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Shorter pulse width reduces gait disturbances
following deep brain stimulation for essential tremor
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Conclusion Shorter pulse widths may reduce gait
disturbances in patients with ET that are induced by DBS
while preserving a level of tremor suppression equal to
standard stimulation settings.
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Thalamic deep brain stimulation (DBS) is a highly
effective therapy for patients with otherwise therapy-refractory essential tremor (ET).1 Frequent side
effects of thalamic DBS include dysaesthesia, speech
disturbances and dysphagia.2 Gait disturbances
may also occur with a delay of several months
after activation of DBS and have been discussed
as a stimulation-induced network dysfunction due
to antidromic cerebellar activation.3 A subsequent
increase of immobility and risk of falling may
decrease the quality of life in these patients substantially.4 Studies on the prevalence of stimulation-associated gait disturbances report up to 50% of
patients experiencing worsening of gait following
thalamic DBS. Age, disease severity and preoperative gait difficulties have been identified as risk
factors.2 4
As DBS-naïve patients with advanced ET may
exhibit balance impairment5 6 and increased spatiotemporal variability of lower limb movements
similar to those seen in cerebellar ataxia,7 the differentiation between progression of disease-related

gait disturbances and DBS-induced side effects8
remains challenging.
Antidromic activation of the cerebellar nodule
via the uncinate tract from the subthalamic area has
been discussed as a possible mechanism inducing
gait ataxia in patients with ET with thalamic DBS.3
Previous studies had identified distinct electrophysiological properties of fibre tracts mediating tremor
suppression and limb ataxia.9–11 Based on differences in axon diameters and chronaxies, shortening
pulse widths would allow a more selective activation of cerebellothalamic fibres, which mediate
tremor control without induction of ataxia.
Shorter pulse widths (<60 µs) have been demonstrated to reduce side effects while maintaining
clinical efficacy in patients with Parkinson’s disease
and DBS of the subthalamic nucleus.12 13 Shortterm beneficial clinical effects of thalamic DBS at
short pulse widths were shown in a small cohort
of patients with ET,14 and objective measures of
change in gait parameters have been obtained a
single case report.15
In this study, we used instrumented gait assessment technology to assess the reversibility of gait
disturbances after pausing DBS and to quantify the
beneficial effect of adjusting pulse widths to 40 µs,
exploring the therapeutic potential of shorter pulse
widths on stimulation-associated gait disturbances.

Patients and methods
Study population

Seven patients (four female, age 70.6±7.4,
28.6±13.8 years’ disease duration) with deterioration of gait following DBS for ET (average time
of chronic stimulation: 56.4±31.9 months; clinical
details in table 1) were included in the study. Only
two of the seven patients had mentioned occasional
falls (≤1 per month) as a result of the decreased
gait stability within the last 6 months prior to the
study. All patients had Activa PC pulse generators
with 3387 electrodes.
Each participant had previously undergone
multiple (>5) thorough attempts to improve gait
difficulties by adjustment of stimulation parameters, including multiple monopolar reviews, change
of active contacts including bipolar and interleaving
stimulation settings and stimulation frequencies. The final setting for best tremor suppression
found in this process was defined as ON (table 1).
Importantly, all patients showed satisfactory tremor
control with initial monopolar settings during the
first year of DBS (tremor suppression of ≥50%,
range 50%–95%).
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Clinical details

Patient

Sex

Age

Disease
duration
(years)

ET1

F

72

>50

ET2
ET3
ET4
ET5
ET6
ET7

F
M
M
F
M
F

Mean

72
72
76
73
54
75
70.6±7.4

38
17
16
20
40
19
28.6±13.8

Months since
DBS surgery
15
19
69
60
117
67
48

Stimulation
amplitude
at DBS40PW

Stimulation parameter ON DBS
Contacts

Hz

V

µs

V

Tremor medication
Metoprolol 100 mg 1-0-1

R

0-, 1-, 2+

130

2.0

60

1.9

L

1-*/2-*

130

1.4/2.0

60

1.4/2.0

R

0-*/1-*

130

0.9/0.8

60

0.9/0.8

L

0-*/1-*

130

1.2/2.7

60

1.3/2.8

Propranolol 80 mg 1-0-1

R

0-, 1-, 2+

125

1.9

60

1.8

L

0-/1-

125

1.6

60

1.1

R

1-*/2-*

130

1.5/1.2

60

1.6/1.6

L

0-*/1-*

130

1.7/1.5

60

2.5/2.5

R

2-*/3-*

110

1.6/1.6

60

2.4/2.4

L

0-/3-

110

2.4

60

3.4

Primidone 250 mg 0-0-1
Metoprolol 47.5 mg 1-1-0

R

2–3-

130

2.3

60

2.5

None

L

0–1-

130

2.0

60

2.1

R

1-

160

2.5

60

2.9

L

1-

160

3.7

60

4.1

None
None

Propranolol 40 mg 1-1-1
Primidone 250 mg 0-0-1

56.4±31.9
months DBS

Clinical details of patient cohort.
*Interleaved stimulation.
DBS, deep brain stimulation; DBS40PW, parameter setting after reduction of pulse width to 40 µs; ET, essential tremor; F, female; L, left hemisphere; M, male; ON DBS, initial
stimulation parameter setting; R, right hemisphere.

DBS electrodes were localised with Lead-DBS (V.2.1.0)
toolbox16 using preoperative MRI and postoperative CT or
MRI. All electrodes were located in the subthalamic area and
ventral thalamus, slightly ventrally to the target published by
Papavassiliou et al17 (figure 1A,B).
Ten healthy subjects (five female, age 74.8±3.2) with no subjective gait difficulties, no neurological disorders or any history of
conditions affecting gait were recruited for comparison.

Study protocol

Access codes provided by Medtronic allowed programming
of pulse widths shorter than 60 µs. A pulse duration of 40 µs
was chosen as it is closest to the chronaxy of the cerebellothalamic fibres.9 Clinical and gait parameters were assessed at
three different stimulation conditions: (1) ON DBS (at standard parameters), (2) OFF DBS (after 3 days of unilateral withdrawal of stimulation corresponding to the non-dominant hand
followed by one night of bilateral withdrawal of stimulation),
and (3) at parameter setting after reduction of pulse width to
40 µs (DBS40PW) (after at least 30 days [mean: 66 days; range
31–97] of chronic stimulation at 40 µs pulse width). If necessary,
amplitudes were increased until the previous degree of tremor
suppression was restored, whereas active contact(s) and stimulation frequency were left unchanged (table 1).

Clinical assessment

Axial items (1–3) of the Scale for Assessment and Rating of
Ataxia (SARA) were used to assess the severity of ataxia in
gait and trunk. Tremor severity was rated using the Fahn-Tolosa-Marin Tremor Rating Score items 1–9. Patients were asked to
self-evaluate changes of gait performance on a Global Impression of Subjective Change Scale (GIC-S) (see figure 1).

Quantitative gait assessment

Kinematic gait analysis was performed using body-worn sensors
(Mobility Lab, APDM, V.1.0, Portland,USA) attached to the

shanks, wrists, sternum and lower waist. Patients walked 50 m at
a comfortable gait speed. The Mobility Lab software18 was used
to extract lower limb gait parameters from raw data. Coefficient
of variation (CoV), defined as the SD divided by the mean, was
calculated for each gait parameter. We focused on stride length,
stride velocity, stride time, cadence and range of motion (RoM)
of the knees and shanks and their respective CoVs. These parameters have previously been reported to be altered in cerebellar
diseases19 and to be differentially modulated by therapeutic and
supratherapeutic stimulation.7

Statistical analysis

Given the cohort size, non-parametric Friedman test was used
to determine the effect of stimulation condition on gait parameters, SARA score, tremor and GIC. Post-hoc comparisons were
calculated using Wilcoxon signed-rank test. For comparison with
healthy subjects, Mann-Whitney U tests were used. P values were
adjusted for multiple comparisons using false discovery rate.

Results

Group averages of all gait parameters from healthy controls and
patients in all stimulation conditions are reported in an online
supplementary table.
At baseline (DBS ON), patients with ET showed significantly
higher values for CoV of stride length (p=0.003), RoM of the
shanks (p=0.003) and RoM of the knees (p=0.0001) compared
with healthy subjects. Modulation of DBS parameters led to
changes in behavioural performance, with increased tremor and
reduced ataxia scores in the OFF DBS condition. Importantly,
DBS40PW also reduced ataxia but maintained tremor suppression. Consistently, Friedman tests revealed a significant effect of
‘Stimulation condition’ on gait parameters CoV of stride length
(p=0.005) and CoV of the shank RoM (p=0.018). Post-hoc tests
showed a significant reduction of CoV stride length OFF DBS
(p=0.016) and at DBS40PW (p=0.016), as well as a significant
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Figure 1 (A) Coronal view of reconstructed electrodes in MNI space in relation to the thalamus (DISTAL Atlas, Ewert 2017)22. The ventral intermediate
nucleus is coloured light brown. Active contacts for each patient are highlighted in red colour. The average x, y and z coordinates in the MNI space of the
lowermost contact were 15.37 (±1.54), −11.37 (±1.84) and 2.80 (±1.91) for the right electrode and −15.94 (±1.06), −10.75 (±1.91) and 2.57 (±2.67) for
the left electrode, respectively. (B) Sagittal view of electrode reconstructions of the right hemisphere. (C–E) Clinical outcome under the three test conditions:
ON DBS, OFF DBS and after >30 days of adjusted DBS with 40 µs pulse (DBS40PW). (C) TRS: Fahn-Tolosa-Marin Tremor Rating Score (items 1–9). (D)
SARAaxial subscore. (E) Global Impression of Subjective Change (GIC-S) OFF DBS and after >30 days of adjusted DBS40PW compared with DBS ON (1=very
much improved; 2=much improved; 3=minimally improved; 4=unchanged; 5=minimally worse; 6=much worse; 7=very much worse). Values of individuals
are displayed as circles over the group mean (red line), SEM (red area) and SD (blue line). (F) Spatiotemporal gait parameters and their coefficients of
variation (CoVs) relative to measures obtained in healthy controls (HC, black dotted line=baseline of 100%). Right half of the diagram shows CoVs of
parameters, left half the average parameter relative to HC. Three stimulation conditions are depicted: ON standard DBS (red line), OFF DBS after stimulation
withdrawal (blue line) and after >30 days with 40 µs DBS (DBS40PW, green line). + Indicates significant differences of ET_ON gait parameters compared
with HC. * Indicates significant change of gait parameters OFF stimulation compared with standard DBS. # Indicates significant change of gait parameters
with 40 µs PW compared with standard DBS. Note the significant reduction in CoV OFF DBS that is maintained with DBS40PW. All p values corrected using
false discovery rate. Abbreviations: DBS - deep brain stimulation; MNI - Montreal Neurological Institute; RoM- range of motion; SARA - Scale for Assessment
and Rating of Ataxia.
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Discussion

We showed that stimulation-induced gait disturbances are
reversible when pausing thalamic DBS and that this improvement can be maintained when DBS parameters are changed to
shorter pulse widths while DBS remained efficient for tremor
suppression in our patients.
This clinical observation is corroborated by objective
measurements of spatiotemporal gait parameters that showed
a reduction in the CoV OFF DBS and with DBS40PW as
compared with standard DBS for stride length and the shank
RoM. These parameters were also increased during DBS ON
compared with healthy controls, indicating a change towards
normalisation with DBS40PW (figure 1F, online supplementary video).
Withdrawing stimulation for several days3 to differentiate
stimulation-induced gait disturbances from disease progression offers no therapeutical benefit, as tremor inevitably
re-emerges and gait disturbances return once stimulation is
reactivated with unchanged stimulation parameters.
Sensor-based quantitative gait assessment revealed a greater
variability of spatial and temporal gait parameters in patients
with ET ON DBS compared with healthy subjects.
Similar results using the same sensor system have been
reported in patients with Spinocerebellar Ataxia Type 14
(SCA14), which is considered a pure cerebellar ataxia, thus
supporting the hypothesis of cerebellar involvement leading to
gait alterations in ET ON DBS.
The CoV of stride length decreased after withdrawal of DBS,
and this change towards normalisation in gait parameters was
maintained over several weeks of DBS at shorter pulse width.
Importantly, while switching off DBS resulted in reoccurrence
of tremor, DBS40PW provided efficient tremor control in all
patients.
ET is considered a network disorder involving the cerebellum, motor cortex and thalamus.6 20 21 DBS is believed to
mediate its effect through modulation of abnormal signalling
in cortico-thalamo-cortical and cerebello-thalamo-cortical
pathways7 via the dentate-thalamic tract.9 Inadvertent activation of cerebello-rubro-spinal fibres in anatomical vicinity
may explain disruption of goal-directed movements, leading
to ataxia in the upper9 and lower7 extremities.
Our results support existing evidence that these fibre tracts
may be selectively activated using different pulse widths for
DBS due to their distinct electrophysiological properties.9 12–14
Although changes in stimulation amplitudes at DBS40PW to
baseline were inconsistent, previous attempts of parameter
optimisation by voltage reduction had led to reduced tremor
control, while shorter pulse widths provided efficient tremor
control and reduced stimulation-induced side effects in our

patients. However, applicability of this finding is currently
limited as not all commercial neurostimulators support pulse
widths <60 µs. During battery replacement, however, it can
be considered to use adapter kits to connect pulse generators
and electrodes from different manufacturers.15 A firmware
change with limited availability was required for our subjects,
explaining the small number of patients.
Our results add new quantitative evidence for clinical efficacy of shorter pulse widths to address stimulation-induced
side effects and optimise outcome in patients with thalamic
stimulation.10 11 15 Nevertheless, our study bears limitations:
the SARA score is a rating scale for ataxia not validated for
patients with ET. Due to sample size, unblinded assessment
and short follow-up period, our study should be considered
preliminary and future trials should verify the long-term clinical impact of short pulse widths for thalamic DBS, especially
if used as an initial parameter setting.
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