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Abstract

Objective

To assess longitudinal tremor outcomes with ventral intermediate nucleus deep brain stimu-
lation (VIM DBS) in patients with dystonic tremor (DT) and to compare with DBS outcomes
in essential tremor (ET).

Methods

We retrospectively investigated VIM DBS outcomes for 163 patients followed at our center
diagnosed with either DT or ET. The Fahn-Tolosa-Marin tremor rating scale (TRS) was used
to assess change in tremor and activities of daily living (ADL) at 6 months, 1 year, 2-3 years,
4-5 years, and >6 years after surgery.

Results

Twenty-six patients with DT and 97 patients with ET were analyzed. Compared to preoperative
baseline, there were significant improvements in TRS motor up to 4-S years (52.2%; p = 0.032)
but this did not reach statistical significance at >6 years (46.0%, p = 0.063) in DT, which was
comparable to the outcomes in ET. While the improvements in the upper extremity tremor,
head tremor, and axial tremor were also comparable between DT and ET throughout the
follow-up, the ADL improvements in DT were lost at 2-3 years follow-up.

Conclusion

Opverall, tremor control with VIM DBS in DT and ET was comparable and remained sustained
at long term likely related to intervention at the final common node in the pathologic tremor
network. However, the long-term ADL improvements in DT were not sustained, possibly due
to inadequate control of concomitant dystonia symptoms. These findings from a large cohort of
DT indicate that VIM targeting is reasonable if the tremor is considerably more disabling than
the dystonic features.

Classification of evidence
This study provides Class IV evidence that VIM DBS improves tremor in patients with DT
or ET.
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Glossary

ADL = activities of daily living; AE = adverse event; DBS = deep brain stimulation; DT = dystonic tremor; ET = essential
tremor; GPi = globus pallidus interna; PD = Parkinson disease; STN = subthalamic nucleus; TRS = Fahn-Tolosa-Marin tremor
rating scale; UE = upper extremities; VIM = ventral intermediate nucleus.

Dystonic tremor (DT), defined as tremor presenting in body
regions with dystonia, has been reported as a frequent clinical
manifestation in recent epidemiologic studies'?; however, the
pathophysiology and treatment have remained relatively
underinvestigated. DT is frequently misdiagnosed as essential
tremor (ET), although DT has some distinguishing charac-
teristics such as asymmetry, irregularity in amplitude and fre-
quency, and phenomenologic features of dystonia including
overflow, sensory trick, and position speciﬁcity.3‘4

There has been limited literature on effective treatments for
DT with many options overlapping with ET.® Similar to ET,
deep brain stimulation (DBS) targeted to the ventral in-
termediate nucleus (VIM), an essential node in the tremor
circuitry, is also considered for medication-refractory DT.*""
However, the numbers of participants in these studies were
small and little is known about the long-term outcomes.®
Cury et al.” reported that DBS effects in DT were modest and
transient in comparison to ET and Parkinson disease (PD);
however, the DT cohort comprised only 6 patients and there
was no direct comparison of outcomes across patient groups.
At our center, we recommend the VIM target for patients with
DT if the tremor was endorsed to be more prominent and
bothersome compared to the dystonia symptoms, given our
experience that implantation in the globus pallidus interna
(GPi) did not ameliorate tremor to the same extent as dys-
tonia. In the current study, we analyzed the outcomes in these
patients with DT who underwent VIM DBS. We aimed to
compare the outcomes of VIM DBS between patients with
DT and patients with ET.

Methods

Standard protocol approvals, registrations,
and patient consents

Upon receipt of approval from the local institutional review
board (IRB201702279), we retrospectively investigated the
patients with DT and patients with ET who underwent
VIM DBS. Written informed consent was obtained for video
disclosures.

Study design

The latest consensus criteria by the Movement Disorders
Society define DT as tremor syndromes combining dystonia
and tremor in a body part affected by dystonia and ET as an
isolated tremor syndrome of bilateral upper limb action
tremor with or without tremor in other body regions.” The
inclusion criteria for our study were (1) diagnosis of DT or ET
according to the abovementioned criteria, (2) VIM DBS
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performed at the University of Florida between 2003 and
2017, (3) no history of stereotactic brain surgery, (4) no
acquired etiologies or neurodegenerative diseases including
PD, (5) preoperative clinical assessments with postoperative
assessments at 6 months or longer, and (6) optimally placed
DBS leads confirmed by the postoperative lead measure-
ments. We excluded patients with tremor syndromes with
additional features of parkinsonism, myoclonus, ataxia, or
questionable dystonia.” Because of the absence of a control
group without DBS, the current study provides Class IV ev-
idence for the clinical effectiveness of DBS in DT and ET
populations.

Standard perioperative procedures

All patients received a thorough evaluation from multiple
disciplines including neurosurgery, psychiatry, neuropsy-
chology, and rehabilitation services to establish that the
benefits of the surgery outweighed the risks. DBS leads
(model 3387; Medtronic, Minneapolis, MN) were implan-
ted under local anesthesia with additional guidance
obtained with intraoperative microelectrode recordings and
macrostimulation testing. The initial implantations and
replacements were performed with the latest available pulse
generators (Activa PC/SC, Soletra, or Kinetra; Medtronic).
CT was performed 1 month after implantation and fused
with the preoperative MRI using the in-house software. The
electrode positions were graphically identified with a 3D
deformable brain atlas overlay as described in our previous
report.'”> Patients were followed monthly to optimize
stimulation settings and medication for the first 6 months
after surgery. After the optimal setting was established,
patients had biannual visits up to 3 years and annual visits
afterward.

Outcome measures

We assessed the tremor outcomes with DBS using the Fahn-
Tolosa-Marin tremor rating scale (TRS)."® The TRS consists
of 3 parts: part A (resting, postural, and action tremor of the 9
body regions), part B (action tremor of the upper extremities
[UE] during handwriting, drawing, and pouring tasks), and
part C (activities of daily living [ADL]). Higher scores indicate
worse conditions. We extracted TRS total (items 1-21), TRS
motor (part A, items 1-9), TRS ADL (part C, items 15-21),
axial tremor total (face, tongue, voice, head, and trunk; items
1-4 and 7), and head tremor (item 4). The lateralized scores of
UE resting, postural, and action tremor were analyzed as
combined (UE tremor total) and separately (item 5/6). The
handwriting score (item 10) for the dominant extremity and
the lateralized hand function score (drawing and pouring tasks;
items 11-14) were also analyzed.
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The postoperative scores were sorted into S follow-up inter-
vals (6 months, 1 year, 2-3 years, 4-S years, and >6 years after
surgery). DBS outcomes were primarily assessed by com-
paring the “on”-stimulation condition with the baseline status
within the DT and ET groups. The “off’-stimulation assess-
ments were performed at least 30 minutes after the stimula-
tion was turned off and TRS motor was compared between
the “on”- and “off’-stimulation conditions at each follow-up.
The A changes (i.e., subtraction) compared to baseline were
calculated for all measures and were used for the comparisons
between the DT and ET groups. We also separately compared
patients treated with unilateral and bilateral VIM DBS to
analyze the DBS effects on axial tremor within the DT and ET
groups. Furthermore, we compared the percentages of good
responders between the DT and ET groups with the thresh-
old of a clinically relevant DBS response defined as >40%
improvement in TRS motor at 6 months or 1 year compared
to baseline. A responder analysis was restricted to the short-
term follow-up because a subset of patients in both groups did
not have follow-ups longer than 1 year.

Statistical analysis

Statistical analysis was performed using IBM (Armonk, NY)
SPSS Statistics 25. We compared the demographics, baseline
outcome measures, and adverse events (AEs) between the 2
groups using Mann-Whitney U tests, xz tests, or Fisher exact
tests, as appropriate. The statistical significance was set to
a threshold of p < 0.0S. In the DT and ET groups, the out-
come measures at each follow-up were compared with base-
line status using Wilcoxon signed-rank tests. The “on”- and
“off’-stimulation comparison of TRS motor at each follow-up
was also performed using Wilcoxon signed-rank tests. We
performed Mann-Whitney U tests for the between-group
comparisons (DT vs ET; unilateral vs bilateral DBS) at each
follow-up. The type I error rates for multiple comparisons
were corrected with Holm-Bonferroni method, which adjusts
p values for each hypothesis with a range of significance
thresholds (0.01-0.05).

Data availability

Anonymized data can be made available at the request of
qualified investigators for the purpose of replicating proce-
dures and results.

Results

Participants

We identified 163 VIM DBS patients who met the diagnostic
criteria for DT or ET (figure 1). Out of these, we excluded 24
patients for the following reasons: 6 patients were initially
diagnosed with ET, but the clinicians noted questionable
features of dystonia; 10 had additional parkinsonism; 7 pre-
sented with ataxia; and 1 had myoclonus. Furthermore, we
excluded 16 patients (1 DT and 15 ET) due to the lack of
preoperative or postoperative assessments in our database.
The final cohort for analysis comprised 97 patients with ET
and 26 patients with DT (21 patients with segmental dystonia
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and S with focal neck dystonia). In all the patients with DT,
neck (n=21) or arms (n = 14) were proven to be affected by
both dystonia and tremor (i.e., DT). UE postural and action
tremor was present in all the patients with DT and was the
main therapeutic target. Some patients also had tremor in the
face, voice, trunk, or legs. Except for female predominance (p
= 0.007) and more severe head tremor (p = 0.004) and UE
resting tremor (p = 0.026) in the DT group, there were no
significant differences between the 2 groups in the de-
mographic, clinical, or tremor characteristics (table 1).

Motor and ADL outcomes with VIM DBS in DT
and ET

With regard to TRS motor, the DT group showed significant
improvements at 6 months (55.7%, p < 0.001), 1 year (56.4%,
p < 0.001), 2-3 years (44.0%, p= 0.002), and 4-5 years
(52.2%, p = 0.016) but did not reach statistical significance at
>6 years (46.0%, p = 0.063) in comparison with the baseline
status (table 2 and figure 2). In the DT group, the “on”- and
“off’-stimulation comparison showed significantly improved
TRS motor in the “on”-stimulation conditions up to 2-3 years
follow-up (~46% improvement, all p < 0.001) but did not
reach statistical significance in the “on”-stimulation condition
at >6 years follow-up (41.9% improvement, p = 0.031).
Likewise, the ET group showed significant improvements at 6
months (54.5%, p < 0.001), 1 year (53.2%, p < 0.001), 2-3
years (50.0%, p < 0.001), 4-5 years (45.0%, p < 0.001), and >6
years (32.5%, p = 0.002) and the “on”- and “off’-stimulation
comparisons were significant at all follow-ups. There was no
significant difference in the percentage of good responders for
the DT vs ET groups (84.6% vs 78.4%, p = 0.481). Further-
more, there were no significant differences in improvement of
TRS motor between the DT and ET groups at any follow-up
(table e-1, doi.org/10.5061/dryad.380hc70).

The DT group showed significant improvements in TRS ADL
at 6 months (55.7%, p < 0.001) and 1 year (56.4%, p < 0.001),
whereas the results were not significant at 2-3 years and sub-
sequent follow-ups. In contrast, the ET group experienced
significant improvements at all follow-ups (6 months, 73.3%; 1
year, 71.4%; 2-3 years, 61.6%; 4-S years, 45.9%; and >6 years,
$3.7%; all p < 0.001). ADL improvements in the ET group
tended to be greater than in the DT group but not statistically
significant after Holm-Bonferroni correction at 6 months, 1
year, 2-3 years, and >6 years follow-up (all p < 0.0S).

The effects of VIM DBS in the patients with DT are illustrated
in the legends provided with the video 1.

Control of UE tremor with VIM DBS

UE tremor total, UE postural tremor, UE action tremor, and
hand function significantly improved in the DT group at all
follow-ups compared to the baseline status (table 2 and
figure 2), while UE resting tremor showed statistically sig-
nificant improvements only at 6 months (p < 0.001) and at 1
year follow-up (p < 0.001). Similarly, the ET group showed
improvements in UE tremor total, UE postural tremor, UE
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Figure 1 Patient flowchart

Patients with DT or ET who underwent
VIM DBS between 2003 and 2017
(N=163)

Excluded (n = 24):
* Questionable dystonia (6)

| |

»* Parkinsonism (10)
« Ataxia (7)
* Myoclonus (1)

DT ET
Tremor syndromes combining
dystonia and tremor in a body part
affected by dystonia
(n=27)

Isolated tremor syndrome of bilateral
upper limb action tremor with or
without tremor in other locations

(n=112)

Excluded (n =1):
* No preoperative scores (1)

v v

—>{ * No preoperative scores (6)

Excluded (n = 15):

» No postoperative scores (9)

DT group
(n =26)

(n=97)

ET group

DT = dystonic tremor; ET = essential
tremor; VIM DBS = ventral intermediate

nucleus deep brain stimulation.

action tremor, and hand function at all follow-ups, whereas
significant improvements in UE resting tremor were ob-
served up to 4-S years follow-up (p = 0.010). There were no
significant differences between DT and ET in any aspect of
UE tremor assessments (tremor total, resting, postural, ac-
tion, and hand function) at any follow-up (table e-1, doi.org/
10.5061/dryad.380hc70).

Axial outcomes with VIM DBS

The DT group showed significant improvements in axial
tremor total up to >6 years (p = 0.031); however, the statis-
tically significant improvements in head tremor were ob-
served only up to 1 year follow-up (table 2 and figure 2). The
ET group demonstrated significant improvements in head
tremor and axial tremor total up to >6 years. When comparing
DT and ET, there were no significant differences at any
follow-up (table e-1, doi.org/10.5061/ dryad.380hc70). When
comparing the subgroups treated with unilateral and bilateral
DBS within the DT group (table 3), improvements in head
tremor and axial tremor total were significantly greater in the
patients with DT treated with bilateral DBS than those treated
with unilateral DBS at 6 months (p = 0.007 and 0.005, re-
spectively). At subsequent follow-ups, there was no statistical
difference with the substantially reduced sample sizes. In the
ET subgroups, there were no significant differences between
patients treated with unilateral and bilateral DBS for the head
tremor and axial tremor total throughout the follow-up.

Anatomical location of the contacts and
stimulation settings

The anatomical coordinates for the active contacts relative
to the midcommissural points are shown in table 4. The
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stimulation settings in the 2 groups at the last follow-up were
as follows (mean * SD, range): voltage (DT, 2.6 = 0.9,
1.0-4.4; ET, 2.7 + 0.7, 1.0-4.7), pulse width (DT, 102.3 +
34.7,60-210; ET, 92.0 + 25.7,60-210), and frequency (DT,
154.6 + 23.7, 130-210; ET, 92.0 + 25.7, 60-210).

Adverse events

The surgery-related, device-related, and stimulation-related
AEs for DT and ET are summarized in table S. The most
common AEs in both groups were dysarthria and gait and
postural disorders. In most patients, the stimulation-related
AEs were mild and were controlled with adjustments of
stimulation settings. There were no significant differences in
the frequency of AEs between DT and ET (all p > 0.05).

Discussion

This single-center study utilized a large dataset of patients
who underwent VIM DBS to address whether VIM DBS ef-
fectively controlled the tremor in DT and whether the lon-
gitudinal outcomes were comparable to ET. In the patients
with DT, VIM DBS effectively controlled UE postural and
action tremor and axial tremor for 6 years or beyond, whereas
the outcomes of TRS motor, UE resting tremor, and head
tremor did not reach statistical significance at long term,
presumably related to limited statistical power with smaller
samples for analysis. When comparing DT and ET, the
improvements in the TRS motor, UE tremor, head tremor,
and axial tremor with VIM DBS were comparable throughout
the follow-up; however, the ADL improvements were lost at
2-3 years follow-up only in the patients with DT.
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Table 1 Baseline characteristics of the participants

DT (n =26) ET (n=97) p Value
Age at DBS, y 69.7 + 8.6 (37-80)° 67.4 £ 9.6 (34-86)° 0.163
Disease duration before DBS, y 26.5 + 17.4 (6-60)° 28.9 £ 16.9 (4-72)° 0.595
Follow-up period after DBS, y 3.4 +3.8(0.5-12)° 3.5+2.7(0.5-13)° 0.387
Unilateral vs bilateral (% unilateral) 17/9 (65) 72/25 (74) 0.459
Female, % 65 35 0.007°
Family history of movement disorders, % 54 60 0.654
Alcohol responsiveness, present/absent/unknown 9/4/13 39/11/46 0.508
TRS motor (items 1-9) 175+7.4 143+5.7 0.062
TRS ADL (items 15-21) 149+5.2 148 +4.8 0.962
TRS total (items 1-21) 55.3+16.6 51.2+14.8 0.218
Axial tremor total (items 1-4 and 7) 52+3.6 3.6+2.8 0.054
Head tremor (item 4) 25+1.7 1.5+1.4 0.004°
UE tremor total (item 5/6) 5.8+2.1 49+19 0.316
UE resting tremor 1.0+0.9 0.7+0.9 0.026°
UE postural tremor 23+1.0 20+0.8 0.064
UE Kkinetic tremor 24+08 22+07 0.088
Handwriting (item 10) 28+1.2 23+1.1 0.090
Hand function (items 11-14) 10.6 +3.6 10.5+3.4 0.761

Abbreviations: ADL = activities of daily living; DBS = deep brain stimulation; DT = dystonic tremor; ET = essential tremor; TRS = Fahn-Tolosa-Marin tremor

rating scale; UE = upper extremity.
Data are presented as mean + SD unless otherwise indicated.

2 Ranges provided. Statistical analysis was performed using Mann-Whitney U tests, Pearson X tests, or Fisher exact tests.

® p < 0.05 (significant).

There is scant literature on VIM DBS outcomes in DT,
with mostly case reports and small case series.’”'' Hedera
et al.® reported that 6 patients with DT had a mean tremor
improvement in the Washington Heights-Inwood Genetic
Study of Essential Tremor scale of 85% at 6-9 months after
VIM DBS, whereas the patients with DT in our cohort
experienced improvements in TRS motor of 56% at 1 year
and 46% at >6 years. The discrepancy between the out-
comes reported by Hedera et al. and ours might be
explained by differences in the tremor scales employed or
the study cohorts. Our short- and long-term outcomes
were similar to or slightly better than the findings of Cury
etal.” (41% at 1 year and 30% at >6 years), which were also
assessed with TRS motor. Our long-term results at >6
years were not significant, which could be attributable to
a small number of patients available for analysis and pro-
gressive worsening in TRS motor in the “on”-stimulation
condition. As suggested in patients with ET,'*™'® habitu-
ation or disease progression likely contributed to less im-
pressive long-term outcomes for the patients with DT.
Although a marginally nonsignificant difference between
the “on”- and “off”-stimulation conditions at >6 years
suggests the long-term efficacy of VIM DBS in DT, long-
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term studies with larger cohorts are warranted for further
clarification.

A novel aspect of the present study is direct comparisons of
DBS outcomes between DT and ET. The extent of tremor
improvements in the patients with ET with VIM DBS was
consistent with the previously published cohorts'®'” and the
short- and long-term outcomes were comparable between the
patients with DT and patients with ET except for ADL. There
was no significant difference in the percentages of good res-
ponders in the 2 groups. The incidence of AEs was not sig-
nificantly different between the patients with DT and patients
with ET and was similar to that of previous VIM DBS
studies."®"” In both groups, the most common AEs were
dysarthria and gait and postural disorders that are presumably
related to the current spread to adjacent pathways such as the
corticobulbar and corticospinal fibers, the afferent and effer-
ent fibers of the red nucleus, or the cerebellar efferent fibers
from the vermis.”®>*

The patients with DT and patients with ET had similar out-
comes of UE tremor total, postural tremor, action tremor, and
hand function and the significant improvements in both
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Table 2 Effects of ventral intermediate nucleus deep brain stimulation on tremor and activities of daily living (ADL)

Baseline 6 mo 1y 2-3y 4-5y 26y
p Value, p Value, p Value, p Value, p Value,
Mean + Mean = Mean + Mean + baseline baseline baseline baseline baseline
No. sD No. sD No. sD No. sD No. Mean +SD No. Mean +SD Vs 6 mo vs1y vs 2-3y vs4-5y Vs26y
TRS motor
(items 1-9)
DT 26 175+7.4 26 7.8+4.9 18 7.1 +4.7 14 9.4+55 7 89+6.8 6 10.2+5.4 <0.001° <0.001° 0.002° 0.016° 0.063
ET 97 143+5.7 91 6.6+3.6 78 6.4+4.0 48 7.4+47 36 82+4.1 20 9.2+46 <0.001° <0.001° <0.001° <0.001° 0.002°
TRS motor “off"-
stimulation
(items 1-9)
DT N.A. 23 13.5+7.0 17 129+7.0 12 15.9+6.7 3 9.7 +4.0 6 17.5+6.8 <0.0012® <0.0012® <0.0012° 0.250% 0.031°
ET N.A. 82 11.3£5.7 72 11.0+5.2 42 11.7£6.0 32 132+6.6 18 14.0+5.7 <0.0012® <0.00120 <0.0012° <0.001%P <0.001*P
TRS ADL
(items 15-21)
DT 25 149+52 25 6256 18 6.1+4.7 13 11.1+£6.5 7 12.7 £8.1 6 14359 <0.001° <0.001° 0.401 0.344 1.000
ET 96 148 +4.8 87 3936 77 42+4.4 47 5.6+4.7 36 85+5.1 20 75+53 <0.001° <0.001° <0.001° <0.001° <0.001°
TRS total
(items 1-21)
DT 25 553+166 25 26.1+149 18 26.2+155 13 37.2+185 7 409+23.7 6 437+182  <0.001° <0.001° 0.010° 0.016° 0313
ET 9 51.2+148 87 222+11.3 77 229+129 47 269+143 36 31.9+13.8 20 344+156  <0.001° <0.001° <0.001° <0.001° <0.001°
Axial tremor
total
(items 1-4 and 7)
DT 26 52+3.6 26 22+2.1 18 21£19 14 29+3.0 7 26+1.7 6 35+1.2 <0.001° <0.001° 0.001° 0.016° 0.031°
ET 97 36+28 91 1.5+1.6 78 1.6+ 1.5 48 1.7+1.6 36 20+1.6 20 24+19 <0.001° <0.001° <0.001° <0.001° <0.001°
Head tremor
(item 4)
DT 26 25+1.7 26 1.0+1.3 18 08+1.2 14 09+1.7 7 03+0.5 6 1.0+0.9 <0.001° 0.003° 0.035 0.094 0.188
ET 97 1.5+ 1.4 91 0.5+0.9 78 04+08 48 0.4+0.7 36 05+0.8 20 0.5+0.9 <0.001° <0.001° <0.001° <0.001° 0.006°
Continued
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Table 2 Effects of ventral intermediate nucleus deep brain stimulation on tremor and activities of daily living (ADL) (continued)

Baseline 6 mo 1y 2-3y 4-5y 26y
p Value, p Value, p Value, p Value, p Value,
Mean + Mean + Mean + Mean + baseline baseline baseline baseline baseline
No. sD No. sD No. sD No. sD No. Mean +SD No. Mean +SD Vs 6 mo vs1ly vs 2-3y vs4-5y Vs26y
UE tremor total
(item 5/6)
DT 37 5.8+2.1 36 1.7+1.8 27 1.5+1.3 18 20£1.9 12 1.8+2.0 10 1.7+1.4 <0.001° <0.001° <0.001° <0.001° 0.004°
ET 125  49+19 12 12+12 102 1.3%15 65 13+13 40 14+1.4 26 19+1.6 <0.001° <0.001° <0.001° <0.001° <0.001°
UE resting
tremor
DT 37 1.0+0.9 36 0.2+0.5 27 0.1+03 18 03+0.7 12 03+0.5 10 0.0+0.0 <0.001° <0.001° 0.094 0.031 0.063
ET 125  0.7+0.9 112 0.1+04 102 0.2+04 65 02+0.5 40 02+0.5 26 02+0.5 <0.001° <0.001° <0.001° 0.010° 0.121
UE postural
tremor
DT 37 23+1.0 36 05+0.8 27 0.5+0.6 18 0.7+0.8 12 0.7+0.8 10 04+0.5 <0.001° <0.001° <0.001° 0.004° 0.008°
ET 125 20+0.8 112 03+05 102 04+06 65 02+04 40 0.4+0.5 26 0.7+0.7 <0.001° <0.001° <0.001° <0.001° <0.001°
UE action
tremor
DT 37 24+08 36 0.9+0.6 27 0.9+0.8 18 0.9+0.9 12 0.8+1.0 10 1.3+0.9 <0.001° <0.001° <0.001° 0.001° 0.031°
ET 125  22+0.7 112 0.8+06 102 0.8+08 65 0.9+0.8 40 0.8+0.7 26 1.0+0.7 <0.001° <0.001° <0.001° <0.001° <0.001°
Handwriting
(item 10)
DT 26 28+1.2 26 09+1.0 18 0.8+1.0 14 1.6+1.2 7 1.7+1.1 6 1.7+0.8 <0.001° <0.001° 0.029 0.031 0.125
ET 97 23+1.1 91 0.7+0.8 78 0.7+0.9 48 0.8+0.9 36 1.1+0.7 20 1.2+0.9 <0.001° <0.001° <0.001° <0.001° 0.006°
Hand function
(items 11-14)
DT 37 10.6 +3.6 36 49+37 27 44+33 18 6.2+3.7 12 58+4.2 10 6.9+3.1 <0.001" <0.001° <0.001° 0.001° 0.031°
ET 125  105+34 112 3.7+29 103 43+3.0 65 44+37 40 53+3.5 26 5833 <0.001° <0.001° <0.001° <0.001° <0.001°

Abbreviations: DT = dystonic tremor; ET = essential tremor; TRS = Fahn-Tolosa-Marin tremor rating scale; UE = upper extremity.

Postoperative TRS scores were compared with those at baseline using Wilcoxon signed-rank tests unless otherwise indicated. All the scores except TRS motor “off"-stimulation represent ones in the “on”-stimulation condition.
@TRS motor in the “off"-stimulation was compared that in the “on"-stimulation conditions using Wilcoxon signed-rank tests.

b p Values that reached statistical significance after a-correction for multiple comparisons.
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Figure 2 Longitudinal changes in motor function and activities of daily living (ADL)
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essential tremor (ET), respectively. Whiskers represent the standard error. *Significant differences between the baseline and postoperative scores. **Sig-

nificant differences between the DT and ET groups.

groups were sustained for 6 years or beyond. However, the
resting component of UE tremor did not demonstrate sig-
nificant improvements at longer follow-ups in either group,
which might be related to small sample size available for
analysis. The baseline scores for resting tremor were relatively

Neurology | Volume 94, Number 10 | March 10, 2020

low, and the follow-up assessments were likely affected by
a floor effect of the rating scale.

Whereas the patients with DT had significant improvements
in axial tremor total for 6 years or beyond, the head tremor

Neurology.org/N
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Table 3 Effects of unilateral and bilateral deep brain stimulation (DBS) on axial tremor

Baseline 6 mo 1y 2-3y 4-5y 26y p Value, p Value, p Value, p Value, p Value,
univs bil  univsbil univsbil univsbil univsbil
No. Mean+tSD No. MeantSD No. MeantSD No. Mean+SD No. Mean:+tSD No. MeantSD at6mo at1y at2-3y at4-5y at26y
Axial tremor total
(items 1-4 and 7)
DT uni 17 44+33 17 -1.9+3.0 1 -1.7+27 9 -1.1+3.6 4 -20+3.5 3 -2.7+47 0.007° 0.291 0.316 0.171 0.500
DT bil 9 6.8+4.0 9 -52+33 7 -4.0+4.4 5 -2.8+5.1 3 -5.0+3.6 3 -4.7 £4.0
ET uni 72 35+28 69 -1.9+25 57 -1.7+22 35 -2.1+29 28 -22+25 16 -1.8+28 0.048 0.312 0.867 0.784 0.914
ET bil 25 39+28 22 -32+26 21 -2.5+3.0 13 -22+28 8 -25+1.5 4 -23+43
Head tremor
(item 4)
DT uni 17 21+15 17 -1.0+1.5 11 -07+13 9 -0.7+1.9 4 -1.0+22 3 -1.3+32 0.0057 0.033 0.220 0.257 0.600
DT bil 9 32+19 9 -2.3+07 7 -2.1+1.1 5 -20+1.9 3 -3.0+1.0 3 -23+1.2
ET uni 72 1.5+1.4 69 -09+13 57 -1.0+1.3 35 -1.3+1.4 28 -14+13 16 -14+16 0.129 0.964 0.292 0.449 0.651
ET bil 25 14+13 22 -1.3+1.2 21 -1.0+1.3 13 -0.8+1.2 8 -1.0+£1.2 4 -0.8+22

Abbreviations: Bil = bilateral; DT = dystonic tremor; ET = essential tremor; uni = unilateral.

Data are presented as mean + SD. A Change from baseline to each follow-up is provided. The comparisons between unilateral and bilateral DBS were performed using Mann-Whitney U tests within the DT and ET groups.

2 p Values that reached statistical significance after a-correction for multiple comparisons.
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Table 4 Anatomical coordinates for the active contacts

DT ET
X 13.6+£1.9 143+1.6
y -38+14 -43+15
z 24+3.0 21+23

Abbreviations: DT = dystonic tremor; ET = essential tremor.

The anatomical coordinates for the active contacts relative to the mid-
commissural point are shown; x (mm), lateral to midline; y (mm), anterior to
midcommissural point; z (mm), dorsal to intercommissural plane.

control was not significant in the long term. This might be
attributable to the smaller numbers of patients for comparison
because the extent of head tremor control at short term and
long term was comparable. Bilateral DBS in the patients with
DT seemed to control head and axial tremor better than
unilateral DBS; however, we found statistical significance only
at 6 months with the substantially reduced sample sizes at
subsequent follow-ups. Whereas previous ET studies showed
bilateral stimulation to be more effective,”>>” we found
similar head tremor improvements when comparing unilateral
with bilateral DBS in the ET group. Nonsuperiority of bi-
lateral DBS might be explained by a relative insensitivity of
head tremor scales and a floor effect. More sensitive tremor

Table 5 Adverse events during the follow-up

DT ET p Value
Surgery-related AEs total
Subcutaneous infection 2 6 0.561
Perilead edema/cyst 2 2 0.186
Perioperative stroke 1 0 0.205
Seizures 0 2 0.631
Device-related AEs total
Lead breakage 1 0 0.205
Extension cable fracture 0 2 0.631
Stimulator malfunction 1 0 0.205
Twiddler syndrome 0 1 0.795
Stimulation-related AEs total
Dysarthria 8 27 0.681
Gait/postural disorders 5 19 0.580
Dysphagia 1 6 0.561
Paresthesia 1 2 0.501
Limb ataxia 1 3 0.606
Double vision 0 1 0.795

Abbreviations: AE = adverse events; DT = dystonic tremor; ET = essential
tremor.

Statistical analysis was performed using x? tests or Fisher exact tests, as
appropriate. p < 0.05 was considered significant.
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assessments may be preferable for future studies. In a recent
large pooled analysis, bilateral VIM DBS for patients with ET
was associated with additional control of axial tremor at the
cost of an increased rate of AEs.”” Future studies with larger
cohorts examining the long-term risk/benefit ratio of bilateral
vs unilateral DBS may shed further insights.

The ADL improvements in the patients with DT were lost at
2-3 years, whereas the patients with ET demonstrated signifi-
cant benefits for 6 years or beyond. The extent of improvements
in the patients with ET (48% improvements) corroborates the
previously published outcomes."” To our knowledge, no DT
studies have assessed ADL outcomes with DBS therapy. The
smaller ADL improvements and diminished benefits at longer
follow-ups in DT may be explained by the presence of con-
comitant dystonia symptoms although we did not assess dys-
tonia symptoms with a standardized dystonia rating scale.
Whereas there have been a few reported cases who experienced

10 .
210 other studies

improvements in dystonia after VIM DBS,®
have shown nonsignificant benefits.”® Hedera et al.® reported
that VIM DBS improved tremor by 85% without significant
changes in dystonia, whereas GPi DBS improved tremor by
40% and dystonia by 64%. A few DT case reports showed
tremor improvements after GPi DBS by up to 82% at follow-ups
ranging from 10 months to 3.5 years, which was in parallel to
dystonia improvements.zs’29 Collectively, limited evidence
suggests that VIM DBS may have better tremor outcomes
compared to GPi DBS and that GPi DBS may offer superior
control of other dystonia symptoms. Besides, there have been
reports that demonstrated adequate control of both tremor and
dystonia with combined VIM and GPi DBS.*"° Future studies
should compare VIM and GPi DBS for DT with long-term
quality of life as the primary outcome. Another potential target
may be the subthalamic nucleus (STN).* Directional leads may
provide better control of both dystonia and tremor by stimu-
lating STN and the cerebellar pathway simultaneously with
a minimal adverse effect.'

Patients with DT and patients with ET share many clinical
characteristics. Patients with ET frequently have alcohol re-
sponsiveness and positive family history.” Recent large studies
have also found alcohol responsiveness (29.3%-56.5%) in
patients with dystonia®>>*
history was a strong predictor for alcohol responsiveness.”

and the presence of positive family

Dystonia has been reported to manifest frequently in patients
with familial ET.” In some patients carrying the ANO3 mu-
tation (DYT24), dystonia symptoms emerged after the
manifestation of initial ET-like tremor.>> These findings col-
lectively suggest that DT and ET may share common genetic
backgrounds and pathophysiologic substrates for these 2
tremor disorders.

Similar to ET,>® there is growing evidence for the cerebellum
and the cerebellar output pathway to participate in the
pathogenesis of tremor in dystonia.
blink conditioning study found cerebellar impairment in
patients with dystonia who manifested tremor in contrast to

For instance, an eye-
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those patients without a tremor.>® In another study, genetic
silencing of the olivocerebellar projections in mice led to
dystonic movement and tremor with aberrant cerebellar
nuclear activities.>* Those symptoms were alleviated with
DBS targeted to the cerebellar nuclei, suggesting that ab-
normal cerebellar activities can simultaneously cause both
tremor and dystonia. In a recent fMRI study, both patients
with DT and patients with ET showed common cerebellar
impairment, although patients with DT demonstrated sig-
nificantly more widespread abnormalities in functional
connectivity.*® Our findings of a comparable tremor control
with VIM DBS in DT and ET may support the hypothesis
that dysfunction in the cerebello-thalamo-cortical pathway
plays a key role in tremor occurrence in both DT and ET.
However, the current spread into the adjacent structures,
especially the Voa/Vop nuclei, might also contribute to
control of tremor and dystonia.*'** This possibility needs to
be examined in future imaging studies.

Several limitations of this study must be considered. First, the
data were analyzed retrospectively, all assessments were open-
label, and the number of patients with DT with long-term
follow-up was small, which limited the statistical power. Sec-
ond, a standardized dystonia rating scale was not employed for
a formal assessment of dystonia symptoms. Finally, all partic-
ipants in our cohort had focal and segmental dystonia; thus
caution should be taken for broader applicability of findings to

other forms of dystonia.

Our findings suggest that VIM DBS is effective for DT with
a potential for sustained long-term benefits when tremor is the
predominant symptom in patients with focal or segmental
dystonia. In DT, VIM DBS effectively controlled UE postural
and action tremor and axial tremor for 6 years or beyond,
whereas the improvements in TRS motor, UE resting tremor,
and head tremor did not reach statistical significance at long
term. Bilateral stimulation showed significantly better control
of head and axial tremor compared to unilateral DBS only at
short term. However, larger samples are needed for further
clarification. Except for ADL, the tremor controlling effects of
VIM DBS in DT and ET were comparable, likely related to
the intervention at the final common node in the pathologic
tremor network. Inadequate control of ADL in DT possibly
due to suboptimal control of concomitant dystonia symptoms
is an important limitation of VIM DBS. Thus our study
findings indicate that the choice of a thalamic brain target for
DBS in DT is reasonable when tremor is the predominant
teature; however, GPi may be a better choice for patients with
significant dystonia. Studies on formal head-to-head com-
parisons between VIM and GPi DBS will further assist clini-
cians by clarifying the target selection process.
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