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Walking in orthostatic tremor 
modulates tremor features and 
is characterized by impaired gait 
stability
M. Wuehr , C. Schlick , K. Möhwald  & R. Schniepp

Primary orthostatic tremor (OT) is characterized by high-frequency lower-limb muscle contractions 

and a disabling sense of unsteadiness while standing. Patients consistently report a relief of 

symptoms when starting to ambulate. Here, we systematically examined and linked tremor and gait 

characteristics in patients with OT. Tremor and gait features were examined in nine OT patients and 

controls on a pressure-sensitive treadmill for one minute of walking framed by two one-minute periods 

of standing. Tremor characteristics were assessed by time-frequency analysis of surface EMG-recordings 

±

± <

phase-dependently modulated, being predominantly observable during stance phases (p <

Tremor intensity scaled with the force applied during stepping (p <

alterations, i.e., wide base walking (p = =

OT during walking persists but is reset to higher frequencies, indicating the involvement of supraspinal 

locomotor centers in the generation of OT rhythm. Tremor intensity is modulated during the gait cycle, 

is linked to gait alterations resembling a cerebellar and/or sensory ataxic gait disorder.

Primary orthostatic tremor (OT) is a unique clinical syndrome of unknown prevalence, characterized by 
a high-frequency pattern of coherent muscle contractions (13318 Hz) in the lower limbs and trunk while 
standing133. !e tremor is associated to the patient9s intense sense of unsteadiness and dizziness. !e exact 
pathophysiological mechanisms underlying primary OT remain unresolved. However, a central oscillatory 
ponto-cerebello-thalamo-cortical network has recently been identi"ed in patients with OT4,5.

Sitting or lying in OT typically lead to a complete relief of tremor activity and accompanying symptoms. 
During walking, most patients do not experience problems and report a profound relief of unsteadiness. However, 
patients in more advanced stages of the disease may face di#culties with tandem walking, walking slowly, or 
climbing stairs6. Furthermore, anecdotal reports in single patients with OT indicate that tremor activity may 
persist during walking3,7,8. However, it is hitherto unknown whether the ongoing tremor activity during ambula-
tion is akin to that of standing or may exhibit speci"c changes with respect to frequency, intensity or coherence. 
It is further unclear whether OT during walking is linked to a speci"c gait disorder as observed in other types of 
tremor such as essential tremor9. Finally, it has to be resolved, why despite continuation of OT during walking, 
most patients consistently experience a substantial relief of subjective unsteadiness associated with activity.

To elucidate these questions, the present study systematically investigated the tremor activity and walking 
behavior of patients with OT. Tremor characteristics such as frequency, intensity, and coherence were evaluated 
by EMG-recordings during stance-walk and walk-stance transitions as well as for continuous steady-state walk-
ing. !ese "ndings were then linked to the walking performance of patients by simultaneous recordings of their 
spatiotemporal gait patterns.
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Methods
Standard protocol approvals, registrations, and patients consent. !e study protocol has been 
approved by the Ethics Committee of the University of Munich and was registered (DRKS00012907). All proce-
dures were in accordance with the Helsinki declaration and patients gave their written informed consent.

Subjects. Nine patients with primary OT (mean age 68.3 ± 8.7 years, four females) and nine healthy controls 
(mean age 66.2 ± 4.8 years, four females) participated in the study (detailed patient characteristics are presented 
in Table 1). De"nite diagnosis of OT was made by surface EMG-recording exhibiting a coherent tremor between 
homologous leg muscles within a frequency range of 13318 Hz. Patients underwent a standardized neurological 
examination to exclude additional signs indicative of a secondary OT (i.e., hypokinesia, rigidity, dystonia, failure 
of gait initiation).

Procedures. Walking performance of patients and controls was examined for 60 s at slow (0.42 m/s) and 
medium (0.84 m/s) gait speed on a pressure-sensitive treadmill (Zebris®, Isny, Germany; h/p/cosmos®, 
Nussdorf-Traunstein, Germany; 1.6 m long with a sampling rate of 100 Hz) in a randomized order10. Both walk-
ing trials were preceded and followed by 60 s periods of standing. Acceleration and deceleration periods to reach 
continuous walking speed or rest position had a duration of 1.2 s for slow and 2.0 s for fast speed, resulting in a 
total trial duration of 182.4 s and 184.0 s respectively. Each trial was started a&er an initial 15 s period of standing, 
i.e., when the high-frequency pattern of leg muscle contractions became visible in all patients.

Surface EMG activity during standing and walking in patients and controls was recorded with Ag/AgCl elec-
trodes simultaneously from the tibialis anterior, gastrocnemius, biceps femoris and vastus medialis muscles of the 
dominant leg side using a Zebris DAB-Bluetooth device (Zebris®, Isny, Germany) at 1000 Hz. EMG signals were 
ampli"ed, bandpass-"ltered at 103100 Hz and full-wave recti"ed. To reduce the inter-individual variability of the 
EMG recordings, EMG signals were further normalized to the peak EMG from the respective muscle during the 
two walking trials11.

Data analysis. Tremor intensity and coherence between every combination of recorded muscle pairs 
were analyzed in three steps: (1) !e average tremor characteristics were analyzed for the two standing and the 
in-between walking periods separately by spectral analysis using "nite fast Fourier transform with a block size set 
to 2 s resulting in a frequency resolution of 0.5 Hz12. Furthermore, the average EMG level (aEMG) for the stance 
and walk periods was obtained by dividing the integrated EMG signal by the respective period duration13. (2) !e 
time-dependent tremor behavior for the whole trial duration was assessed by time-frequency spectral analysis 
using short-time Fourier transform with a window length of 2 s overlapping by 0.05 s resulting in a frequency res-
olution of 0.5 Hz14. Time-dependent estimates of tremor intensity were used to calculate the tremor onset latency, 
i.e., the time required for the tremor a&er walking to regain the average intensity of the initial stance period. (3) 
Short-time Fourier transform was further used to examine the phase-dependent tremor behavior during the 
gait cycle according to a previously described procedure15: First, EMG signals were cut into strides synchronized 
to the right heel strike. Subsequently, short-time Fourier transform was used to compute the time-dependent 
auto- and cross-spectra for each stride cycle. To account for stride-to-stride variability, single-cycle auto- and 
cross-spectra were resampled to the average stride duration of the walking trial. Finally, power spectrum and 
coherence estimates were obtained by averaging across all stride cycles. !e peak tremor intensity and coherence 
were calculated for the stance and swing phase of the gait cycle.

Walking performance for each trial was assessed by calculating the following gait cycle parameters: !e mean 
and the coe#cient of variation (CV) of stride length, stride time, and base of support as well as the percentage 
of swing and double support duration with respect to the total stride duration. !e average force applied during 
walking was further assessed by dividing the integrated vertical ground reaction force (vGRF) by the total walking 
period duration. !e average vGRF was further normalized to the individual body weight (BW) and expressed 
in %BW16.

Patient Sex Age (years) Tremor frequency (Hz) Duration (years) Medication Neurological !ndings

1 m 62 14.5 1 no 1, 4

2 f 55 14 5 Gabapentin 1200 mg/d 1

3 m 75 17.5 10 no 1, 2, 4

4 m 75 14 14 Clonazepam 1 mg/d 1, 2, 3, 4

5 f 56 17 5 no 1

6 f 75 16.5 6 no 1, 2, 3, 4

7 f 66 14 13 no 1, 2, 4

8 m 75 13.5 4 Gabapentin 600 mg/d 1, 4

9 m 76 15 3 Levodopa/Benserazid 300/75 mg/d 1

Table 1. Patient characteristics including neurological "ndings and medication. f = female; m = male; 
neurological "ndings: 1 = postural instability, 2 = dysmetria, dysdiadochokinesia or intention tremor upper 
limbs (uni- or bilateral), 3 = dysmetria lower limbs (uni- or bilateral), 4 = diminished ankle re+exes and/or 
reduced vibration sense.
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Statistical analysis. Data are reported as mean ± SEM. Activity e<ects on tremor frequency, intensity, and 
coherence were analyzed by repeated-measures analysis of covariance and Bonferroni post hoc analysis with 
group (OT vs. controls), gait speed (slow vs. medium), activity (standing vs. walking), and muscle type as factors 
and medication (yes vs. none) as covariate. Gait cycle phase e<ects on tremor intensity and coherence were ana-
lyzed correspondingly with gait speed, gait cycle phase (stance vs. swing period), and muscle type as factors and 
medication as covariate. Finally, alterations in gait performance were analyzed accordingly with group and gait 
speed as factors and medication as covariate. Pearson9s correlations were performed to assess possible signi"cant 
relations between on the one hand tremor characteristics during walking and on the other hand gait cycle param-
eters as well as vGRF and aEMG levels during walking. Results were considered signi"cant at p < 0.05.

Results
During the initial standing period, all patients exhibited a coherent high-frequency tremor equally in all exam-
ined muscles (mean frequency: 15.29 ± 0.17, mean coherence: 0.75 ± 0.02, mean normalized power: 0.23 ± 0.03) 
and reported the concomitant symptoms of subjective unsteadiness and dizziness. In contrast, no control subject 
exhibited a coherent high-frequency tremor during standing or walking in the respective muscles (p < 0.001). 
While walking, all patients reported a relief of symptoms. However, EMG spectral analysis revealed that the 
tremor persisted during walking but was consistently reset to an even higher frequency (mean frequency: 
16.34 ± 0.25; p < 0.001). !is e<ect was equally found for both gait speeds and in all examined muscles. !e reset 
tremor during walking was characterized by a decreased but still high inter-muscular coherence (mean coher-
ence: 0.56 ± 0.03; p < 0.001) (Fig. 1). Changes in tremor intensity during walking showed a high inter-individual 
variability with an increase in intensity in four patients and a decrease in intensity in the remaining "ve patients 
(Fig. 2A).

Correlation analysis revealed that the tremor intensity during gait was highly associated to the patients9 mode 
of walking, in particular the level of force production and muscle contraction during stepping (vGRF: ρ = 0.295, 
p = 0.018; aEMG: ρ = 0.677, p < 0.001; Fig. 2B). In turn, higher tremor intensities during walking had a negative 
impact on walking stability in terms of increased spatiotemporal gait variability (stride length CV: ρ = 0.389, 
p = 0.002; stride time CV: ρ = 0.357, p = 0.004; Fig. 2C) and a broadened walking base (base of support: ρ = 0.292, 
p = 0.019). !is "nding was also re+ected in the comparison between gait patterns of patients with OT vs. healthy 
controls (Fig. 3). Patients walked with an increased spatiotemporal gait variability (stride length CV: p = 0.009; 
stride time CV: p = 0.003), which was only observable during slow walking and disappeared at faster locomo-
tion. Furthermore, all analyzed gait parameter except base of support CV showed a clear speed dependency for 
both patients and healthy controls (swing percentage: p < 0.001; double support percentage: p < 0.001; stride 
length: p < 0.001; stride length CV: p < 0.001; stride time: p < 0.001; stride time CV: p = 0.010; base of support: 
p = 0.006).

Figure 1. Comparison of orthostatic tremor activity during standing and walking. Exemplary time-frequency 
(upper panel) and frequency domain analysis (middle and lower panel) outcomes for two patients (le& side: 
patient 1; right side: patient 5) (A,D). High-frequency contractions within the gastrocnemius are observable in 
both patients during the initial stance period. Tremor activity persist during walking but is shi&ed to a higher 
frequency range immediately a&er gait initiation. Tremor frequency returns to the default frequency right a&er 
gait termination (B,E). Changes in tremor intensity during walking show a high inter-individual variability, 
with an intensity reduction in patient 1 and a profound intensity increase in patient 5 (C,F). In contrast, tremor 
coherence (between gastrocnemius and vastus medialis) is only slightly a<ected by ambulation.
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Time-dependent tremor analysis within the gait cycle, revealed a persistent but phase-modulated pattern 
of high-frequency muscles contractions. Accordingly, tremor was predominantly observable during the stance 
phase (mean peak normalized power: 0.28 ± 0.04; mean peak coherence: 0.70 ± 0.02) but almost completely 
absent during the swing phase of walking (mean peak normalized power: 0.07 ± 0.01; mean peak coherence: 
0.25 ± 0.02; p < 0.001). !is e<ect was equal for both gait speeds and all examined muscles (Fig. 4).

A&er the walk-stance transition, the coherent tremor was found to be reset to the initially lower frequency 
(mean frequency: 15.35 ± 0.17 Hz, mean coherence 0.71 ± 0.02). However, the tremor showed a variable latency 
to reach the mean intensity level of the initial standing period (mean onset latency: 3.7 ± 0.9 s, range 0.13
37.9 s), resulting in a slightly decreased average intensity of the second stance period (mean normalized power: 
0.16 ± 0.03). !is e<ect was again equal for both gait speeds and all examined muscles. All of the observed e<ects 
were independent of the status of medication of patients.

Figure 2. Relation of tremor intensity during walking to gait characteristics. (A) Changes in tremor intensity 
(average of the slow and fast walking trial) during walking compared to standing show a high inter-individual 
variability. (B) On the one hand, tremor intensity is associated to the force and muscle contraction levels applied 
during stepping. (C) On the other hand, high intensity of tremor activity during walking is accompanied by 
speci"c gait alterations, namely increased stride time and length variability and a broadened base of support. 
vGRF = vertical ground reaction force; CV = coe!cient of variation.

Figure 3. Walking characteristics of patients compared to healthy controls. Gait parameters of patients with OT 
(red) and healthy controls (gray) at slow ("lled boxes) and medium walking speed (open boxes). (A) Gait cycle 
phase parameters, i.e., percentage of swing and double support phase. (B) Mean and variability magnitude of 
stride length. (C) Mean and variability magnitude of stride time. (D) Mean and variability magnitude of base of 
support. *Indicates a signi"cant di<erence. CV = coe!cient of variation.

43



www.nature.com/scientificreports/

5SCIENTIFIC REPORTS |  (2018) 8:14152 

Discussion
In the present study, we studied tremor activity during stance-walk transitions and continuous walking as well 
as gait performance in patients with OT. !e main three "ndings were: (1) coherent high-frequency tremor 
bursts persist during walking but are shi&ed to a higher frequency range; (2) tremor intensity during walking 
is phase-dependently modulated and scales with the leg force levels applied during stepping; (3) intense tremor 
activity during walking is associated to speci"c gait alterations. In the following, these observations will be dis-
cussed with respect to their implications for the pathomechanism and the gait disorder in OT.

Although all patients consistently reported a relief of unsteadiness when starting to ambulate, tremor activity 
was found to persist while walking in accordance to previous reports7,8. !e high inter-muscular coherence of 
tremor bursts during ambulation indicates that the tremor pattern is still governed by a supraspinal oscillatory 
source. However, immediately a&er gait initiation, the frequency of coherent muscle contractions was consistently 
shi&ed to a higher frequency range (average increase of 1.2 ± 0.1 Hz) compared to tremor frequency while stand-
ing. Tremor frequency shi&s of similar order have been observed in other central tremor forms as Parkinson9s dis-
ease or essential tremor in the presence of rhythmically paced voluntary limb movements14. In these cases, it was 
assumed that the modulation in tremor frequency might result from a nonlinear interaction between the tremor 
oscillator and the rhythmically paced motor commands. Accordingly, the tremor resetting during walking in OT 
could result from an interference of the default tremor pattern with either proprioceptive a<erent feedback, spinal 
or supraspinal locomotor commands. !e "rst two possibilities seem unlikely, as both peripheral nerve stimula-
tion as well as spinal cord stimulation were found to not in+uence OT rhythm7,17319. !ere is however evidence in 
favor of the third alternative in that OT frequency was found to be transiently reset by electrical stimulation over 
the posterior fossa17. Supraspinal locomotor areas in the cerebellum, thalamus, and motor cortex have a profound 
overlap with the ponto-cerebello-thalamo-cortical tremor network that was recently described in OT4,5,20. In par-
ticular cerebellar locomotor areas are known to exhibit oscillatory pacemaker activity for speed regulation during 
walking21,22. An interference of rhythmic activity in these areas with the default tremor activity appears therefore 
most likely to underlie the observed frequency modulation during walking in patients with OT.

Changes in tremor intensity during walking compared to standing showed a high inter-individual variabil-
ity and proportionally scaled with leg muscle contraction intensity and the e<ective force levels applied during 
walking. Furthermore, tremor intensity during walking was intra-individually modulated in dependence on the 
gait cycle, being most prominent during the stance phase (i.e., in the presence of muscle contractions under load) 
and almost absent during the swing phase, when the leg was li&ed o< the +oor. Taken together, these observations 
indicate that the central oscillatory pattern that appears to be active during symptomatic (i.e., standing) as well 
as non-symptomatic states (i.e., lying)4 only manifests peripherally in muscles being contracted under load, i.e., 
during activation of Golgi tendon organ (GTO) a<erents that directly project to Ib interneurons23. !is in turn 
would suggest that the peripheral manifestation of OT does not occur via a direct projection of central oscillatory 
sources to spinal motoneurons, but is rather mediated via spinal interneurons that signal the loading state of 
respective muscles17.

Intense OT activity during walking was further associated with speci"c gait alterations, namely a broadened 
base of support and high spatiotemporal gait +uctuations that were pathologically increased in particular during 
slow walking when compared to healthy controls. Both of these gait alterations are linked to an impaired regu-
lation of dynamic gait stability and indicate an increased risk of falling24328. Moreover, these gait impairments 
resemble the phenotype of either a cerebellar or a sensory ataxic gait, which are both characterized by a staggering 
wide based gait pattern especially at slow walking modes27,29,30. Signs for mild cerebellar motor abnormalities and 
a reduced vibration sense of the feet were frequently observed in our patients, in accordance to former studies4,31. 
Furthermore, previous evidence supports both either a cerebellar or a peripheral sensory de"cit underlying the 
gait disorder in OT. On the one hand, recent studies suggest OT to be a cerebellar pathology indicated by changes 

Figure 4. Phase-dependent modulation of tremor frequency within the gait cycle. Recti"ed EMG-traces and 
corresponding time-frequency representations (in dependence on the gait cycle phase) of tremor intensity in 
(A) the gastrocnemius and (B) the vastus medialis as well as of (C) tremor coherence between the two muscles. 
Tremor activity is phase-dependently modulated during the gait cycle being predominantly present during the 
stance phase and almost absent during the swing phase of the stride cycle.
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in cerebellar grey matter volume and alterations in the functional connectivity between the cerebellum and the 
supplementary motor area that both correlated with tremor and clinical severity in patients with OT32334. !ere 
is further evidence for alterations in the connectivity of fronto-cerebellar circuits in OT that are linked to de"-
cits of speci"c neuropsychological functions observed in patients35,36. Moreover, repetitive transcranial magnetic 
stimulation of the cerebellum was demonstrated to reduce tremor severity and associated changes in functional 
brain connectivity of patients with OT32. On the other hand, Fung et al. provided evidence for an impairment of 
peripheral sensory feedback underlying the symptoms emergence in OT13. Accordingly, it was suggested that dur-
ing prolonged standing in OT, proprioceptive feedback from the periphery becomes increasingly synchronized at 
the tremor frequency. !is tremor-locking of proprioceptive a<erents would disrupt normal peripheral feedback 
regulation of posture and give rise to an increased co-contraction of anti-gravity musculature leading to a vicious 
cycle of escalating subjective and objective postural unsteadiness13,19. !is assumption was further supported by 
a positive Romberg9s sign, i.e., an aggravated balance disequilibrium in patients with OT while standing with eyes 
closed13. !us, disturbed peripheral feedback during walking might hinder patients with OT to adequately adjust 
their stride-to-stride pattern for unintended irregularities37,38, leading to the observed staggering wide base gait 
pattern. However, proprioceptive feedback available during repetitive tremor-free episodes (i.e., swing phases), 
might be su#cient to continuously update dynamic limb positions during walking and prevent patients with OT 
from becoming subjectively unsteady while ambulating.

As most studies on OT, the present "ndings are limited by the relatively small sample size due to the rarity of 
the disease. Moreover, walking on treadmill cannot be directly compared to overground walking performance. 
Previous studies however, demonstrated that in particular the magnitude of spatiotemporal gait +uctuations 
during treadmill vs. overground walking is comparable in healthy subjects and patients with neurological gait 
disorders30,39. Future studies on a larger sample size of patients with OT including the assessment of overground 
walking performance are required to con"rm the "ndings of this study.

In conclusion, OT during walking was found to persist while resetting of tremor frequency indicates a non-
linear interference between the default OT rhythm with oscillatory supraspinal locomotor activity. OT intensity 
was shown to be phase-dependently modulated during the gait cycle and linked to the loading state of respective 
muscles. !us, peripheral manifestation of OT seems to be mediated via spinal interneurons signaling muscle 
loading. Finally, OT during ambulation was linked to speci"c gait alterations that suggest an underlying cerebellar 
and/or peripheral sensory de"cit.

Data Availability
!e datasets generated and analyzed during the current study are available from the corresponding author on 
reasonable request.
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Abstract

Objective To uncover possible impairments of walking and dynamic postural stability in patients with primary orthostatic 
tremor (OT).
Methods Spatiotemporal gait characteristics were quantiûed in 18 patients with primary OT (mean age 70.5 ± 5.9 years, 10 
females) and 18 age-matched healthy controls. One-third of patients reported disease-related fall events. Walking perfor-
mance was assessed on a pressure-sensitive carpet under seven conditions: walking at preferred, slow, and maximal speed, 
with head reclination or eyes closed, and while performing a cognitive or motor dual-task paradigm.
Results Patients exhibited a signiûcant gait impairment characterized by a broadened base of support (p = 0.018) with 
increased spatiotemporal gait variability (p = 0.010). Walking speed was moderately reduced (p = 0.026) with shortened 
stride length (p = 0.001) and increased periods of double support (p = 0.001). Gait dysfunction became more pronounced 
during slow walking (p < 0.001); this was not present during fast walking. Walking with eyes closed aggravated gait disability 
as did walking during cognitive dual task (p < 0.001).
Conclusion OT is associated with a speciûc gait disorder with a staggering wide-based walking pattern indicative of a 
sensory and/or a cerebellar ataxic gait. The aggravation of gait instability during visual withdrawal and the normalization 
of walking with faster speeds further suggest a proprioceptive or vestibulo-cerebellar deûcit as the primary source of gait 
disturbance in OT. In addition, the gait decline during cognitive dual task may imply cognitive processing deûcits. In the 
end, OT is presumably a complex network disorder resulting in a speciûc spino-cerebello-frontocortical gait disorder that 
goes beyond mere tremor networks.

Keywords Orthostatic tremor · Gait disorder · Walking stability · Gait ataxia

Introduction

Primary orthostatic tremor (OT) is a rare neurological dis-
ease, characterized by a high-frequency tremor with a typical 
13318 Hz pattern aûecting the leg and trunk musculature 
[1]. The tremor, which is associated with the patient9s feeling 
of unsteadiness and dizziness, predominantly occurs dur-
ing standing and vanishes in most patients while sitting or 
lying [2, 3]. Postural impairments in OT are, thus, primar-
ily associated with static postural control. It is less clear 
whether and how OT aûects dynamic postural control during 

walking. While most patients report a relief of symptoms 
when starting to ambulate, tremor activity has been recently 
shown to persist even during walking [4]. Ongoing high-
frequency tremor activity might interfere with both central 
as well as peripheral feedback control of gait in OT patients. 
First, the pathological central oscillatory network activity 
that has been associated to OT encompasses supraspinal 
locomotor regions in the cerebellum, thalamus and motor 
cortex [5]. Second, high-frequency tremor bursts in the legs 
were shown to considerably impair aûerent proprioceptive 
signaling in patients with OT [6]. It is, thus, conceivable, 
that OT is associated with a speciûc gait disorder as known 
in other types of tremor, such as essential tremor [7]. Our 
previous analyses depicted gait anomalies with broad-based 
walking and increased gait ûuctuations resembling a cer-
ebellar or sensory ataxic gait impairment [4]. However, gait 
performance was assessed in a highly controlled setting 

 * Ken Möhwald 
 Ken.Moehwald@med.uni-muenchen.de
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of treadmill walking considering only a limited set of gait 
conditions.

Therefore, the aim of the study was to comprehensively 
characterize the gait abnormalities associated to OT by 
means of a quantitative examination of gait performance in 
patients with OT compared to healthy controls utilizing a 
standardized multiple condition gait assessment.

Methods

Ethics approval and patients9 consent

The study procedures have been approved by the Ethics 
Committee of the University of Munich. All procedures 
were in accordance with the Declaration of Helsinki and all 
patients gave their written informed consent.

Participants and clinical assessment

Eighteen patients with primary OT (mean age 
70.5 ± 5.9 years, 10 females) with typical symptoms and 
high-frequency tremor as well as 18 age-matched healthy 
controls (mean age 71.2 ± 6.3 years, 10 females) participated 
in the study. The patient cohort was derived from a previ-
ous study from our medical center focusing on the course of 
disease and postural imbalance assessed by posturographic 
measurements [8]. The average disease duration of OT was 
14.0 ± 7.0 years. Detailed patient characteristics are pre-
sented in Table 1. All patients underwent a standardized 
neurological, neuro-ophthalmological, and neuro-otological 
examination. In addition to the neurological evaluation, this 
included assessment of eyesight and eye movements (smooth 
pursuit, spontaneous, gaze-evoked and head-shaking nystag-
mus, impaired visual ûxation, among others), a head impulse 
test and examination of the subjective visual vertical (SVV). 
A cerebellar ocular motor disorder was deûned by the pres-
ence of one of the following ûndings: gaze-evoked nystag-
mus (left, right, both horizontally) or downbeat nystagmus, 
rebound nystagmus, impaired visual ûxation suppression of 
the VOR [9]. Pallesthesia was assessed using a C64/128 Hz 
tuning fork. Reduced vibration sense was deûned as palles-
thesia f 4/8. Romberg9s test was considered positive, when 
patients showed signs of imbalance with considerable stag-
gering after eye closure or if they were unable to perform the 
task. All patients completed the Activities-speciûc Balance 
Conûdence Scale (ABC, ranging from 0 to 100%, > 80 high 
level of physical function; 50380 moderate level of physical 
function; < 50 low level of physical function) and the Falls 
Eûcacy Scale4International (FES-I, total score range from 
16, i.e., no concern about falling, to 64, i.e., severe concern 
about falling) and were screened for fall events within the 
last 6 months.

Procedures and variables

All patients underwent the Functional Gait Assessment 
(FGA), a 10-item clinical gait performance evaluation (over-
all score ranging from 0 to 30, with 30 being the best pos-
sible score). Quantitative assessment of walking ability of 
patients and healthy controls was performed on a 6.7 m long 
pressure-sensitive gait carpet  (GAITRite®, CIR Systems, 
Franklin, NJ, USA) with a sampling frequency of 120 Hz. 
Each participant completed a comprehensive gait assessment 
protocol comprising seven diûerent speed, sensory, and 
dual-task walking conditions: walking (1) at preferred speed, 
(2) slow speed, (3) maximal speed, (4) with head reclination, 
(5) with eyes closed, (6) during cognitive dual task (calcula-
tory serial 7 task), and (7) during motor dual task (carrying a 
tray). For each condition, a total of four trials were recorded. 
Walking performance and stability for each recording were 
characterized by the following spatiotemporal gait parame-
ters: mean walking velocity (cm/s), stride length (cm), stride 
time (cm), percentage of double support phase (%), percent-
age of swing phase (%), base of support (cm) as well as the 
stride-to-stride variability of stride length, stride time, and 
base of support. Stride-to-stride variability was determined 
using the coeûcient of variation (CV).

Statistical analysis

Descriptive statistics are reported as mean ± SD. Diûer-
ences in walking performance of patients and controls were 
analyzed using a repeated-measures analysis of variance 
and Bonferroni post hoc analysis with group (patients vs. 
healthy controls) and walking condition as factors. Possible 
associations between clinical ûndings, fall status, and the 
average walking performance of patients across conditions 
(gait parameters as described above) were examined by a 
point-biserial Pearson9s correlation. Results were considered 
signiûcant at p < 0.05.

Availability of data and material

Anonymized datasets are available upon reasonable request 
to qualiûed researchers.

Results

Patient characteristics

Clinically, all patients showed a saccadic smooth pur-
suit and clinical signs for a mild cerebellar ocular 
motor impairment were found in two-thirds of patients. 
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Eighty-nine percent of OT patients showed postural insta-
bilities indicated by a positive Romberg9s test as well as 
a reduced vibration sense or impaired reûexes of the legs. 
61% of OT patients presented with a lower limb dysme-
tria and 44% showed a uni- or bilateral pathological head 
impulse test. All patients reported considerable impair-
ments in physical function and daily activity (mean ABC 

score: 45.7 ± 23.4) and a moderate to severe concern about 
the risk to fall (mean FES-I score: 36.7 ± 10.9). Fall events 
within the last 6 months were reported by one-third of 
patients.

Gait performance and quantitative gait analysis

Functional impairments of gait during clinical assessment 
(FGA) were found in 50% of patients. Three patients were 
not able to perform the FGA due to permanent instability 
and six patients yielded a score below the age-referenced 
norm [10]. An overview on gait impairments of patients 
during quantitative gait assessment is presented in Fig. 1.

During preferred walking, patients exhibited a broad-
ened base of support (p = 0.018) with increased spati-
otemporal gait variability (p = 0.010). Walking speed was 
moderately reduced  (p = 0.026) with shortened stride 
lengths (p = 0.001) and increased periods of double sup-
port (p = 0.001). Gait impairments became considerably 
pronounced during slow walking but mainly disappeared 
during fast walking (p < 0.001). Withdrawal of visual feed-
back aggravated walking disability as did walking during 
cognitive dual task (p < 0.001, Fig. 2).

Walking impairments in patients were associated with 
clinical signs for a cerebellar ocular motor disorder (stride 
time r = 2 0.56, p = 0.015; cadence r = 0.51, p = 0.033) 
and lower limb dysmetria (stride time CV r = 0.66, 
p < 0.01; velocity r = 2  0.57, p = 0.013; stride length 
r = 2 0.49, p = 0.04). Patients with a positive Romberg9s 
test showed increased gait ûuctuations (stride time CV 
r = 0.47, p = 0.05). Furthermore, patients who had fallen 
within the recent past were found to walk at slower speeds 
(r = 2 0.51, p = 0.030).

Fig. 1  Overview of walking impairments in patients with orthostatic 
tremor. Comparison of walking performance in patients with ortho-
static tremor vs. healthy controls across diûerent speed, sensory, and 
dual-task conditions (rows) and with respect to diûerent gait param-
eters (columns, grouped by four functional gait domains: pace, phase, 
posture, and variability). Numbers within each tile represent the mean 
percentage diûerence of patients9 walking performance compared to 
healthy controls. SLength stride length, STime stride time, Dsupp per-
centage of double support phase, Swing percentage of swing phase, 
BoS base of support, CV coeûcient of variation, SS slow walking 
speed, PS preferred walking speed, MS maximal walking speed, HR 
head reclination, EC eyes closed, DTC cognitive dual task, DTM 
motor dual task

Fig. 2  Modulation of gait 
characteristics across diûerent 
walking conditions. Alterations 
in a base of support and b stride 
time CV in patients with OT 
(red) and healthy controls (grey) 
in dependence on the walking 
speed (SS, PS, MS) as well 
as during walking with EC or 
DTC. *Signiûcant diûerence. 
CV coeûcient of variation, 
SS slow walking speed, PS 
preferred walking speed, MS 
maximal walking speed, EC 
eyes closed, DTC cognitive dual 
task

a b
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Discussion

Considerable impairments of walking in patients with OT 
were apparent in clinical and quantitative assessment of 
gait. Instrumented gait analysis in these patients revealed 
a general slowdown of walking with speciûc pathologi-
cal alterations, such as an increased base of support and 
increased spatiotemporal gait variability. Both aspects 
indicate a deûcient regulation of dynamic postural sta-
bility and have been associated with an increased risk 
of falling [11313]. These ûndings were reûected in the 
patients9 reports on limited physical activity and moderate 
to severe concerns about the risk to fall. Furthermore, one-
third of patients did experience an actual fall within the 
past 6 months. Clinical examination in OT is, therefore, 
recommended to include a comprehensive examination of 
gait and physical function to identify those patients with 
a high risk for falling.

The staggering wide-based mode of walking in patients 
with OT is representative of the phenotype of a cerebel-
lar or sensory ataxic gait disorder [14, 15]. Similar gait 
alterations have been reported in a recent publication [16]. 
Signs in our patients for cerebellar impairment coincide 
with previous reports [5, 17]. Additionally, recently it was 
hypothesized, that OT might primarily reûect a cerebellar 
pathology with altered functional connectivity between 
the cerebellum and supplemental motor areas as well as 
marked changes in cerebellar grey matter volume, which 
both correlated with clinical as well as tremor severity in 
patients [18320]. In accordance to this hypothesis, applica-
tion of a repetitive transcranial stimulation over the cere-
bellum led to a reduction of tremor severity and functional 
connectivity of these areas [18].

On the other hand, gait impairments in OT could also 
reflect deficits of proprioceptive sensing in the lower 
limbs, indicated by the frequent presentation of pallhy-
pesthesia and a positive Romberg9s sign in our patients and 
the considerable aggravation of their gait instability during 
withdrawal of visual feedback. Accordingly, signaling by 
proprioceptive aûerents has been suggested to become dis-
rupted by the high-frequency tremor bursts within lower 
limb muscles [6] that persist in particular during the stance 
phases of walking [4].

Even though cerebellar and sensory ataxic gait disor-
ders are both characterized by a broadened base of support 
and increased gait ûuctuation during slow walking modes 
compared to self-selected walking [14, 21323], a proprio-
ceptive deûcit as the primary source for gait impairments 
in OT is further supported by the observed normalization 
of walking with faster speeds at which gait regulation is 
known to become increasingly independent from sensory 
feedback cues [15, 24].

However, the gait disorder in patients with downbeat 
nystagmus syndrome4a disorder linked to dysfunction of 
speciûc vestibulo-cerebellar regions [25]4has been shown 
to closely resemble sensory ataxic walking impairments 
with a gait unsteadiness restricted to slow walking modes 
[26]. Thus, the prevalent ûnding of impaired cerebellar ocu-
lar motor function as well as related impairments in static 
postural control in our patients may also point to a speciûc 
vestibulo-cerebellar dysfunction underlying the gait disorder 
in OT (as signs of a midline cerebellar dysfunction).

Finally, we observed noticeable walking diûculties of 
patients with OT while performing a cognitive dual task. 
This supports recent evidence in cognitive processing deû-
cits in OT that have been suggested to reûect an impaired 
functional frontocerebellar connectivity [27, 28]. The gait 
decline during dual-task walking is also observed in other 
neurological diseases with neurocognitive deûcits, such as 
idiopathic normal pressure hydrocephalus [29331].

In the end, the results of our study question the concept 
of OT as a primary tremor disorder and instead suggest a 
complex network disorder with a characteristic spino-cer-
ebello-frontocortical gait disorder. Hence, the gait impair-
ment in OT might directly reûect the pathological ponto-cer-
ebello-thalamo-cortical dysfunction, which was previously 
described by a whole brain 18F-ûuorodeoxyglucose-positron 
emission tomography analysis [5].

Limitations

This study has several limitations. First, the OT patient 
cohort consisted of only 18 patients from one medical 
center. However, this sample size is similar to many previ-
ously published studies due to the rarity of disease with a 
low prevalence [5, 18, 32]. Second, while clinical signs for 
impaired ankle reûexes and/or pallhypesthesia were prev-
alent in our cohort, patients did not report further typical 
symptoms for a peripheral neuropathy, such as paresthesia, 
burning or tingling pain or progressive pareses. Within the 
context of the current study, we were not able to determine 
whether the reduced proprioceptive function is independ-
ent from or directly caused by OT. In favor of the latter 
option, it has been suggested that during prolonged stand-
ing in patients with OT, proprioceptive feedback from the 
periphery becomes increasingly synchronized at the tremor 
frequency [6]. This tremor-locking of proprioceptive aûer-
ents could disrupt normal peripheral feedback regulation 
of posture and give rise to an increased co-contraction of 
anti-gravity musculature leading to a vicious circle of esca-
lating subjective and objective postural unsteadiness. This 
hypothesis has been further supported by the recently shown 
beneûcial eûects of a proprioceptive muscle tendon stimu-
lation on tremor intensity and body sway in patients with 
OT [33]. However, further studies that particularly examine 
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nerve conduction speed in OT patients in the presence and 
absence of tremor are necessary to conclusively decide on 
the origin of the prevalent proprioceptive dysfunction in 
these patients.

Conclusion

Overall, patients with primary orthostatic tremor showed a 
gait disorder with broadened based of support and increased 
gait variability resembling a sensory or cerebellar ataxic 
gait. Gait performance declined during walking with eyes 
closed and improved during faster walking compared to 
healthy subjects indicating that proprioceptive deûcits and/
or a speciûc dysfunction within the vestibulo-cerebellum 
contribute to the gait impairment in OT. Furthermore, gait 
performance declined during cognitive dual task, which 
implies the presence of additional frontal processing deûcits 
in patients with OT. These ûndings suggest that OT repre-
sents a complex network disorder associated to a speciûc 
spino-cerebello-frontocortical gait disorder that goes beyond 
mere tremor networks.
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Abstract

Introduction Primary orthostatic tremor (OT) is characterized by high-frequency lower limb muscle contractions and a 

disabling sense of unsteadiness while standing. To date, therapeutic options for OT are limited. Here, we examined the eûects 

of proprioceptive leg muscle stimulation via muscle tendon vibration (MTV) on tremor and balance control in patients with 

primary OT.

Methods Tremor in nine patients with primary OT was examined during four conditions: standing (1), standing with MTV 

on the bilateral soleus muscles (2), lying (3), and lying with MTV (4). Tremor characteristics were assessed by frequency 

domain analysis of surface EMG recordings from four leg muscles. Body sway was analyzed using posturographic recordings.

Results During standing, all patients showed a coherent high-frequency tremor in leg muscles and body sway that was 

absent during lying (p < 0.001). MTV during standing did not reset tremor frequency, but resulted in a decreased tremor 

intensity (p < 0.001; mean reduction: 32.5 ± 7.1%) and body sway (p = 0.032; mean reduction: 37.2 ± 6.8%). MTV did not 

aûect muscle activity during lying. Four patients further reported a noticeable relief from unsteadiness during stimulation.

Conclusion Proprioceptive stimulation did not reset tremor frequency consistent with the presumed central origin of OT. 

However, continuous MTV inûuenced the emergence of OT symptoms resulting in reduced tremor intensity, improved 

posture, and a relief from unsteadiness in half of the examined patients. These ûndings indicate that MTV either directly 

interferes with the peripheral manifestation of the central oscillatory pattern or prevents proprioceptive aûerent feedback 

from becoming extensively synchronized at the tremor frequency.

Keywords Orthostatic tremor · Muscle tendon vibration · Proprioception · Tremor · Body sway · Unsteadiness

Introduction

Primary orthostatic tremor (OT) is a rare condition of 

unknown prevalence, characterized by a high-frequency pat-

tern of coherent muscle contractions (13318 Hz) in the lower 

limbs and trunk while standing [1]. The tremor is linked to 

the main presenting symptom of subjective unsteadiness and 

dizziness during standing that typically relieves during sit-

ting and lying or when patients start to ambulate.

The pathophysiological mechanisms underlying primary 

OT are not completely understood. However, the strong 

coherence between high-frequency activations of widely 

separated muscles suggests that the latter are a peripheral 

manifestation of a central oscillator. Correspondingly, a 

central oscillatory ponto-cerebello-thalamo-cortical network 

has recently been identiûed in patients with OT [2, 3]. This 

network appears to be active during symptomatic (i.e., stand-

ing) as well as non-symptomatic states (i.e., lying). During 

standing, isometric muscle contraction is believed to entrain 

the central oscillatory pattern in the respective anti-gravity 

muscles. Continuous tremor in anti-gravity muscles is in 

turn thought to negatively interfere with proprioceptive 

aûerent feedback required for adequate balance regulation 

with the result of subjective unsteadiness and objectively 

impaired stance performance. Both phenomena typically 

develop over seconds in patients with OT while standing [4].
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The aim of this study was to examine whether the course 

of symptoms emergence in patients with OT during standing 

might be positively inûuenced by a continuous propriocep-

tive stimulation of aÿicted muscles. We, therefore, tested 

the eûects of a continuous low-intensity muscle tendon 

vibration (MTV) on the bilateral soleus muscles on tremor 

frequency and intensity as well as balance performance and 

subjective unsteadiness in patients with OT.

Methods

Standard protocol approvals, registrations, 
and patients consent

The study protocol has been approved by the Ethics Com-

mittee of the University of Munich and was registered 

(DRKS00012907). All procedures were in accordance with 

the Helsinki declaration and patients gave their written 

informed consent.

Subjects

Nine patients with primary OT participated in the study 

(patient characteristics are presented in Table 1). Deûnite 

diagnosis was made by surface EMG-recording exhibiting 

a coherent tremor between homologous leg muscles within 

a frequency range of 13318 Hz. Patients underwent a stand-

ardized neurological examination to exclude additional 

signs indicative of a secondary OT (i.e., hypokinesia, rigid-

ity, dystonia, and failure of gait initiation). Age-associated 

signs of a reduced vibration sense of the feet were frequently 

observed. However, none of the patients presented with a 

clinically manifest peripheral neuropathy.

Procedures

Tremor intensity and postural performance (only stance con-

ditions) were evaluated during four conditions (each 60 s 

duration): standing vs. standing with MTV and lying supine 

vs. lying with MTV. Recordings during MTV conditions 

were started 30 s after stimulation onset. After the record-

ings patients were asked whether they felt any noticeable 

change in subjective unsteadiness during MTV stimulation.

Muscle tendon vibration was applied bilaterally with two 

cylindrical vibrators (8.8 cm × 3.2 cm, 180 g) containing 

a small DC motor (Buehler, type 1.13.055.221, Germany), 

that were attached on the soleus muscle tendon by elastic 

bands. Stimulation consisted in a continuous moderate vibra-

tion (50 Hz, 1 mm) [5]. Surface EMG activity was recorded 

with Ag/AgCl electrodes simultaneously from the tibialis 

anterior, gastrocnemius, biceps femoris, and vastus medialis 

muscles of the dominant leg side using a Zebris DAB-Blue-

tooth device (Zebris Medical, Germany) at 1000 Hz. EMG 

signals were ampliûed, bandpass-ûltered at 103100 Hz, and 

full-wave rectiûed. Body sway was recorded on pressure-

sensitive posturographic platform FDM-T (Zebris Medical, 

Germany) at 100 Hz.

Data analysis

Tremor intensity and coherence between every combination 

of recorded muscle pairs were analyzed by spectral analysis 

using ûnite fast Fourier transformation with a block size set 

to 2 s resulting in a frequency resolution of 0.5 Hz [6]. Body 

sway was analyzed by spectral analysis on the time series 

along z-axis of the posturographic measurements (N) and by 

calculating the mean position (mm), sway area  (mm2), path 

Table 1  Patient characteristics 

including neurological ûndings 

and medication

Neurological ûndings: 1 = postural instability, 2 = dysmetria, dysdiadochokinesia or intention tremor upper 

limbs (uni- or bilateral), 3 = dysmetria lower limbs (uni- or bilateral), and 4 = diminished ankle reûexes 

and/or reduced vibration sense

f female, m male

Patient Sex Age (years) Tremor 

frequency 

(Hz)

Duration 

(years)

Medication Neuro-

logical 

ûndings

1 m 62 14.5 1 No 1, 4

2 f 55 14 5 Gabapentin 1200 mg/day 1

3 m 75 17.5 10 No 1, 2, 4

4 m 75 14 14 Clonazepam 1 mg/day 1, 2, 3, 4

5 f 56 17 5 No 1

6 f 75 16.5 6 No 1, 2, 3, 4

7 f 66 14 13 No 1, 2, 4

8 m 75 13.5 4 Gabapentin 600 mg/day 1, 4

9 m 76 15 3 Levodopa/benserazid 300/75 mg/day 1
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(mm), and root mean square (RMS, mm) of the recorded 

center-of-pressure (CoP) trajectories [2].

Statistical analysis

Data are reported as mean ± SEM. MTV eûects on tremor 

intensity and coherence were analyzed by repeated-measures 

analysis of variance and Bonferroni post hoc analysis with 

condition (standing vs. lying), stimulation (MTV vs. no 

MTV), and muscle type as factors. Because posturographic 

measures were not normally distributed, MTV eûects on 

body sway were analyzed using a Wilcoxon matched-pairs 

signed-rank test. Results were considered significant at 

p < 0.05.

Results

During upright standing, all patients showed a coherent 

high-frequency tremor in all examined leg muscles and in 

z-axis body sway (mean tremor frequency: 15.1 Hz; range 

13.5317.5 Hz) that was absent during lying (p < 0.001). 

MTV did not reset tremor frequency but effectively 

reduced tremor intensity equally in all muscles by in aver-

age 32.5 ± 7.1% (p < 0.001). This was accompanied by 

a moderately reduced inter-muscular tremor coherence 

(mean reduction: 5.6 ± 1.7%, p < 0.001) (Fig. 1a3d). MTV 

eûects on posture resulted in reduced high-frequency body 

sway along z-axis (mean reduction: 37.2 ± 6.8%; p = 0.032) 

Fig. 1  Eûects of proprioceptive 

stimulation on tremor character-

istics and body sway. Rectiûed 

EMG traces and power spectra 

of the tibialis anterior (a) and 

gastrocnemius muscle (b) as 

well as coherence between 

both muscles (c) during normal 

standing (black) and standing 

with muscle tendon vibration 

(MTV) on the bilateral soleus 

muscle (gray). d Group eûects 

of MTV on tremor intensity and 

inter-muscular coherence dur-

ing standing as well as during 

lying. e Representative power 

spectrum of body sway along 

z-axis during normal stand-

ing (black) and standing with 

muscle tendon vibration (MTV) 

on the bilateral soleus muscle 

(gray). f Group eûects of MTV 

on high-frequency body sway. g 

Corresponding center-of-pres-

sure trajectories in anterior3pos-

terior (AP) and medio-lateral 

plane (ML). Asterisk indicates a 

signiûcant diûerence
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and moderately improved balance indicated by smaller out-

comes for area (mean reduction: 30.8 ± 10.0%; p = 0.011) 

and RMS (mean reduction: 10.6 ± 5.3%; p = 0.038) of body 

sway (Fig. 1e3g). Finally, we observed a moderate back-

ward shift of the mean CoP position (2 24.2 ± 16.2 mm, 

p = 0.015) in response to the illusionary forward body tilt, 

which is known to be provoked by MTV on the soleus 

muscles [5, 7]. Four patients reported a subjectively felt 

improvement of unsteadiness during MTV and no patient 

indicated increase of unsteadiness due to stimulation. The 

presence of reduced vibration sense did not correlate with 

MTV eûects on tremor intensity or posture.

Discussion

The present ûndings indicate that continuous low-intensity 

modulation of proprioceptive feedback has a positive mod-

erating inûuence on the course of symptoms emergence in 

patients with OT while standing. In consistence with the 

previous examinations on the inûuence of peripheral stimu-

lation in OT [1, 8], continuous MTV did not reset tremor 

frequency and only showed minor eûects on inter-muscular 

tremor coherence underpinning the presumed central origin 

of OT. However, the observed reduction of tremor intensity 

indicates that continuous proprioceptive stimulation may 

mitigate the peripheral manifestation of the centrally gener-

ated oscillatory pattern during standing. In line with this, 

we further found that MTV induced improvements in body 

balance and subjective unsteadiness of patients with OT, 

whereas, in the healthy elderly vibratory leg muscle stimula-

tion rather tends to destabilize posture [9].

OT could manifest peripherally via a direct projection of 

central oscillatory sources to spinal motoneurons. However, 

the observation that motoneurons can be activated voluntar-

ily without exhibiting the tremor pattern (e.g., lifting one 

leg from the ûoor), while tremor burst persist in homolo-

gous muscles of the other limb, makes a direct connection 

unlikely [1]. The central oscillatory pattern could alterna-

tively be relayed via spinal interneurons, since tremor bursts 

occur during muscle contraction under load, i.e., during acti-

vation of Golgi tendon organ (GTO) aûerents that directly 

project to Ib interneurons [8]. GTO aûerents as well as mus-

cle spindle aûerents are known to be strongly modulated by 

MTV applied on muscles under load [10], which would give 

a plausible site of action for a direct inûuence of MTV on 

peripheral tremor manifestation.

Alternatively, MTV might have a more indirect deescalat-

ing inûuence on symptoms emergence in OT. Accordingly, 

it has been suggested that after tremor onset while stand-

ing, proprioceptive feedback from the periphery becomes 

increasingly synchronized at the tremor frequency [3, 4]. 

This tremor-locking of proprioceptive afferents would 

disrupt normal peripheral feedback regulation of posture 

and give rise to an increased co-contraction of anti-gravity 

musculature leading to a vicious cycle of escalating subjec-

tive and objective postural unsteadiness [4]. The continuous 

engagement of proprioceptive aûerents via MTV could to 

some extend prevent the tremor-locking of peripheral feed-

back and thereby deescalate the symptoms occurrence in 

OT. In this regard, the mode of action of MTV could be 

similar to that of continuous lower limb movements during 

gait that consistently relieve clinical symptoms in patients 

with OT, although the high-frequency leg tremor persists 

during ambulation [1].

Many patients with OT insuûciently respond to currently 

available pharmacological treatment options [11, 12]. Alter-

native interventions such as deep brain stimulation of the 

thalamus [13, 14] or spinal cord stimulation [15] showed 

positive eûects in single patients that, however, need to be 

conûrmed in future controlled clinical trials. In this respect, 

the present ûndings may open new avenues for a non-inva-

sive therapeutic intervention via low-intensity modulation 

of proprioceptive feedback in patients with OT.
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