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SECTION 1: ADMINISTRATIVE INFORMATION 1 

Title: Cerebellar stimulation for gait and balance recovery in hemiparetic stroke: a randomized 2 

clinical trial. 3 

Trial registration number: ClinicalTrials.gov Identifier: NCT03456362 4 

Sap version: v1.0 5 

Protocol version: v1.0 6 

SAP roles and responsibility: Giacomo Koch (P. I.); Elias Paolo Casula (post-doc researcher) 7 

 8 

SECTION 2: INTRODUCTION 9 

2.1 Background and rationale 10 

Recent studies have suggested that the contralesional cerebellum is strongly implicated in functional 11 

reorganization of the motor network after stroke, when recovery takes place 1-3. In animal models of 12 

stroke the stimulation of cerebellar-cortical networks was found to improve functional recovery 4,5. 13 

Crucially, the cerebellum plays a critical role in promoting learning of new motor tasks, an issue 14 

that is central in every rehabilitative process. Patients often have to re-learn simple motor strategies, 15 

a mechanism that is supposed to be actively controlled by the cerebellum 6 These types of cerebellar 16 

mediated motor learning can be potentiated by simultaneous application of non-invasive brain 17 

stimulation methods 7, especially for gait and balance functions 8. The presence of gait impairment 18 

due to limb deficit after stroke is one of the main determinants associated with poorer functional 19 

recovery 9. Since gait is a major determinant of independent living, improvement of walking 20 

function is one of the major goals of stroke rehabilitation 10 Balance dysfunctions in stroke 21 

survivors are also common and have significant impact on functional independence and overall 22 

recovery 11. Overall, these deficits are associated with increased risk of falling, limitations on 23 
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activities of daily living and participation in community social activities. Notably, the brainstem and 24 

cerebellar structures involved in automatic process of gait control are intact in more than 90% of 25 

total brain strokes. fMRI studies showed that activity in contralesional cerebellum positively 26 

correlate with motor performance and outcome 12,2,13. In particular, activation of the posterior part 27 

of ipsilesional cerebellum decodes subsequent poor motor outcome 3.  In post-stroke subjects, these 28 

latter structures are particularly active while moving the lower limbs 1,14. The neural activity of the 29 

cerebellum can be strongly modulated by means of theta burst stimulation (TBS) 15, a novel form of 30 

repetitive transcranial magnetic stimulation (TMS) that mimics protocols inducing long-term 31 

potentiation (LTP) or long-term depression (LTD) in animal models 16-20. However, the clinical 32 

impact of cerebellar non-invasive stimulation still needs to be explored in stroke patients. On the 33 

basis of this background, we reasoned that cerebellar TBS, coupled with intensive physical therapy 34 

(PT), could improve gait and balance recovery in patients with stroke, by enhancing motor re-35 

learning and promoting favorable cortical reorganization.  36 

2.2 Study Objectives 37 

To investigate safety and efficacy of three weeks of daily cerebellar iTBS coupled with intensive 38 

PT on motor functions in hemiparetic patients with ischemic stroke in the territory of the middle 39 

cerebral artery. To this aim, we used a multimodal longitudinal approach by combining different 40 

clinical, behavioral, and neurophysiological measures: 41 

 Clinical was performed by Berg Balance Scale (BBS), Fugl-Meyer Assessment (FMA) and 42 

Barthel Index (BI).  43 

 Locomotion assessment was performed with gait analysis.  44 

 Neurophysiological assessment was performed with TMS and electroencephalography 45 

(EEG) to determine the patterns of cortical reorganization over the PPC and the M1 of both 46 

affected (AH) and unaffected hemisphere (UH) 21. The PPC was selected being a key area 47 

of the broad fronto-parietal network involved in voluntary control of gait and balance. 48 
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SECTION 3: STUDY METHODS 49 

3.1 Study Design 50 

Patients were randomly assigned to two age-matched groups treated either with CRB-iTBS 51 

treatment (18 patients; 6 females; 63±11 years) or sham-iTBS (18 patients; 7 females; 65±12 years) 52 

coupled with physiotherapy. The randomization algorithm used the minimal sufficient balancing 53 

method to prevent imbalances in baseline age and stroke severity. Clinical scores, locomotion 54 

analysis and cortical activity were assessed at baseline (T0) and after three weeks of treatment (T1). 55 

A further clinical evaluation was performed again after three weeks from the end of the treatment 56 

(T2). Each evaluation was performed by a clinician (for clinical rating) or by a neurophysiologist 57 

(for gait analysis and TMS-EEG recordings) who was blind on the experimental condition of the 58 

patient. 59 

3.2 Treatment and evaluations 60 

We investigated safety and efficacy of three weeks of daily CRB-iTBS coupled with PT on motor 61 

recovery in a randomized, double-blind, sham-controlled phase IIa study. Clinical efficacy was 62 

assessed by the Berg Balance Scale (BBS), the Fugl-Meyer Assessment (FMA) and the Barthel 63 

Index (BI). Locomotion assessment was performed with gait analysis.  64 

We combined TMS and EEG to determine the patterns of cortical reorganization over the posterior 65 

parietal cortex (PPC) and the primary motor cortex (M1) of both affected (AH) and unaffected 66 

hemisphere (UH). 67 

 The PPC was selected being a key area of the broad fronto-parietal network involved in voluntary 68 

control of gait and balance.18-20 Each patient performed one session per day of conventional PT. 69 

PT consisted in exercises designed to promote recovery of voluntary motor and balance functions, 70 

including: muscles stretching, active-assisted mobilizations, progressive neuromuscular facilitation 71 

training balance exercises and gait training,21 lasting 90 min including rest periods between 72 
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exercises. During gait training, the therapist was positioned behind the patient to support hip and 73 

trunk stability. CRB-iTBS was carried out using a Magstim Rapid magnetic biphasic stimulator 74 

connected with a figure-of-eight coil with a 70-mm diameter (Magstim Company, Whitland, UK). 75 

Before each daily PT session, we applied two runs of CRB-iTBS over the contralesional lateral 76 

cerebellum, spaced by an interval of 5 minutes.12 For each stimulation session, in total, we 77 

delivered 1200 pulses over the lateral cerebellum, contralateral to the AH.13-16 CRB-iTBS 78 

intensity was set at 80% of the active motor threshold (AMT),22 adjusted according to the 79 

individual scalp-to-cortex distance.23 The coil was positioned tangentially to the scalp, with the 80 

handle pointing superiorly.24 Neuronavigation system (Softaxic, EMS, Bologna, Italy) coupled 81 

with a Polaris Vicra infrared camera was used to ensure that in each patient CRB-iTBS was applied 82 

over the same spot across different sessions. 83 

3.3 Timing of outcomes assessment  84 

Preliminary screening 85 

 Review of inclusion and exclusion criteria 86 

 Informed consent obtained 87 

 Demography 88 

 Family and medical history 89 

 Prior and concomitant medications 90 

 Lesion characteristics 91 

 Randomization and group assignment (if the patient was recruitable) 92 

Baseline evaluation (T0, Day 1) 93 

 Clinical assessment: Berg Balance Scale (BBS), Fugl-Meyer Assessment (FMA), Barthel 94 

Index (BI) 95 

 Locomotion assessment: gait analysis 96 
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 Neurophysiological assessment: TMS-EEG 97 

Daily Treatment (3 weeks Monday-Friday, Day 1-20) 98 

 Cerebellar theta-burst stimulation (10 minutes) 99 

 Physical Therapy (45 minutes) 100 

Post-treatment evaluation (T1, Day 21) 101 

 Clinical assessment: Berg Balance Scale (BBS), Fugl-Meyer Assessment (FMA), Barthel 102 

Index (BI) 103 

 Locomotion assessment: gait analysis 104 

 Neurophysiological assessment: TMS-EEG 105 

Post-treatment evaluation (T2, Day 42) 106 

 Clinical assessment: Berg Balance Scale (BBS), Fugl-Meyer Assessment (FMA), Barthel 107 

Index (BI) 108 

 109 

SECTION 4: STATISTICAL PRINCIPLES 110 

All data were analysed using SPSS version 24 (SPSS Inc., Chicago, USA). Prior to undergoing 111 

ANOVA procedures, normal distribution of clinical, behavioral and neurophysiological data was 112 

assessed by means of Shapiro-Wilks' test. Level of significance was set at α = .05. The sphericity of 113 

the data was tested with Mauchly's test; when sphericity was violated (i.e. Mauchly's test < 0.05) 114 

the Greenhouse–Geisser correction was used. Pairwise comparisons were corrected by the 115 

Bonferroni method. Correlation between clinical, behavioral and neurophysiological data were 116 

tested with Pearson’s coefficient. 117 

 118 
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SECTION 5: TRIAL POPULATION 119 

Among 52 patients assessed for eligibility, 36 (13 females; 64±11.3 years) were recruited for the 120 

study between March 2013 and June 2017 at the Santa Lucia Foundation IRCCS (Table 1). 121 

Inclusion Criteria: 1) first ever-chronic ischemic stroke, i.e. at least 6 months after the stroke event; 122 

2) hemiparesis due to left or right sub-cortical or cortical lesion in the territory of the middle 123 

cerebral artery; 3) residual gait and balance impairment. Exclusion Criteria: 1) history of seizures; 124 

2) severe general impairment or concomitant diseases; 3) age>80 years and 4) treatment with 125 

benzodiazepines, baclofen, antidepressants. The procedure was well tolerated and no significant 126 

side effects were reported in both groups. The two groups did not differ at baseline level (T0) in 127 

age, gender, lesion side, number of months from the stroke event and severity of stroke as assessed 128 

by National Institute of Health Stroke Scale (NIHSS). Two patients discontinued during the 129 

treatment period and 34 completed treatments. The effective training time was similar between 130 

groups. 131 

 132 

SECTION 6: ANALYSIS 133 

Outcomes  134 

For efficacy analyses, the primary outcome measure was change from baseline in BBS for the 135 

assessment of gait and balance functions at T1.  Secondary outcomes were changes from baseline in 136 

total scores of the FMA, the BI, change from baseline in locomotion assessed with gait analysis and 137 

change from baseline in cortical activity recorded with TMS-EEG at T1.  138 

Analysis methods 139 

Clinical data were analyzed in terms of raw scores and effectiveness at the Berg Balance Scale 140 

(BBS), Fugl-Mayer Assessment (FMA) and Barthel Index (BI). Effectiveness was computed as 141 

(Δt/tmax)*100, where Δt is the difference between the raw score after the treatment (T1 or T2) and 142 
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at baseline (T0) and t_max is the maximum score of the scale. All data were separately analyzed 143 

with repeated-measures mixed ANOVAs with a between-subjects factor “group” (real- and sham-144 

TBS) and a within-subject factor “time” (T0, T1, T2). Behavioral data were analyzed in terms of 145 

step length, step width, speed, stance and swing percentages at the gate analysis. All data were 146 

analyzed for the affected and the unaffected leg with repeated-measures mixed ANOVAs with a 147 

between-subjects factor “group” and a within-subject factor “time”. Neurophysiological data were 148 

analyzed in term of TMS-evoked cortical activity and oscillatory activity. TMS-evoked cortical 149 

activity was first averaged within each peak time window. To evaluate the treatment effects on 150 

cortical excitability, we used a repeated-measures mixed ANOVA with between-subjects factor 151 

“group” and within-subject factors “hemisphere”, “time” and “peak” separately for each stimulation 152 

site. Repeated-measures mixed ANOVA with between-subjects factor “group” and within-subject 153 

factors “hemisphere” and “time” was performed to evaluate the treatment effects on oscillatory 154 

activity, separately for each frequency and stimulation site. 155 

 156 
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