.09.143.

25 Cedarbaum JM, Stambler N, Malta E, et al. The ALSFRS-R: a
revised ALS functional rating scale that incorporates assessments
of respiratory function. BDNF ALS Study Group (Phase III).
J Neurol Sci. 1999;169:13–21. https://doi.org/10.1016/s0022-
510x(99)00210-5.

26 Chesnaye NC, Stel VS, Tripepi G, et al. An introduction to inverse
probability of treatment weighting in observational research. Clin
Kidney J. 2021;15:14–20. https://doi.org/10.1093/ckj/sfab158.

27 Narduzzi S, Golini MN, Porta D, Stafoggia M, Forastiere F. Inverse
probability weighting (IPW) for evaluating and "correcting" selec-
tion bias. Epidemiol Prev. 2014;38:335–341.

28 Di Lazzaro V, Pilato F, Profice P, et al. Motor cortex stimulation for
ALS: a double blind placebo-controlled study. Neurosci Lett.
2009;464:18–21. https://doi.org/10.1016/j.neulet.2009.08.020.

29 Mandrioli J, Biguzzi S, Guidi C, et al. Heterogeneity in ALSFRS-R
decline and survival: a population-based study in Italy. Neurol Sci.
2015;36:2243–2252. https://doi.org/10.1007/s10072-015-2343-6.

30 Ramamoorthy D, Severson K, Ghosh S, et al. Identifying patterns
in amyotrophic lateral sclerosis progression from sparse longitu-
dinal data. Nat Comput Sci. 2022;2:605–616. https://doi.org/10.
1038/s43588-022-00299-w.

31 Kiernan MC, Vucic S, Talbot K, et al. Improving clinical trial out-
comes in amyotrophic lateral sclerosis. Nat Rev Neurol.
2021;17:104–118. https://doi.org/10.1038/s41582-020-00434-z.

32 Vucic S, Stanley Chen KH, Kiernan MC, et al. Clinical diagnostic
utility of transcranial magnetic stimulation in neurological
11

https://doi.org/10.1016/j.lanepe.2024.101019
https://doi.org/10.1016/j.lanepe.2024.101019
https://doi.org/10.1002/mus.27843
https://doi.org/10.1136/jnnp-2012-304019
https://doi.org/10.1016/j.cnp.2023.11.004
https://doi.org/10.1016/j.cnp.2023.11.004
https://doi.org/10.3390/ctn6010005
https://doi.org/10.1016/j.eclinm.2023.102036
https://doi.org/10.1016/j.eclinm.2023.102036
https://doi.org/10.1056/NEJMoa2204705
https://doi.org/10.1016/j.clinph.2019.11.002
https://doi.org/10.1016/j.clinph.2023.12.012
https://doi.org/10.3233/NRE-192851
https://doi.org/10.1016/j.brs.2023.11.008
https://doi.org/10.1016/j.brs.2013.06.005
https://doi.org/10.1016/j.brs.2013.06.005
https://doi.org/10.1016/j.clinph.2003.11.026
https://doi.org/10.1016/j.brs.2016.11.012
https://doi.org/10.1186/1743-0003-11-139
https://doi.org/10.1113/jphysiol.2011.211953
https://doi.org/10.1113/jphysiol.2011.211953
https://doi.org/10.1016/j.brs.2018.02.005
https://doi.org/10.1016/j.brs.2018.02.005
https://doi.org/10.1113/jphysiol.2014.274316
https://doi.org/10.1113/jphysiol.2014.274316
https://doi.org/10.1093/oxfordhb/9780198832256.013.8
https://doi.org/10.1093/oxfordhb/9780198832256.013.8
https://doi.org/10.3389/fnins.2020.00419
https://doi.org/10.1523/JNEUROSCI.1324-22.2024
https://doi.org/10.1523/JNEUROSCI.1324-22.2024
https://doi.org/10.1016/j.brs.2022.05.012
https://doi.org/10.1016/j.brs.2020.11.003
https://doi.org/10.1016/j.brs.2020.11.003
https://doi.org/10.1080/146608200300079536
https://doi.org/10.1016/j.clinph.2007.09.143
https://doi.org/10.1016/j.clinph.2007.09.143
https://doi.org/10.1016/s0022-510x(99)00210-5
https://doi.org/10.1016/s0022-510x(99)00210-5
https://doi.org/10.1093/ckj/sfab158
http://refhub.elsevier.com/S2666-7762(24)00186-8/sref27
http://refhub.elsevier.com/S2666-7762(24)00186-8/sref27
http://refhub.elsevier.com/S2666-7762(24)00186-8/sref27
https://doi.org/10.1016/j.neulet.2009.08.020
https://doi.org/10.1007/s10072-015-2343-6
https://doi.org/10.1038/s43588-022-00299-w
https://doi.org/10.1038/s43588-022-00299-w
https://doi.org/10.1038/s41582-020-00434-z
http://www.thelancet.com


Articles

12
disorders. Updated report of an IFCN committee. Clin Neurophysiol.
2023;150:131–175. https://doi.org/10.1016/j.clinph.2023.03.010.

33 Paganoni S, Hendrix S, Dickson SP, et al. Effect of sodium phe-
nylbutyrate/taurursodiol on tracheostomy/ventilation-free survival
and hospitalisation in amyotrophic lateral sclerosis: long-term re-
sults from the CENTAUR trial. J Neurol Neurosurg Psychiatry.
2022;93:871–875. https://doi.org/10.1136/jnnp-2022-329024.

34 Goyal NA, Berry JD, Windebank A, et al. Addressing heterogeneity
in amyotrophic lateral sclerosis CLINICAL TRIALS. Muscle Nerve.
2020;62:156–166. https://doi.org/10.1002/mus.26801.

35 Fang T, Al Khleifat A, Meurgey JH, et al. Stage at which riluzole
treatment prolongs survival in patients with amyotrophic lateral
sclerosis: a retrospective analysis of data from a dose-ranging study.
Lancet Neurol. 2018;17:416–422. https://doi.org/10.1016/S1474-
4422(18)30054-1.

36 Oliviero A, Carrasco-López MC, Campolo M, et al. Safety study of
transcranial static magnetic field stimulation (tSMS) of the human
cortex. Brain Stimul. 2015;8:481–485. https://doi.org/10.1016/j.brs.
2014.12.002.

37 Paulus W. Transcranial static magnetic field stimulation in man:
making things as simple as possible? J Physiol. 2011;589:5917–
5918. https://doi.org/10.1113/jphysiol.2011.221655.

38 Rivadulla C, Foffani G, Oliviero A. Magnetic field strength and
reproducibility of neodymium magnets useful for transcranial
static magnetic field stimulation of the human cortex. Neuro-
modulation. 2014;17:438–441. https://doi.org/10.1111/ner.12125.
discussion 441-2.

39 Tharayil JJ, Goetz SM, Bernabei JM, Peterchev AV. Field distribu-
tion of transcranial static magnetic stimulation in realistic human
head model. Neuromodulation. 2018;21:340–347. https://doi.org/10.
1111/ner.12699. Erratum in: Neuromodulation 2018; 21: 723.
https://doi.org/10.1111/ner.12876.

40 International Commission on Non-Ionizing Radiation Protection.
Guidelines on limits of exposure to static magnetic fields. Health Phys.
2009;96:504–514. https://doi.org/10.1097/01.HP.0000343164.27920.4a.
41 Pineda-Pardo JA, Obeso I, Guida P, et al. Static magnetic field
stimulation of the supplementary motor area modulates resting-
state activity and motor behavior. Commun Biol. 2019;2:397.
https://doi.org/10.1038/s42003-019-0643-8.

42 Soto-León V, Torres-Llacsa M, Mordillo-Mateos L, et al. Static
magnetic field stimulation over motor cortex modulates resting
functional connectivity in humans. Sci Rep. 2022;12:7834. https://
doi.org/10.1038/s41598-022-11859-5.

43 Pagge C, Caballero-Insaurriaga J, Pineda-Pardo JA, Obeso I,
Oliviero A, Foffani G. Noninvasive modulation of human cortico-
striatal activity. Proc Natl Acad Sci USA. 2023;120:e2219693120.
https://doi.org/10.1073/pnas.2219693120.

44 Pagge C, Caballero-Insaurriaga J, Oliviero A, Foffani G,
Ammann C. Transcranial static magnetic field stimulation of the
supplementary motor area decreases corticospinal excitability in the
motor cortex: a pilot study. Sci Rep. 2024;14:6597. https://doi.org/
10.1038/s41598-024-57030-0.

45 Helou LB, Dum RP. Volitional inspiration is mediated by two in-
dependent output channels in the primary motor cortex. J Comp
Neurol. 2023;531:1796–1811. https://doi.org/10.1002/cne.25540.

46 Takamatsu Y, Koganemaru S, Watanabe T, et al. Transcranial static
magnetic stimulation over the motor cortex can facilitate the
contralateral cortical excitability in human. Sci Rep. 2021;11:5370.
https://doi.org/10.1038/s41598-021-84823-4.

47 Murase N, Duque J, Mazzocchio R, Cohen LG. Influence of
interhemispheric interactions on motor function in chronic stroke.
Ann Neurol. 2004;55:400–409. https://doi.org/10.1002/ana.10848.

48 Shimomura R, Shibata S, Koganemaru S, et al. Transcranial static
magnetic field stimulation (tSMS) can induce functional recovery in
patients with subacute stroke. Brain Stimul. 2023;16:933–935.
https://doi.org/10.1016/j.brs.2023.05.024.

49 Dharmadasa T, Pavey N, Tu S, et al. Novel approaches to assessing
upper motor neuron dysfunction in motor neuron disease/amyo-
trophic lateral sclerosis: IFCN handbook chapter. Clin Neurophysiol.
2024;163:68–89. https://doi.org/10.1016/j.clinph.2024.04.010.
www.thelancet.com Vol 45 October, 2024

https://doi.org/10.1016/j.clinph.2023.03.010
https://doi.org/10.1136/jnnp-2022-329024
https://doi.org/10.1002/mus.26801
https://doi.org/10.1016/S1474-4422(18)30054-1
https://doi.org/10.1016/S1474-4422(18)30054-1
https://doi.org/10.1016/j.brs.2014.12.002
https://doi.org/10.1016/j.brs.2014.12.002
https://doi.org/10.1113/jphysiol.2011.221655
https://doi.org/10.1111/ner.12125
https://doi.org/10.1111/ner.12699
https://doi.org/10.1111/ner.12699
https://doi.org/10.1097/01.HP.0000343164.27920.4a
https://doi.org/10.1038/s42003-019-0643-8
https://doi.org/10.1038/s41598-022-11859-5
https://doi.org/10.1038/s41598-022-11859-5
https://doi.org/10.1073/pnas.2219693120
https://doi.org/10.1038/s41598-024-57030-0
https://doi.org/10.1038/s41598-024-57030-0
https://doi.org/10.1002/cne.25540
https://doi.org/10.1038/s41598-021-84823-4
https://doi.org/10.1002/ana.10848
https://doi.org/10.1016/j.brs.2023.05.024
https://doi.org/10.1016/j.clinph.2024.04.010
http://www.thelancet.com

	Transcranial static magnetic stimulation for amyotrophic lateral sclerosis: a bicentric, randomised, double-blind placebo-c ...
	Introduction
	Methods
	Trial participants
	Study design
	Randomization
	Trial interventions and procedures
	Outcomes
	Post-hoc analysis: long-term follow-up


	Procedures
	Transcranial static magnetic field stimulation
	Evaluation of corticospinal output using transcranial magnetic stimulation

	Statistical analysis
	Role of the funding source

	Results
	Primary outcome: effects on disease progression
	Long-term follow-up
	Secondary outcomes
	Safety and tolerability
	Compliance
	Effects of tSMS on corticospinal output


	Discussion
	Conclusions

	ContributorsVD, FR and VS conceptualized and designed the study. DS and AZ designed the statistical plan and analysis. FR,  ...
	Data sharing statementData collected for the study, including de-identified individual participant data and a data dictiona ...
	Declaration of interests
	Acknowledgements
	Appendix A. Supplementary data
	References


