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Addressing levodopa-unresponsive freezing of gait (FOG) in Parkinson’s disease (PD) presents a
significant challenge. Arandomized double-blinded trial evaluated the effects of repetitive transcranial
magnetic stimulation (rTMS) in conjunction with transcutaneous magnetic spinal cord stimulation
among 57 PD individuals experiencing levodopa-unresponsive FOG. Patients were randomized to
receive dual-site stimulation involving bilateral primary motor cortex of the lower leg (M1-LL) and the
lumbar spinal cord, single-site stimulation targeting bilateral M1-LL alone, or sham stimulation for 10
sessions. Low-frequency rTMS induced remarkable improvements in FOG, gait, and motor functions
compared to sham at 1 day and 1 month postintervention. Notably, the dual-site protocol
demonstrated superior efficacy in mitigating FOG and improving gait compared to the single-site
approach, which correlated with a pronounced increase in short-interval intracortical inhibition of the
abductor pollicis brevis. These findings underscore the potential of the cerebrospinal dual-site
regimen as a promising approach for levodopa-unresponsive FOG and gait in PD.

Addressing freezing of gait (FOG), particularly the subtype unresponsive to
levodopa, poses a significant challenge for clinicians'’. While the neural
mechanisms underpinning FOG in Parkinson’s disease (PD) are obscure,
several models have been proposed’. To date, the most accepted model
remains the “Interference model” proposed by Lewis and Baker’, and
named by Nieuwboer and Giladi’, which indicates that FOG may arise from
convergence dysfunction and overload of segregate cognitive, limbic and
motor cortical-basal ganglia (BG) pathways. Targeting affected motor
cortices could potentially rebalance the connectivity of motor cortex with
the motor striatum and subthalamic nucleus (STN), thereby relieving FOG.
Repetitive transcranial magnetic stimulation (rTMS) is a noninvasive brain
stimulation (NIBS) technique modulating brain connectivity in specific,
distributed, cortico-subcortical networks®. Actually, the primary motor
cortex of the lower leg (M1-LL) has been considered as one of the candidate
stimulus targets for gait and FOG in PD". However, its efficacy remained
limited and controversial'’. Therefore, improving the current rTMS ther-
apeutic regimen is sorely warranted. Impaired corticomotor inhibition,
particularly reduced short-interval intracortical inhibition (SICI) of the
tibialis anterior (TA) muscle, was found to be associated with FOG
pathogenesis in a recent study'. Low frequency rTMS over M1 has
demonstrated the capacity to enhance corticomotor inhibition, as evidenced

by a reduction in motor evoked potential (MEP) amplitude’” and an
extension of the cortical silent period (CSP)"*". Thus, our initial objective
was to explore whether the cumulative application of 1 Hz rTMS over the
bilateral M1-LL could ameliorate FOG in PD.

Recently, spinal cord stimulation (SCS) has emerged as a promising
treatment for FOG in PD. A pilot study involving the implantation of
electrodes in the epidural space of the upper thoracic spine (T2-T4) in 4 PD
patients demonstrated that SCS improved gait and FOG". This promising
outcome was corroborated in another pilot study, where mid-thoracic SCS
(T8-T10) was applied to 5 PD patients with levodopa-unresponsive FOG,
confirming its beneficial effects'’. Additionally, a recent Asian case high-
lighted the role of SCS (T9-T10) in reducing FOG again'’. Although the
precise mechanisms remain elusive, SCS may modulate neuronal firing in
the supplementary motor area (SMA), a key motor hub for controlling gait
initiation'*. Despite the invasive nature of SCS, an intriguing recent trial has
explored the feasibility of transcutaneous magnetic SCS at the level of fifth
thoracic vertebra (T5). This noninvasive approach has shown promise in
attenuating FOG in PD without severe adverse effects'”’. Encouraged by
these preliminary findings, we posited a hypothesis: the synergistic com-
bination of rTMS with transcutaneous magnetic SCS could prove more
efficacious than rTMS alone in addressing levodopa-unresponsive FOG.
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To substantiate our two hypotheses, we designed a randomized,
double-blind, controlled trial to evaluate the safety and efficacy of cumu-
lative low-frequency rTMS over bilateral M1-LL, as well as its synergistic
combination with transcutaneous magnetic SCS targeting lower thoracic
vertebra, in treating levodopa-unresponsive FOG in PD patients. Con-
currently, we employed measures of corticomotor excitability of both upper
and lower extremities to delve into the underlying neurophysiological
mechanisms driving these interventions.

Results

Participant characteristics

The demographic, baseline clinical, and electrophysiological character-
istics of all participants were summarized in Table 1. Participants assigned
to the three distinct interventions groups, which included dual-site (DS:
real bilateral M1-LL + real lumbar spinal cord), single-site (SS: real
bilateral M1-LL + sham lumbar spinal cord), and no-site (NS: double
sham) stimulation, exhibited similar demographic, baseline clinical, and
gait characteristics. Furthermore, no statistically significant differences
were detected in the electrophysiological measures across the three
groups.

Adverse effects

No severe adverse events were reported. However, 5 subjects reported
experiencing side effect following rTMS, all described mild, transient
headaches during their initial rTMS session. Four of these individuals
proceeded to complete the full interventions and follow-up without
further headache episodes. Nevertheless, one participant, while not
experiencing severe headaches, expressed apprehension that culmi-
nated in the decision to decline further treatment. The distribution of
adverse events was similar in the DS (n = 3) and SS (n = 2) intervention
groups.

Changes in FOG assessments

Repeated analysis of variance (ANOVA) clarified significant effects of TIME
(Frove =26.148,  p<0001, partial #°=0506) and GROUP
(Fgroup =4.343, p=0.018, partial #°=0.143), and a significant TIME x
GROUP interaction (Frpve x group = 30.727, p < 0.001, partial 7° = 0.542)
in the FOG questionnaire (FOG-Q). DS and SS groups showed remarkable
improvements at 1day (Post), and 1 month (Post;,,,) postintervention
relative to Baseline (all p < 0.01) (Table 2). Furthermore, SS group (A FOG-
Q at Post: — 2.22 + 1.59; A FOG-Q at Post;,,: —1.39 + 1.20) relieved more

Table 1 | Baseline clinical findings and cortical excitability in all participants

Variables DS,n=19 SS,n=18 NS,n=18 P
Gender, M/F 13/6 8/10 10/8 0.338°
Age, y 70.11 £7.37 70.33+9.36 73.39+6.15 0.366°
Education level, y 12 (9, 16) 10.5 (8.5, 12) 9(8.25,12) 0.265°
Disease measures

Disease duration, y 7 (4,10) 7 (5,10) 5.5(3, 8.25) 0.266°
Hoehn & Yahr stage 32,93 3(2.38,3) 3(2.5,93) 0.617°
UPDRS-III 28.47 £11.82 32.94+£8.03 29.44 £11.41 0.412°
LEDD, mg/d 683.00 + 269.62 611.11 £ 308.60 603.86 + 320.24 0.674°
MMSE 29 (27, 30) 28.5 (27.75, 30) 29 (26, 30) 0.955°
FOG-Q 17.11+£4.15 16.33 +4.61 17.78 +4.10 0.603°
HAMA 10 (7, 16) 11.5(9, 19.5) 12 (11, 20.25) 0.313°
HAMD 11 (2, 14) 8 (4, 16.25) 9 (6, 13.25) 0.824°
Objective gait measures

Gait speed, m/s 0.55+0.19 0.58+0.25 0.51+0.27 0.621°
Stride length, cm 58.28 +19.34 64.50 £ 26.72 56.25 +28.45 0.591°
Stride time variability, % 6.54 (4.76, 9.32) 6.43 (3.93,9.72) 9.21 (5.31, 12.90) 0.236°
Double support time percent, % 24.47 (22.06, 29.82) 30.07 (20.25, 35.46) 28.41(20.85, 40.41) 0.570°
Electrophysiological measures

RMTapg, % MSO 34.47 £8.19 37.22 +6.66 34.78 £6.39 0.450°
AMP, mV 0.42 (0.25, 0.87) 0.56 (0.23, 1.04) 0.91 (0.40, 1.30) 0.178°
CSP, ms 197.67 + 34.11 190.67 + 39.01 194.14 £42.29 0.859°
SAl, % 73.57 (47.80, 98.50) 94.33 (63.82, 110.39) 71.15 (56.49, 107.63) 0.555°
SIClaps, % 97.84 +39.82 90.39 +37.29 93.31 £40.27 0.847°
ICFapB, % 177.00 (138.00, 211.00) 128.00 (90.38, 199.50) 132.00 (93.30, 215.50) 0.278°
RMT+a, % MSO 46.16+11.09 44.28 +11.03 44.83+7.24 0.840°
SIClra, % 86.90 (35.80, 111.00) 71.30 (41.78, 115.25) 81.15 (40.12, 96.03) 0.919°
ICF1a, % 224.00 (79.50, 330.00) 179.00 (117.48, 312.25) 167.50 (126.00, 250.00) 0.675°

Data were shown as mean + SD or median (P25, P75).

DS dual-site, SS single-site, NS no-site, M male, F female, y year, UPDRS-IIl Unified Parkinson’s Disease Rating Scale part Ill, LEDD levodopa equivalent daily dose, MMSE Mini-mental state examination,
FOG-Q freezing of gait questionnaire, HAMA Hamilton Anxiety Rating Scale, HAMD Hamilton Depression Rating Scale, RMT resting motor threshold, MSO maximum stimulation output, AMP MEP
amplitude at 120% resting motor threshold intensity, CSP cortical silent period, SA/ short-latency afferent inhibition, SIC/ short-interval intracortical inhibition, APB abductor pollicis brevis, ICF intracortical

facilitation, TA tibialis anterior.
@ Chi square test.

° One-way ANOVA.

¢ Kruskal-Wallis test.
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FOG symptoms compared with sham (A FOG-Q at Post: 0.44 +2.09; A
FOG-Q at Post; ,,: 0.89 + 1.60) (both p = 0.001), whereas DS group (A FOG-
Q at Post: —4.05+2.17; A FOG-Q at Post;,;; —3.37 +2.09) induced a

Table 2| Comparison of behavioral and objective gait outcome
measures

Outcomes Group  Baseline Post Postim,
Primary outcome measure
FOG-Q DS 17.11+415  13.05+4.03"  13.74+4.03"
ss 16.33+4.61 1411366  14.94+4.08"
NS 17.78+4.10  18.22+4.12 18.67 + 4.06
Secondary outcome measures
UPDRS-IlI DS 28.47+11.82 2263+956" 2279907
ss 32.94+803  27.0+7.33" 27.56+7.45™"
NS 2044+11.41 2961+11.88  30.94+12.11
Gait speed, DS 0.55+0.19 0.71+0.18™ 0.70+0.19™
m/s ss 0.58+0.25 0.67+0.26" 0.62+0.25
NS 0.51+0.27 0.45+0.21 0.42+0.27"
Stride DS 58.28+19.34 75.01+19.07"" 72.62+18.64"
length, cm ss 64.50+26.72  71.54+27.90 66.58 + 28.48
NS 56.25+28.45 48.48+2117  45.25+27.98"
Stride time DS 8.10+5.44 6.14 +5.39 5.96 +5.20
variability, % “gg 7.42£5.66 8.35+5.95 8.42£5.30
NS 9.74+553 10.85+5.57 12.51+10.43
Double DS 2676+829  2231+621"  22.66+5.89
::ff:nf;gz’e ss 20.88+9.53  25.99+7.98' 27.79+7.44
% NS 31.73+1254 31.83+9.50 36.56+12.57"

Values were presented as mean + SD.

DS dual-site, NS no-site, FOG-Q freezing of gait questionnaire; Post 1 day postintervention; Post;,
1 month postintervention, SS single-site, UPDRS-IIl Unified Parkinson’s Disease Rating Scale part lll.
“p <0.05 when compared to Baseline. “p <0.01 when compared to Baseline. "“'p <0.001 when
compared to Baseline. These p-values were corrected by Bonferroni.
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Fig. 1 | Improvements in FOG, motor, and gait symptoms in the three groups.
A FOG-Q, (B) UPDRS-IIL, (C) gait speed, (D) stride length, (E) stride time varia-
bility, and (F) double support time percentage. Abbreviations: DS dual-site, SS

greater FOG-Q reduction than both SS and NS groups (all p <0.05) (Fig.
1A). Hence, low-frequency rTMS, when administered independently,
mitigated FOG both during intensive treatment phase and throughout the
subsequent one-month follow-up period. Nonetheless, the dual-site pro-
tocol demonstrated a superior capacity to diminish FOG symptoms.

Changes in motor function assessments

Repeated ANOVA revealed significant TIME effect and TIME x
GROUP interaction in the Unified Parkinson’s Disease Rating Scale
part 111 (UPDRS-III) (Fppyg = 14.877, p <0.001, partial n’=0.222;
FriME x GrOUP = 5.586, p = 0.001, partial ° = 0.177); however, no main
effect of GROUP was detected. Similar to FOG-Q, both DS and SS
groups led to significantly reduced UPDRS-III scores at Post and
Post;, relative to Baseline (all p <0.001) (Table 2). Compared with
sham (A UPDRS-III at Post: 0.17 +5.80; A UPDRS-III at Post;:
1.5 +6.97),both DS (A UPDRS-III at Post: —5.84 + 7.16; A UPDRS-III
at Post;,: —5.68 + 6.72) and SS (A UPDRS-III at Post: —5.94 + 5.13; A
UPDRS-III at Post; ,: —5.39 £ 3.78) groups showed significant motor
improvements at intensive phase and 1 month follow-up (all p < 0.05)
(Fig. 1B). Nevertheless, there was no significant difference between DS
and SS interventions.

Changes in objective gait characteristics

Repeated ANOV As disclosed significant effects of TIME and GROUP,
and TIME x GROUP interactions in gait speed (Frpqg=10.565,
p<0.001, partial #°=0.297; Fgroup=4.526, p=0.016, partial
7> =0.151; Frpye « group = 18.683, p < 0.001, partial = 0.423), stride
length (Frpve =5.501, p=0.005, partial n>=0.097; Fgroup = 4.040,
p=0.024, partial #° =0.137; Frpve « group = 10.924, p < 0.001, partial
#°=0.300), and double support time percentage (Frpg=11.031,
p<0.001, partial #°=0.306; Fgroup=6.469, p=0.003, partial
177 =0.202; Frime x group = 8:469, p = 0.001, partial #° = 0.249). Relative
to Baseline, DS group showed remarkable improvements in gait speed
and stride length at Post and Post;,, (all p <0.001); SS group increased
gait speed only at Post (p = 0.006); however, NS group aggravated gait
speed at Post;,,, (p=0.011) and disimproved stride length at both
intensive phase (p = 0.039) and 1 month follow-up (p = 0.002) (Table 2).
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single-site, NS no-site, FOG-Q freezing of gait questionnaire, Post 1 day post-
intervention, Post;,,, 1 month postintervention, UPDRS-III Unified Parkinson’s
Disease Rating Scale part I1L. 'p < 0.05, “p <0.01, ""p < 0.001.
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Fig. 2 | Changes in cortical excitability after interventions and their clinical
relationships. A SICI,pp was tested from 3 participants receiving DS (male, aged
69 years, SICI opp at Baseline: 98.7% control MEP, SICI5pp at Post: 63.1% control
MEP), SS (female, aged 63 years, SICI s pp at Baseline: 88.7% control MEP, SICI ;pp at
Post: 76.4% control MEP) and NS (male, aged 74 years, SICI,pp at Baseline: 93.1%
control MEP, SICIspp at Post: 107% control MEP) protocols. B After 10-session
interventions, SS group induced an improvement in SICI,pg compared with sham,

-80 -60 40 20 0
A SIClpg, % control MEP

whereas DS group promoted greater SICI,pp recovery than both SS and NS groups.
C Relationship between changes in SICIpp and gait speed in DS group.

D Relationship between changes in SICI5pp and stride length in DS group.
Abbreviations: SICI short-interval intracortical inhibition, APB abductor pollicis
brevis, MEP motor evoked potentials, DS dual-site, SS single-site, NS no-site, Post
1 day postintervention; FDR false discovery rate. "p < 0.05, "p <0.01, "p < 0.001.

For double support time percentage, compared to Baseline, DS and SS
groups led to a decrease at Post (p =0.002 and p =0.016), whereas NS
group resulted in unfavorable increases at Post;,,, (p = 0.008). Further,
DS group was superior to NS group in ameliorating gait speed, stride
length and double support time percentage, and to SS in improving gait
speed and stride length (all p < 0.05) (Fig. 1C-F). In summary, the SS
group experienced a degree of improvement in gait characteristics, yet
the DS group exhibited superior gait performance.

Changes in cortical excitability

Given the role of dopaminergic therapy in corticomotor
excitability’**, levodopa equivalent daily dose (LEDD) was entered as
a regressor in the present study. However, there were no significant
differences in the cortical excitability of the TA before and after
interventions. Interestingly, a significant TIME x GROUP interaction
emerged for the SICI of the abductor pollicis brevis (APB), denoted as

SICIzpp (Frive x Group = 12.340, p < 0.001, partial #° = 0.330) (Table
S1 in supplementary material). Specifically, both the single-site and
dual-site intervention groups showed increased SICIspp relative to
baseline (p < 0.01). Furthermore, SS protocol led to an improvement in
SICIApp When contrasted with sham (p=0.005), whereas the DS
regimen facilitated a more pronounced recovery of SICI spp relative to
both SS (p=0.048) and NS (p <0.001) programs (Fig. 2B). None-
theless, no significant variances were discerned in the MEP amplitude
at 120% resting motor threshold (RMT) intensity (AMP), CSP,
intracortical facilitation (ICF), and short-latency afferent inhibition
(SAI) of the APB muscle among the three trials before and after the
interventions.

Correlation analyses
For the DS group, greater rehabilitation in SICIpp was correlated with
greater increases in gait speed (r = —0.738, p = 0.004) and stride length (r = -
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0.740, p = 0.007) (Fig. 2C, D). This correlation indicated that improvements
in gait performance were tightly coupled with the reestablishment of cortical
inhibitory function.

Discussion

This investigation scrutinized the safety and efficacy of low-frequency rTMS
applied over bilateral M1-LL, as well as its synergistic combination with
transcutaneous magnetic SCS, in mitigating levodopa-unresponsive FOG in
PD. Notably, no serious adverse effects were observed. The cumulative
administration of 1 Hz rTMS over the bilateral M1-LL yielded improve-
ments in FOG, gait and motor functions, accompanied by a marked
enhancement in SICI,pg. Moreover, the integration of rTMS with trans-
cutaneous magnetic SCS demonstrated superior efficacy over rTMS alone in
alleviating freezing and gait symptoms. This cerebrospinal protocol elicited
a more substantial increase in SICIspp compared to the SS regimen, which
was further associated with gait improvements. Collectively, these findings
affirmed the effectiveness of 1Hz rTMS over the bilateral M1-LL and
highlighted consecutive rTMS and transcutaneous magnetic SCS as a pro-
mising therapeutic strategy for addressing levodopa-unresponsive FOG and
gait dysfunction in PD.

Cumulative application of 1 Hz rTMS over the bilateral M1-LL using a
“double-cone” coil effectively curtailed freezing episodes (-2.22 points in
FOG-Q at Post; —1.39 points in FOG-Q at Post;,,), improved motor
function (-5.94 points in UPDRS-III at Post; —5.39 points in UPDRS-III at
Post;,,,), and ameliorated gait abnormalities in individuals with PD, with the
therapeutic effects persisting for at least one month. Moreover, real rTMS
elicited a notable elevation of SICI,pp, indicating its potential role in
modulating corticomotor inhibition. A reduction in SICI could signify
cortical disinhibition and potentially facilitate heightened levels of excitatory
cortical output. In a prior study”, we illustrated that cortical disinhibition
drove FOG in PD, implying that cortical disinhibition in FOG could
potentially serve as a compensatory reaction originating from abnormal BG
output to the M1. Accordingly, rTMS applied over the bilateral M1-LL
might alleviate freezing and bradykinesia by modulating the BG-cortical
loop and reinstating the diminished cortical inhibition. Consistent with this
notion, previous evidence has shown that consecutive days of low-frequency
rTMS could induce alterations in corticomotor excitability and enhance
inhibitory activity'”. Interestingly, although our stimuli were specifically
directed at the bilateral M1-LL, the alterations in corticomotor excitability
primarily manifested in the hand region of the M1. This intriguing outcome
could conceivably be elucidated by the indirect impact of bilateral M1-LL
rTMS through network-level interactions. It is widely recognized that the
impact of rTMS extends beyond the local immediate stimulation site,
influencing interconnected brain areas and activity within the motor control
neural networks.

Given the constrained efficacy of single rTMS protocols, there is a
burgeoning interest in investigating the potential efficacy of dual-mode or
multi-focal NIBS techniques for motor or non-motor symptoms in PD**°.
Chang et al. have determined the potential of dual-mode NIBS to simulta-
neously modulate two different cortices in PD patients with FOG, combining
rTMS over the MI-LL with anodal transcranial direct current stimulation
over the left dorsolateral prefrontal cortex’’. In a similar vein, our research
targeted both the cerebral motor cortex and spinal cord concurrently through
a cerebrospinal DS intervention. We found that the DS intervention resulted
in more substantial improvements in FOG (-4.05 points in FOG-Q at Post;
—3.37 points in FOG-Q at Post;,,) and gait during the intensive phase and
1 month follow-up, as compared to rTMS alone and sham conditions. These
findings confirmed our hypothesis that the combination of low-frequency
rTMS and transcutaneous magnetic SCS represents a promising therapeutic
approach for levodopa-unresponsive FOG and gait impairments in patients
with PD. It should be noted that the effects of dual cerebrospinal stimulation
may still be transient, as the improvement was most pronounced on the first
day postintervention and exhibited a declining trend at 1 month follow-up.
Nonetheless, the precise duration of the sustained effects of cerebrospinal
stimulation merits further investigation.

Furthermore, the cerebrospinal protocol exhibited a greater increase in
SICIapp compared to rTMS alone, which correlated with the observed gait
improvements. This suggested that transcutaneous magnetic SCS may
bolster the restoration of cortical inhibition through ascending pathways
linking the spinal cord and the brain, thereby contributing to the alleviation
of gait disturbances. Although the exact mechanisms underlying transcu-
taneous magnetic SCS are unclear, it is postulated that SCS affects the
cortical motor circuit, especially the SMA, which played a role in FOG
pathogenesis'®. Previous animal studies have revealed that SCS could
enhance locomotion in PD” and increase neuronal firing in the M1 while
reducing pathological cortico-striatal synchronous low-frequency waves™.
These findings suggested that SCS modulated oscillatory activity in brain
motor circuits. Meanwhile, inputs from ascending leminiscal and extra-
lemniscal pathways to the brainstem and thalamus, which may modulate
the SMA, are also highly connected to the pedunculopontine nucleus, a
brainstem region involved in the control of movement initiation and body
equilibrium, which is also implicated in FOG pathogenesis™. Consequently,
itis plausible that ascending stimulation of the BG-cortical loop delivered by
transcutaneous magnetic SCS can lead to the recovery of cortical inhibition.
When combined with rTMS over bilateral M1-LL, it may disrupt the
aberrant inhibition of globus pallidus interna onto thalamus and ped-
unculopontine nucleus, thereby facilitating the reticulospinal tract and
subsequently activating central pattern generators in the spinal cord, ulti-
mately meliorating FOG™*.

Despite the valuable insights gained from our study, several potential
limitations warrant consideration. Firstly, the neuro-navigation system was
not incorporated in our rTMS interventions and the electromyography
(EMG)-based evaluations. While effective EMG responses to cortical
modulation were observed, it is crucial to recognize that this method is
considerably less optimal than navigating the cortical areas using a frameless
stereotaxic navigation system operated with the aid of the patient’s own 3D
MRI brain imagery. Therefore, the future application of rTMS in navigation
systems is anticipated to enhance therapeutic outcomes and elucidate the
underlying mechanisms more effectively. Secondly, our sham design may be
considered sub-optimal, as our sham protocol did not generate comparable
peripheral sensory stimulation, and the efficacy of blinding was not formally
evaluated. However, the fact that all participants were rTMS-naive likely
mitigated some of these concerns. Thirdly, the lack of a dedicated trans-
cutaneous magnetic SCS group precluded a clear delineation of the stan-
dalone effects of this modality. However, notwithstanding the uncertain
impact of transcutaneous magnetic SCS in isolation, the notable contrast in
FOG-Q and gait characteristics between DS and SS implied that cere-
brospinal dual stimulation offered a more robust therapeutic strategy for
FOG compared to sole cortical rTMS, aligning with the primary aim of this
trial. Fourthly, the use of a doble-cone coil for deeper stimulation, also
introduced the possibility of co-stimulation of brain regions beyond the
bilateral M1-LL, due to its reduced focality. Fifthly, while we employed ear-
plugs and sham stimulation to mimic the sounds of real stimulation, the
adaptable auditory control might be a better approach for minimizing
auditory confounds, which warrants ample considerations in subsequent
research endeavors’". Sixthly, in this study, stimulation was delivered via the
TMS manufacturer’s dashboard. Transitioning to an automated approach
in future research could potentially enhance the objectivity, reliability and
repeatability of our experimental procedures™. Lastly, while our study has
investigated the cortical excitability changes post-rTMS treatment, further
investigations employing advanced imaging techniques such as functional
MRI or magnetic resonance spectroscopy could be instrumental in vali-
dating alterations in network connectivity and shifts in neural activity
related to relevant neurotransmitters.

In conclusion, this study underscored the efficacy of cumulative low-
frequency rTMS applied over bilateral M1-LL in addressing levodopa-
unresponsive FOG, gait and motor symptoms in PD. The study posited that
the combination of low-frequency rTMS and transcutaneous magnetic SCS
represents a promising rehabilitation approach for PD patients suffering
from levodopa-unresponsive FOG.
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Methods

Participants

Sixty-eight PD patients with levodopa-unresponsive FOG were con-
secutively recruited from the First Affiliated Hospital of Nanjing Medical
University. Participants were diagnosed with idiopathic PD according to the
clinical criteria of the Movement Disorder Society”. Inclusion criteria were
(1) aged 40 or older, (2) independent walking 30 m or longer, (3) stable and
optimized antiparkinsonian treatment for > 4 weeks, and (4) confirmation
of FOG based on (i) FOG-Q > 1™ and (ii) clinical freezing episodes con-
firmed by two researchers (KZ Zhang and LN Wang) during 10-m walking,
turning or going through a narrow doorway. Among eligible FOG patients,
we further ascertained levodopa-unresponsive FOG individuals by the
following steps: (1) identification of drug “off” and “on” states based on the
periodic recurrence of motor and non-motor symptoms of PD and their
response to drug intake; (2) recognition of FOG subtypes based on the
following question “When do you experience FOG?”. Patients with levodopa-
unresponsive FOG experienced FOG in both medication “on” and “off”
states, that is, the effect of dopaminergic stimulation is not enough to pre-
vent FOG even if other parkinsonian motor signs are improved in the “on”
state’. Exclusion criteria were (1) contraindications of TMS, (2) severe
dyskinesia or tremors disturbing stimulation, (3) dementia (Mini-mental
State Examination [MMSE] < 24)*, (4) a history of psychiatric disorders, (5)
no recordable MEPs with TMS, (6) intake of benzodiazepines, neuroleptics
or anti-depressant drugs, and (7) other disorders interfering with gait, such
as primary progressive freezing gait. Prior to randomization, 5 were
excluded from the study due to the presence of brain lesions and psychiatric
disorders, 4 withdrew due to personal reasons, whereas 2 were lost to follow
up. Therefore, a total of 57 PD patients with levodopa-unresponsive FOG
participated in the present clinical trial (Fig. 3).

This study was approved by the Ethical Committee of the First
Affiliated Hospital of Nanjing Medical University (2021-SR-209). All par-
ticipants provided written informed consent in accordance with the
Declaration of Helsinki. The trial was registered on ClinicalTrail.gov with
the identifier NCT05174299.

Study design

This was a randomized, double-blind, sham-controlled and parallel-group
study. Participants were randomly divided into 3 experimental groups, to
receive DS, SS and NS stimuli for 10 sessions over 2 weeks (Fig. SI in
supplementary material). We used a random permuted block design, where
envelopes were sealed by a research team member who was not the principal
investigator or physiotherapist (M Ji). Patients were blinding to intervention
conditions and all were naive to TMS before this study. Participants were
informed that the intensity of therapeutic stimuli was different from the
intensity used for electrophysiological evaluation.

Participants were clinically assessed at the same time of day at Baseline
and Post, and Post;,,,. Cortical excitability measures were evaluated at
Baseline and Post. All assessments were conducted with patients in medi-
cation “on” state (1-2 h after antiparkinsonian medications). Two investi-
gators (LN Wang and HM Sun) blinded to intervention conditions
performed all neurologic and psychiatric evaluations. Throughout the
present study, participants continued their antiparkinsonian mediations
without dose adjustments.

The primary outcome measures in this study were changes in FOG-Q
at Post and Post ,, after the completion of 10 sessions compared to Baseline.
The required sample size was calculated based on our pre-experiment
(Table S2 in supplementary material). Sample size was calculated using
G*Power 3.1.9.7 (effect size F=0.61; a=0.01; power = 0.95; number of
groups = 3; number of measurements = 2) for a 2-way repeated ANOVA.
To account for a predicted dropout rate of 20.0%, the required total sample
size exceeded 57 participants.

Treatment regimen and course
Interventions were delivered by a trained physiotherapist (H Zhang). Each
subject received 10 intervention sessions over 2 weeks, 1 session per day for 5

consecutive days per week. Participants received intervention in medication
“on” state. DS and SS groups both received 1 Hz rTMS over bilateral M1-LL
with a 90 mm “double-cone” coil connected to a magnetic stimulator
(Neurosoft, Russia) while lying. The coil was placed at optimal position over
M1-LL for eliciting MEPs in the targeted TA muscle. The more-affected side
was treated first, followed by the less-affected side. Each participant received
800 rTMS pulses in 13 minutes 20 seconds on each hemisphere at 120%
RMT. RMT is defined as the lowest intensity required to elicit MEPs of
>50 UV in at least 5 of 10 consecutive trials while the target muscle is relaxed.
Sham rTMS was applied with a disconnected coil and another active coil
behind the subjects to mimic true stimulation sound effects without brain
stimulation. Meanwhile, all patients wore ear-plugs during the stimulation
to reduce the effect of noise. Immediately after rTMS, participants in DS
groups proceeded with 1500 pulses 1 Hz transcutaneous magnetic SCS over
the lower thoracic vertebra (T10-T12, corresponding to the pyramidal
position of lumbar spinal cord) with “figure-of-eight” coil. The intensity
used was just sufficient to elicit noticeable muscle twitching in the lower
extremities. The treatment time is 25 minutes, and a sham condition
implemented as previously described’*”, with the coil positioned 90°.

Adverse effects assessments

Following each intervention session, a comprehensive assessment of side
effects was conducted, encompassing anxiety, fear, headache, tinnitus,
dizziness, hearing loss, fainting, nausea, and vomiting.

Behavioral assessments

Primary outcome measures were changes in FOG-Q at Post and Post;,,
after the completion of 10 sessions compared to Baseline. Secondary out-
come measures included the UPDRS-III scores.

Objective gait assessment

Objective gait features were collected at Baseline, Post and Posty,,, using a
portable Inertial Measurement Unit system (GYENNO Science, China) while
performing a 5 m timed Up-and-Go test. The test involved standing up from
a chair, walking 5 m, turning around to walk back to the chair, and sitting
back down™. Subjects were instructed to walk at a comfortable, self-selected
pace. The test was performed once; nonetheless, each subject underwent two
practice sessions before the formal test. The gait characteristics of interest
included gait speed, stride length, stride time variability (expressed as the
coefficient of variation) and double support time percentage.

Transcranial magnetic stimulation techniques and electromyo-
graphic recordings

In addition to the corticomotor excitability of the TA, the cortical excitability
of the APB was also examined to elucidate the therapeutic mechanism. All
these indicators were recorded from the more-affected side. To be specific,
RMT, SICI and ICF were recorded from the TA. Meanwhile, RMT, AMP,
CSP, SICI, ICF and SAI were recorded from the EMG of the APB. The EMG
signals were recorded and stored after processing, amplified, and filtered
(bandwidth 20 Hz to 2000 Hz), with a sampling rate of 5 kHz.

Single- and paired-pulse TMS was administered using a “butterfly-
shaped” coil. In this investigation, SICI and ICF were quantified using a
subthreshold conditioning stimulus at 80% RMT and a supra-threshold test
stimulus at 130% RMT. The interstimulus interval (ISI) for SICI was set at
4 ms, whereas for ICF, it was 15 ms*’. Each ISI condition was repeated for 10
trials. SICI and ICF were expressed as the percentage ratio of the test to the
conditioning MEPs. Moreover, AMP refers to the mean peak-to-peak
amplitude of MEPs obtained at 120% RMT for 5 single stimuli. The CSP was
assessed in the 20% tonically activated APB muscle by stimulating the M1 at
an intensity of 150% RMT. CSP measurements were determined by the
duration from the stimulus pulse output to the reemergence of any
voluntary EMG activity, with ten trials conducted to calculate the average
CSP for each subject. These protocols facilitate the examination of the
interplay between inhibitory and facilitatory mechanisms within the motor
cortex, shedding light on corticomotor excitability and plasticity.
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Fig. 3 | Study flow diagram. DS dual-site, SS single-site, NS no-site, rTMS repetitive transcranial magnetic stimulation, SCS spinal cord stimulation, Post 1 day post-

intervention, Post;,,, 1 month postintervention.

The methodology delineated by Tokimura et al. was utilized to
investigate SAI". Conditioning stimuli were single electrical pulses (width
200 ps) applied to the median nerve at the wrist using a constant current
stimulator through adhesive electrodes (cathode proximal). The intensity of
the conditioning peripheral stimulus was set at just over the motor threshold
to evoke a visible twitch of the APB muscle. The N20 wave of cortical
somatosensory response was recorded through adhesive electrodes applied
to the scalp (contralateral to median nerve stimulation) after appropriate
skin preparation, using the active electrode 2 cm posterior to C4/C3 (10-20

System) and reference electrode placed on the forehead. A total of 500-2000
responses were averaged twice and superimposed to identify the latency of
the N20 peak. The intensity of the test cortical magnetic shock was adjusted
to evoke an MEP in relaxed APB muscle with peak-to-peak amplitude of
~1 mV. SAI was tested at different ISIs determined on the basis of the N20
wave latency. ISIs ranged from 0 to 8 ms after N20 latency in 4 ms steps. For
each ISI, we calculated the amplitude of the basal MEP (average of five
consecutive responses obtained after cortical stimulation alone) and the
amplitude of the conditioned MEP (average of five consecutive responses
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obtained after the conditioning peripheral electrical stimulus). The ampli-
tude of conditioned MEP, expressed as a percentage of the basal MEP
amplitude at each ISI, was used to evaluate the amount of SAI. All subjects
utilized audiovisual feedback of EMG signal at high gain to maintain
complete relaxation during experiments.

Statistical analyses

Gender differences were analyzed using Chi-square test. We used histo-
grams and Shapiro-Wilk tests to check data normality. Based on the data
normality, demographic, baseline clinical and electrophysiological char-
acteristics were compared via one-way ANOVA or Kruskal-Wallis test.
Two-way repeated ANOVAs were applied to compare outcome measures
evaluated at different TIME (within factor: Baseline, Post and Post;,,,) and
across different GROUP (between factor: DS, SS and NS groups). Repeated
analyses of covariance (ANCOVAs) were performed to investigate neural
electrophysiological alterations obtained at different TIME and across dif-
ferent GROUP during medication “on” state, with LEDD as the covariate.
The level of significance was set at p < 0.05. When there was an interaction
effect between GROUP and TIME, post hoc analyses were performed,
applying Bonferroni correction for multiple comparisons. Further, the
improvements of each value at Post (A value at Post = [value at Post - value
at Baseline]) and Post,;,, (A value at Post,,, = [value at Post;, - value at
Baseline]) were calculated for each group and analyzed one-way ANOVAs
or Kruskal-Wallis tests based on the data normality. False discovery rate
(FDR) correction was performed due to multiple testing in post-hoc ana-
lyses. Lastly, partial correlation analyses were applied to establish the rela-
tionships between the electrophysiological and behavioral alterations, with
LEDD as a regressor. SPSS Statistics version 27 (IBM Corp., Armonk, NY)
was used for the statistical analyses.

Data availability
The data that support the finding of this study are available from the cor-
responding author upon reasonable request.
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