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A B S T R A C T

Introduction: Many experts assume bilateral deep brain stimulation (DBS) is necessary to improve axial tremor in
essential tremor (ET). In the largest clinical trial of DBS for ET to date evaluating a non-directional, constant
current device, we studied the effects of unilateral and staged bilateral DBS on axial tremor.
Methods: We included all participants from the original trial with unilateral ventral intermediate nucleus (VIM)
DBS and 90-day follow up at minimum. Primary outcomes were changes in pooled axial subscores in the Clinical
Rating Scale for Tremor (CRST) at 90 and 180 days after activation of unilateral VIM DBS compared to pre-
operative baseline (n=119). Additionally, we performed within-subject analyses for unilateral versus bilateral
DBS at 180 days in the cohort who underwent staged surgery to bilateral DBS (n=39).
Results: Unilateral VIM DBS improved midline tremor by 58% at 90 days (median[IQR]) (3[3] to 1[2],
p< 0.001) and 65% at 180 days (3[3] to 1[2], p< 0.001) versus pre-op baseline. In the staged to bilateral DBS
cohort, midline tremor scores further improved after bilateral DBS at 180 days by 63% versus unilateral DBS
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(3[3] to 1[3], p=0.007). There were, however, 35 additional DBS and surgery-related adverse events, 14 related
to incoordination, gait impairment, or speech impairment, versus 6 after unilateral DBS.
Conclusion: Unilateral VIM DBS for ET significantly improved associated axial tremor. Staged bilateral DBS was
associated with additional axial tremor improvement but also additional adverse events. Unilateral VIM DBS
may be sufficient to achieve a goal of contralateral limb and axial tremor attenuation.

1. Introduction

High frequency (> 100 Hz) deep brain stimulation (DBS) of the
ventral intermediate nucleus (VIM) of the thalamus is an effective
therapy for medication refractory essential tremor (ET) [1]. Chronic
thalamic DBS typically provides a robust improvement in contralateral
limb tremor [2–5]. The efficacy of unilateral thalamic DBS for disabling
midline symptoms of head, voice, face, tongue, and trunk tremor re-
mains controversial. While some small studies revealed no significant
improvement in axial tremor [4,6–8], others, including the largest
unilateral VIM DBS published cohort (n=41), have demonstrated
modest improvement with unilateral DBS. This improvement was in-
ferior to bilateral DBS (Table 1) [3,9–13]. One small retrospective study
revealed similar head tremor improvement when comparing unilateral
and bilateral DBS [14].

Although ET typically presents with bilateral symptoms including
midline tremor, not all ET patients will require bilateral surgery to have
meaningful tremor control (i.e. dominant hand improvement may be
enough). Bilateral VIM DBS is more invasive than unilateral surgery, so
defining potential incremental benefits and risks is important. A five
year follow-up study reported 63% (dysarthria), 38% (incoordination),
and 25% (abnormal gait) adverse event rates in patients with bilateral
thalamic DBS compared to 17%, 17%, and 0% in a unilateral cohort
[15]. In one study, 25% patients who proceeded from unilateral to bi-
lateral thalamic DBS developed new onset dysarthria [11]. The decision
to add a second, contralateral lead is often driven by ipsilateral re-
fractory arm tremor, but in many patients, axial tremor symptoms can
also be bothersome and contribute to disability [16]. A better under-
standing of benefits and risks of unilateral versus bilateral VIM DBS for
ET with axial tremor can help guide clinical decision-making and pa-
tient counseling. We hypothesize that unilateral VIM DBS alone will
have a significant benefit on axial tremor with a lower risk of the side
effects associated with bilateral DBS.

A recent large prospective controlled study of VIM DBS for ET using
non-directional leads [17] focused on upper extremity tremor im-
provement. Here, we performed post-hoc analyses to better understand
the impact of unilateral VIM DBS on axial tremor and adverse events.
We systematically evaluated the effects of isolated unilateral DBS on
axial tremor as well as potential predictors of axial tremor improve-
ment. We further examined outcomes following a contralateral VIM
implant in a subset of patients who elected to undergo staged bilateral
DBS to treat residual tremor.

2. Methods

Detailed methods of the original 12 center prospective, controlled
trial were previously published [17]. At the beginning of the trial, all
participants underwent unilateral VIM thalamus DBS surgery with an
option for second sided surgery a minimum of 6 months later pending
response and patient preference. As the study progressed, there was an
amendment to the protocol allowing patients to have bilateral si-
multaneous implants upfront (for purposes of this sub study, these pa-
tients were excluded from the analysis; N= 8). Implantation of the
Libra DBS system (St. Jude Medical/Abbott Neuromodulation Division,
Plano, TX, USA) was performed according to the standard surgical
procedures at each center. Participants were evaluated at baseline, post-
operative day 90 (± 14 days) and day 180 (± 14 days) (primary
outcome time point). A day 365 (± 30 days) unilateral DBS follow-up

evaluation was also performed if the patient did not elect to have a
contralateral VIM lead placed. If a second lead was placed, additional
evaluations occurred at day 180 (± 14 days) and day 365 (± 30 days)
after the second sided implant. Study visits included Fahn and Tolosa
Clinical Rating Scale for Tremor (CRST) in both the off- and on-DBS
states, documentation of DBS programming parameters, and assessment
for adverse events. Participants arrived at each visit with DBS switched
“off” for 4 h prior to each visit. On-DBS CRST was performed after DBS
was switched back “on” for approximately 10min. Patients were pro-
grammed by expert clinicians using standard troubleshooting strategies
to minimize stimulation-induced side effects and maximize efficacy as
part of standard clinical care.

We measured effects of unilateral DBS on axial tremor in all parti-
cipants. Primary outcome measures were change in on-DBS pooled
CRST axial tremor subscores at 90 and 180 days compared to baseline
and the off-DBS condition. Axial tremor subscores include CRST Part A
Items 1–4 and 7, all postural tremor only except voice (action tremor).
Secondary outcomes included changes in individual midline CRST
subscores of head, face, tongue, voice, and trunk tremor.

The subgroup of participants who later underwent second sided
surgery (all had 180 days follow up visits after unilateral DBS) was
analyzed using a within-group comparison of unilateral versus bilateral
thalamic DBS. Primary outcomes were change in pooled CRST axial
tremor subscores 180 days after second sided DBS placement compared
to 180 days after unilateral DBS placement. We also compared change
in CRST axial tremor scores from baseline to the off-DBS state at each
timepoint. Adverse events after unilateral and bilateral DBS placement
in the staged cohort at 180 days were collected and compared.

We repeated the above primary analyses excluding participants with
no axial tremor at baseline (pooled axial CRST score of 0) to assess for
potential dilution effects altering any observed data trends.

To evaluate for selection bias based on axial tremor influencing
those subjects who ultimately received bilateral DBS, baseline pooled
CRST axial tremor subscores were compared between the unilateral-
only DBS and the staged bilateral DBS cohorts. We also compared
percent improvement of midline tremor after 180 days of unilateral
DBS between the two cohorts.

To identify potential predictors of improvement in midline tremor
after unilateral DBS, we measured the percent improvement of pooled
CRST axial tremor subscores at 90 days and 180 days after unilateral
DBS compared to baseline for the following: gender, dominant hand-
edness, hemisphere of lead placement, baseline overall tremor severity
(based on total CRST score), disease duration, age at surgery, and de-
gree of tremor asymmetry (difference of pooled arm rest, action, and
postural tremor scores between sides).

The study was approved by the United States Food and Drug
Administration (FDA), and registered with clinicaltrials.gov
(NCT02087046). All sites received Institutional Review Board ap-
proval prior to consenting patients. Written informed consent was ob-
tained prior to study procedures and device implantation.

Abbott (formerly St Jude Medical) was the sponsor of the original
trial [17]. This current substudy was conducted with in collaboration
with Abbott. Abbott provided the raw clinical data but analysis, inter-
pretation, funding, and manuscript preparation were conducted by the
investigators independent of Abbott.
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2.1. Data collection and statistical analysis

Each individual center entered data into a combined electronic
database with automated data checks for expected value ranges and
audit trails for any manual changes to the data.

Baseline demographics of age, gender, race, disease duration, dis-
ease severity, dominant handedness, and hemisphere of first implant for
the two cohorts were tabulated.

Two-tailed Wilcoxon Rank sum tests for non-parametric data were
performed for CRST comparisons within cohorts at 90, 180, and 365
days including all primary outcomes with significance at p < 0.01 as
this was a post-hoc analysis. Two-tailed Mann Whitney U tests were
performed for comparisons of baseline axial tremor severity and per-
cent improvement at 180 days of unilateral DBS between the unilateral-
only and eventual bilateral DBS cohorts with significance also at
p < 0.01.

Two-tailed Mann Whitney U tests were also performed to evaluate
potential predictive factors for percent pooled axial tremor improve-
ment for gender, dominant handedness, hemisphere of lead placement,
baseline overall tremor severity, and degree of tremor asymmetry with
significance at p < 0.01 to adjust for multiple comparisons. Regression
analyses were performed to evaluate age at surgery and disease dura-
tion as potential predictive factors.

3. Results

Baseline characteristics of age, gender, race, disease duration, dis-
ease severity, dominant handedness, and target limb are provided in
Table 2. Follow-up was high for participants with unilateral DBS
(95.8% at day 90; 93.3% at day 180). In the bilateral staged cohort, all
39 patients (100%) followed up at 180 days after unilateral DBS pla-
cement, and 89.7% followed up at 180 days after the second sided
surgery. The mean time between initial and second-sided surgery in the
staged cohort was 309 days (range 161–918 days).

The primary outcome was met with pooled midline CRST scores,
which significantly improved after unilateral DBS at 90 days (median
[IQR]) (3 [3] to 1 [2], 58% mean improvement, p < 0.001) and 180
days (3 [3] to 1 [2], 65% improvement, p < 0.001) (Fig. 1). The
subgroup of patients who remained with unilateral DBS at 365 days
(n=80) demonstrated continued improvement in midline CRST com-
pared to baseline (3 [3] to 1 [2], 64% improvement, p < 0.001) and no
difference compared to outcomes at 180 days (1 [2] vs 1 [2],
p= 0.886). The off-DBS state also improved in midline CRST compar-
isons at 90 days (3 [3] to 2 [3], 30.6% improvement, p < 0.001) and
180 days (3 [3] to 2 [4], 25.6% improvement, p < 0.001) compared to
baseline (Fig. 1).

After unilateral DBS, most individual CRST axial tremor subscores
improved at 180 days, although median baseline values were already
low (face (median[IQR] (0[0] to 0[0], 73.9% improvement,
p= 0.001), tongue (0 [1] to 0[0], 70.8% improvement, p < 0.001),
voice (1 [2] to 0 [1], 58.3% improvement, p < 0.001), and head
tremor (1 [2] to 0 [1], 65.2% improvement, p < 0.001)) with a non-
significant trend toward improvement in trunk tremor (0[0] to 0[0],
64.3% improvement, p= 0.05).

In the staged cohort, axial tremor further improved after 180 days of
bilateral DBS compared to unilateral DBS (1 [3] to 0 [1], 63.2% addi-
tional improvement, p= 0.007) (Fig. 1). This change was largely
driven by head tremor (0 [1] to 0[0], 86.0% additional improvement,
p= 0.07) which was the only subscore that significantly improved with
bilateral compared to unilateral DBS at 180 days. Excluding patients
without axial tremor at baseline revealed a similar improvement.
Staged participants also had improved off-DBS midline CRST subscores
at 180 days after unilateral (3 [3] to 2 [4], 24.0% improvement,
p= 0.004), and 180 days after second sided surgery (3 [3] to 2 [4],
28.4% improvement, p= 0.003) compared to baseline.

Baseline axial tremor severity was comparable between the

unilateral DBS only cohort (median[IQR]) (3 [3]) and the staged bi-
lateral DBS cohort (3 [3]) (p= 0.230), as was the percent improvement
after unilateral DBS at 180 days (61.9%[75.0%] unilateral only vs
66.7%[66.7%] staged, p= 0.724). In the unilateral only cohort, 14 of
76 subjects (18.4%) had no axial tremor at baseline compared to 5 of 39
subjects (12.8%) in the staged cohort.

Adverse effects in the staged cohort are reported in Table 3. There
were 24 DBS and surgery-related adverse effects after unilateral DBS, 6
of which were associated with speech or balance. After second DBS
implant, 35 additional DBS, surgery-related, or serious adverse events
were reported. These included 14 related to incoordination, gait im-
pairment, or speech impairment, and only 2 resolving with repro-
gramming. The remainder of these adverse events could not be avoided
after programming sessions that resulted in satisfactory contralateral
limb tremor control as determined by the clinicians. Of note, several
serious adverse events occurred after second implant in the staged co-
hort including death unrelated to surgery (1), hemiparesis (1), and in-
fection (1), while none occurred in these participants after the first
implant.

We detected no significant predictors for improvement in axial
tremor following unilateral DBS at 180 days follow up (data not
shown); this included gender, dominant handedness, hemisphere of
lead placement, baseline overall tremor severity (based on total CRST
score), disease duration in number of years, age at surgery, and degree
of tremor asymmetry.

4. Discussion

This study revealed a significant benefit in midline tremor when
applying only unilateral VIM DBS for ET. Participants had an im-
provement of more than 50% in axial tremor following a single DBS
lead, which persisted at one year of follow-up. This degree of im-
provement is comparable to several smaller studies [3,11,13]. Bilateral
DBS offered some incremental benefit in axial tremor, which was pri-
marily driven by improvement in head tremor. This additional im-
provement was minimal given the already low pooled axial tremor
midline subscore after unilateral DBS. Prior studies that suggested sig-
nificant improvement in midline tremor only after bilateral stimulation
had smaller sample sizes, and most focused on head and vocal tremor
rather than all midline tremor symptoms [4,6–8].

We did not identify predictors for improvement in axial tremor
following unilateral DBS. Heterogeneity of this population in terms of
age, gender, tremor severity, and disease duration may have factored

Table 2
Baseline characteristics.

All Unilateral
(N=119)

Bilateral Staged
(N=39)

Gender: n (%)
Males 67 (56.3%) 23 (59.0%)
Females 52 (43.7%) 16 (41.0%)

Age (at surgery):
Mean ± SD

65.1 ± 9.3 64.9 ± 9.5

Race: n (%)
Caucasian 116 (97.5%) 37 (94.9%)
African American 1 (0.8%) 2 (5.1%)
Hispanic 2 (1.7%)

Years since onset of tremor 29.6 ± 17.5 28.1 ± 16.0
Years since initial diagnosis

of ET
15.2 ± 11.9 16.7 ± 11.9

Dominant hand: n (%)
Right 102 (88.7%) 33 (84.6%)
Left 17 (14.3%) 6 (15.4%)

Target extremity: n (%)
Right arm 100 (84.0%) 33 (84.6%)
Left arm 19 (16.0%) 6 (15.4%)

Total CRST at baseline 55.7 ± 13.4 58.1 ± 12.6
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into the failure to uncover predictive factors. Lead location and tra-
jectory information were not available for our analyses, but there is
recent evidence that lead trajectory (more vertically placed with a
larger angle in relation to the AC-PC line) correlates with degree of
axial tremor benefit [14]. Future studies should evaluate whether these
parameters consistently predict midline tremor improvement in large
data sets.

An important aspect of this study was the inclusion of a staged

bilateral DBS cohort. These data provided valuable information on
additional side effect risk after a second contralateral implant. Though
adverse events remained low overall, participants in the staged cohort
after second sided implants reported 14 new side effects involving gait/
balance (n=4) and dysarthria (n=10) in addition to the 6 similar
adverse events after their first implants. This trend fits prior observa-
tions of these side effects occurring more frequently following bilateral
VIM DBS [15]. Further, several serious adverse events occurred after

Fig. 1. Effects of unilateral and bilateral DBS on pooled
midline tremor severity.
A: Unilateral DBS only cohort. All patients receiving uni-
lateral DBS for essential tremor. Error bars represent standard
error of mean (SEM). Midline tremor improved at 90 (median
[IQR]) (3 [3] to 1 [2], 58% improvement, p < 0.001) and
180 days (3 [3] to 1 [2], 65% improvement, p < 0.001)
compared to baseline as well as the off-DBS state at 90 (2 [3]
to (1 [2], p < 0.001) and 180 days (2 [4] to 1 [2],
p < 0.001).
B: Staged bilateral DBS cohort. All patients in staged cohort.
Error bars represent SEM. Midline tremor improved at 180
days after unilateral DBS compared to baseline (median
[IQR]) (3 [3] to 1 [3], 61% improvement, p < 0.001) and
the off-DBS state (2 [4] to 1 [3], p < 0.001). Tremor further
improved at 180 days after bilateral DBS compared to uni-
lateral DBS (1 [3] to (0 [1], 63.2% improvement, p= 0.007)
and the off-DBS state (2 [4] to 0 [1] p < 0.001).

Table 3
Surgery-related, DBS-related, and all serious adverse events in staged cohort after each DBS lead placement (n=39).

Adverse Event (AE) Unilateral Bilateral

N Resolved with Reprogramming N Resolved with Reprogramming

Incoordination and/or gait impairment 3 1 4 1
Dysarthria 3 1 10 1
Cognitive and psychiatric 2 1 10 0
Post op pain, headache, jolting 16 8
Serious AE 0 3

• 1 unrelated death

• 1 infection

• 1 hemiparesis
Total 24 3 35 2
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second surgery versus none after the initial implant in the staged co-
hort.

A modest degree of midline tremor improvement was maintained
after the DBS was switched off for 4 h as part of the protocol. Reasons
for this benefit in the off-DBS state remain unknown but could be due to
washout issues or due to the long-term effects from a microlesion.
Waning long-term microthalamotomy effects and disease progression
have both been previously associated with higher amplitude DBS re-
quirements at one year and beyond [18]. Rebound limb tremor when
DBS is switched off has been occasionally reported in Parkinson's dis-
ease and ET [19], though it was not observed in this study and likely
did not affect midline tremor in the off-DBS state.

The data from this study are strengthened by the sample size, which
is the largest to date examining axial ET symptoms. Low attrition and
multicenter participation are also strengths that should increase the
likelihood of reproducibility of these results. The staged cohort un-
iquely facilitated direct comparison of unilateral to bilateral DBS im-
plantation. A final strength was the lack of observed investigator driven
selection bias for the decision to pursue unilateral versus staged bi-
lateral implantation based on axial tremor. Participants in both cohorts
had similar baseline axial tremor scores and percent improvement fol-
lowing the first intervention.

Although the study was large it had several key limitations. These
were post-hoc analyses, and while statistical significance was adjusted
for multiple comparisons, the original clinical trial was not designed to
evaluate unilateral DBS and midline tremor. Unilateral DBS was im-
planted to target dominant hand tremor in the vast majority of cases
(115/119), so this substudy does not address whether initial target of a
non-dominant hand would have the same effect on axial tremor.
Additionally, tremor subscores were rated in an unblinded fashion at
baseline and scheduled follow-up visits, potentially introducing rater
bias. The trial lacked racial diversity (97.5% Caucasian) and addressed
only axial tremor as a symptom of ET (not other etiologies such as
dystonic head tremor and orthostatic tremor) which could impact
generalizability.

Finally, while there were additional side effects after bilateral DBS,
this study used non-directional leads. Directional leads have recently
shown promise for expanding the DBS therapeutic window primarily by
improving side effect thresholds in the intended target [20–22].

5. Conclusion

Unilateral VIM DBS provided significant benefit in axial tremor
symptoms in this large ET cohort. The placement of a second con-
tralateral DBS lead provided some additional axial tremor improvement
but was associated with additional adverse events. When evaluating a
patient with the primary goal of improving disabling contralateral limb
and axial tremor, initial unilateral DBS placement may provide sig-
nificant improvement in both and may allow avoidance of a second
sided DBS surgery.
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