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ABSTRACT: Background: Tremor phase-locked
deep brain stimulation (DBS) has been shown to mod-
ulate symptom severity in postural tremor, including
essential and dystonic tremor, with less energy than
existing systems. Previous studies focused on unilat-
eral stimulation; it remains unknown how tremor
asymmetry interacts with stimulation in the context of
bilateral phase-locked DBS.
Methods: Archival limb acceleration from nine essential
tremor patients was analyzed for asymmetries in tremor
amplitude, frequency, and instability, and their relationship
with continuous high-frequency DBS (cDBS). Bilateral
phase-locked DBS was tested in one essential tremor and
one dystonic tremor patient.

Results: Postural tremor is asymmetric, with larger tremor
power linked to smaller amplitude and frequency instability
in one hand. These asymmetries were significantly reduced
during cDBS, with greater effects on larger amplitude
tremors. Bilateral phasic DBS effects were also asymmetric.
Conclusions: This study enhances understanding of
tremor asymmetry and its relationship with DBS, offering
insights for patient-specific tremor treatments. © 2025
The Author(s). Movement Disorders published by Wiley
Periodicals LLC on behalf of International Parkinson and
Movement Disorder Society.
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Tremor is one of the most common symptoms in
movement disorders.1 Deep brain stimulation (DBS)
targeting the ventral intermediate nucleus (VIM) of the
thalamus is a standard treatment for medication refrac-
tory tremors.2 However, continuous high-frequency
DBS (cDBS) may disrupt not only pathological neural
signals driving patients’ symptoms, but also physiologi-
cal neural activities giving rise to stimulation-induced

side effects such as impairments in speech, balance, and
gait, particularly when the patients adapt to the stimu-
lation over time and thus higher stimulation intensities
are required.2,3 Previous studies demonstrated that sig-
nificant tremor relief can be achieved in selected
patients during unilateral DBS, phase-locked to tremor
from the contralateral hand.4,5 Considering that most
tremor patients have bilateral tremor,6 it remains
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unknown how postural tremor asymmetry interacts
with bilateral phase-locked DBS. In this study, we com-
pared multiple tremor characteristics across both hands
in no DBS and cDBS conditions in nine patients with
essential tremor. In addition, we piloted bilateral,
tremor phase-locked DBS in two tremor patients (one
essential and one dystonic tremor).

Methods

Eleven patients (adults, four females) with postural
tremor participated in this study (patients P1–P6 were
published previously,7 P10 was diagnosed with dystonic
tremor, while all other participants were diagnosed with
essential tremor). All participants underwent bilateral
implantations of DBS electrodes targeting the VIM thala-
mus and/or posterior subthalamic area (Fig. S1).8 The
study was approved by the local ethics committees and all
patients provided their informed written consent
according to the Declaration of Helsinki. Recordings from
nine patients during cDBS were conducted acutely during
lead externalization (3–5 days after lead implantation),
with the stimulation parameters optimized on site as
described in the Supplementary Methods and our previous
study.9 Each participant was asked to maintain a tremor-
provoking posture such as raising both arms to shoulder
level with flexed elbows and the fingers of both hands
pointing to the center while sitting. The task was repeated
in 6–8 blocks. Each block involved holding the tremor-
provoking posture for approximately 30 s, followed by
30-s rest. Tremor phase-locked DBS experiments (n = 2)
were conducted after internalization of the leads and
implantable pulse generators (IPGs) for 1.5 months (P10)
and 4 years (P11), respectively, using each patient’s clini-
cally optimized stimulation parameters. In this study,
Nexus-D4 (Medtronic, Minneapolis, MN, USA), an inves-
tigational device, was used to deliver phase-locked bilat-
eral stimulation (Fig. 2A). Specifically, we first tracked
instantaneous tremor phase in one hand, for example, the
right hand, using previously described methods,4,5 and
used Nexus-D4 to deliver stimulation to first the left VIM
followed by a burst of stimulation to the right VIM
(Fig. 2B). Subsequently, we used tremor phase derived
from the other hand (ie, the left hand) to control stimula-
tion delivered to both hemispheres. More details can be
seen in Supplementary Methods. This allowed us to inves-
tigate the effect of tracking tremor phase from one hand
to control stimulation timing bilaterally and the effect of
tracking tremor phase from both hands through post-hoc
analysis. Note that, ideally, we would need two separate
IPGs to independently control the timing of the stimula-
tion to each hemisphere (phase-locked to the contralateral
tremor), which is not possible in existing chronic DBS
patients.

To investigate tremor asymmetry, we (1) segmented
limb acceleration measurements into 2-s non-overlapping
trials, (2) quantified tremor characteristics including fre-
quency, power, and cycle-by-cycle instability defined by
the standard deviations of amplitude and frequency
across tremor cycles for each 2-s trial (Supplementary
Methods), and (3) compared them between hands in
both no DBS and cDBS conditions, as illustrated in
Figure 1A. Here trials with tremor power less than 7.5%
(ie, 1.5 times the mean normalized power in the fre-
quency band of 1–20 Hz) were excluded. In this study,
asymmetric tremor was defined as a condition in which
there were significant differences in the aforementioned
tremor characteristics between hands. To investigate the
effect of tremor phase-locked stimulation, for each pha-
sic stimulation trial (here one trial represents tracking a
specific tremor phase from one of the limbs for 7 s), we
quantified the change in tremor severity in one hand or
both hands by comparing the tremor amplitude between
the last 1 s of phasic stimulation and the last 1 s before
stimulation onset at that specific phase (Fig. 2B), similar
to the method used in previous studies.4,5 Phasic stimula-
tion was delivered in blocks, with each block containing
eight trials to track eight distinct tremor phases, resulting
in a phase resolution of 45�. In total, five blocks of
phasic-DBS were conducted for each limb of each
patient. A similar amount of tremor data were also
recorded during cDBS and no DBS conditions. The order
of experimental conditions (cDBS, no DBS, and phasic-
DBS) was randomized for each patient, and a brief break
of �5 min was included after turning off the DBS before
starting the no DBS experiment. See Supplementary
Methods for more details on cDBS, tremor phase-locked
DBS, and data recording. Clinical and stimulation details
of all patients are summarized in Table S1.
Statistical analyses were conducted using custom-

written scripts in MATLAB R2021-b (The MathWorks
Inc., Nantucket, MA, USA). Tremor characteristics
were quantified on individual trial basis (including
frequency, power, amplitude instability, and fre-
quency instability), and a generalized linear mixed
effect modelling was used to investigate the difference
between hands, stimulation conditions, as well as the
interaction between the two.10 Multiple comparisons
applied to these measurements were corrected using
the false discovery rate (FDR) approach.11,12 The
estimated value with standard error of the coefficient
(k � SE), pre-corrected P-values as well as their sig-
nificances after FDR correction were reported. To test
the effects of bilateral phasic stimulation, we tested
the significance of the change in tremor severity for
each phase bin against a surrogate distribution (D1)
with 1,000,000 points representing the natural
tremor variability without DBS. Specifically, we ran-
domly selected 50,000 7-s segments of tremor during
no DBS and quantified the natural changes in tremor
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severity to generate a surrogate distribution D0. For
each phase bin, we randomly selected N values from D0

and quantified their median value (with N corresponding
to the number of stimulation trials delivered at this phase
bin). This was repeated 1,000,000 times, leading to the
surrogate distribution D1.

4,5 To investigate the overall
tremor modulation and different modulation patterns
across hands, we fitted a sine curve to the changes in
tremor severity over all tested tremor phase bins for each
hand. The amplitude of the fitted sine curve was tested
against a surrogate distribution (D2) with 1,000,000
points in which each point indicated the amplitude of
the fitted sine curve derived from the surrogate distribu-
tion D1 for the same hand.13 To control for the accuracy
of phase-locked stimulation, we quantified the phase
synchrony index (PSI) across tremor phases, at which
stimulation was delivered in each trial, and tested this
against a surrogate distribution with 50,000 points, with

each point indicating the PSI quantified after shuffling
the tremor phase relative to the stimulation timing.

Results
Postural Tremor was Asymmetric

Across Hands
In the absence of stimulation, on average, the tremor-

dominant hand (‘Hand 1’) defined as the hand with
larger tremor power (Fig. 1B, k = �2.3239 � 0.9646,
P = 0.0161), had significantly less tremor instability in
terms of amplitude (Fig. 1C, k = 0.1371 � 0.0655,
P = 0.0364) and frequency (Fig. 1D, k = 0.2551 �
0.1075, P = 0.0177) when compared with the non-
tremor-dominant hand (‘Hand 2’), although the peak
tremor frequencies were similar between the hands
(Fig. 1E). These differences were no longer significant

FIG. 1. Postural tremor was asymmetric in terms of power and instability. These asymmetric measurements were modulated differently by continuous high-
frequency deep brain stimulation (cDBS) on different hands. (A) A demonstration of the quantifications of tremor frequency, power, amplitude instability, and
frequency instability. (B–E) Comparisons of tremor power (B), amplitude instability (C), frequency instability (D), and frequency (E) between tremor predominant
(Hand 1) and non-dominant (Hand 2) hands measured during no DBS condition. (F–I) Comparisons of tremor power (F), amplitude instability (G), frequency
instability (H), and frequency (I) between no DBS and cDBS conditions. [Color figure can be viewed at wileyonlinelibrary.com]
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FIG. 2. Protocol of tremor phase-locked deep brain stimulation (DBS) and its effect on tremor severity. (A) A schematic of the communication loop between
host laptop and patient’s implantable pulse generators (IPGs) via the Nexus-D4 system. (B) A demonstration of right-hand tremor phase-locked bilateral stimu-
lation. Tremor signals are recorded using a triaxial accelerometer. The dominant tremor axis is determined and real-time filtered at the patient-specific tremor
frequency band, as shown in purple. Stimulation is delivered in blocks, with each block containing eight trials. In each trial, stimulation is triggered at one of the
eight predefined tremor phases for 7 s, as shown in orange. Within each trial, one trigger is sent out at a specific tremor phase. Following each trigger, two
bursts of stimulation with a fixed interval of 71.48 � 3.18 ms (t3) were delivered to the contralateral followed by the ipsilateral ventral intermediate nucleus (VIM)
relative to the hand used for tremor phase tracking. A fixed time interval of 109.05 � 2.42 ms (t1) was induced by the Nexus-D4 between each trigger and the
first burst of stimulation. The duration of each burst of stimulation was about 35 ms (t2). Stimulation effect is evaluated by comparing the tremor amplitude
(on one or both hands) in the last second within each trial relative to 1 s immediately before the start of each trial, that is, changes in tremor severity. The accu-
racy of phase-locking is evaluated by quantifying the phase synchrony index (PSI) across all stimulation triggers within each trial. (C, D) Effects of bilateral
tremor phase-locked stimulation on one hand. Each bar indicates the effect of a specific tremor phase bin, with the curve representing the fitted sine curve
considering all bins. Each dot on the right side indicates accuracy of the corresponding phase-locked stimulation trial, quantified using PSI. The red sine curve
indicates significance against the surrogate distribution after correcting for multiple comparisons. Grey dots for PSI indicate non-significant phase-locking trials
against surrogate distributions, which have been excluded from the analysis. (E) Effects of bilateral tremor phase-locked stimulation on both hands. Bilateral
phasic stimulation effect on tremor severity measured from both hands. Blue stars indicate marginally significant phasic effects against surrogate distribution,
which did not survive multiple comparison corrections though. (F) Effects of continuous high-frequency DBS (cDBS) on tremor severity for left (blue) and right
(purple) hands. (G–J) The same as (C–F) but for Patient 11. Note that the phases shown in this figure should be interpreted as the peripheral tremor phase
shifted by 109.05 � 2.42 ms, caused by the delay between the command sent to Nexus-D4 and the execution of the command by the IPG. Using the periph-
eral phase assumes that the mapping between peripheral tremor and the central neural activity driving it is static. However, based on previous research,5 it is
plausible that this relationship changes dynamically across different tasks. [Color figure can be viewed at wileyonlinelibrary.com]
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during cDBS (Table S2), that is, cDBS reduced tremor
asymmetries. Overall, apart from reducing tremor power
by about 23% (Fig. 1F, k = �3.7289 � 0.9367,
P = 7.0595 � 10�5), cDBS significantly increased tremor
instability (amplitude: Fig. 1G, k = 0.1754 � 0.0659,
P = 0.0078; frequency: Fig. 1H, k = 0.3836 � 0.0962,
P = 6.8512 � 10�5) and peak tremor frequency (Fig. 1I,
k = 0.5277 � 0.1030, P = 3.2617 � 10�7). An interac-
tion analysis revealed that the tremor asymmetries, that is,
the differences in the tremor characteristics between Hand
1 and Hand 2, were significantly reduced by cDBS (except
for frequency instability), and the effects of cDBS on these
tremor characteristics were significantly stronger on Hand
1 compared with Hand 2 (except for frequency instabil-
ity). A separate interaction analysis revealed no significant
difference in the tremor asymmetry between the included
acute and chronic patients (Table S2).

Phasic DBS had Different Effects on
Different Hands

For both patients and hemispheres, while considering
the changes in tremor severity on one hand only, when
bilateral phasic stimulation was delivered to the contralat-
eral VIM first, there was no distinct phase bin that showed
significant modulation compared with the natural tremor
variability (see the statistical analysis section in Methods
for more details). However, the overall stimulation effect
was significant in P10, left hand (Fig. 2C, P = 0.0201
against surrogate distribution) when using a fitted sine
curve to test significance and using FDR to correct multi-
ple comparisons. This was also reflected during cDBS:
the most prominent effect was seen in P10 left hand
(Fig. 2F,J). Tremor modulation profiles during phasic DBS
(Fig. 2C,D,G,H) and the modulation of other tremor char-
acteristics with cDBS (Fig. S2) were different across hands,
analogous to the results highlighted in the previous Results
section. While considering the changes in tremor severity
for both left and right hands (by taking the average
change in tremor severity) for a given tremor phase combi-
nation derived from instantaneous tremor phases from
both hands, both patients showed multiple phase combi-
nations that provided marginally significant effects on
bilateral tremor severity (Fig. 2E,I, blue stars, P < 0.05
against surrogate distribution, although none of them sur-
vived multiple comparison corrections). These results sug-
gest that phase-locked DBS delivered to the two
hemispheres targeting the optimal tremor phases should
be determined for left- and right-hand jointly.

Discussion

To limit the emergence of stimulation-induced side
effects, different closed-loop DBS protocols have been
proposed, including switching on DBS only when tremor
or a tremor-provoking movement is detected7,14,15 or

delivering stimulation time-locked to a specific tremor
rhythm.4,5 The first strategy is based on the intermittent
nature of postural essential and dystonic tremor, while
the latter approach aims to specifically disrupt the under-
lying neural activity related to tremor. In a recent study
involving a clinical survey of 487 individuals diagnosed
with essential tremor, Whaley et al. reported that about
half (52%) of the cohort reported bilateral tremor onset,
and about 90% of the individuals eventually presented
bilateral tremor.6 A separate study found that while
bilateral VIM DBS provided greater overall tremor reduc-
tion across both sides compared with unilateral DBS, uni-
lateral stimulation was just as effective in alleviating
tremors in the contralateral hand.16 Here, we showed that
postural tremor is asymmetric in terms of cycle-by-cycle
tremor frequency, power, and instability (amplitude and
frequency) in the absence of DBS as well as when bilateral
cDBS was on. Effects of phase-locked DBS on different
hands were also asymmetric. Results from a separate
study also showed that the efferent thalamic to tremor
connectivity was lateralized in essential tremor, with a
stronger connectivity from the contralateral VIM, which
was associated with bigger and more stable tremor as
well as larger cDBS effects. In addition, more unstable
tremor was associated with stronger cross-hemisphere
coupling between left and right thalami.9 These results
taken together suggest that tremor in different hands
might be associated with different but interacting oscilla-
tory sources. Bilateral phase-locked DBS independently
targeting the optimal suppressive phases for left- and
right-hand tremor might work better in disrupting the
relevant oscillatory sources, and thus be more effective
at suppressing pathological tremors, whist simulta-
neously reducing the total electrical energy delivered.
There are several limitations to this study. First, we

observed that tremor in the non–tremor-dominant hand
(Hand 2) was more unstable, but it is unclear whether
this instability was due to other clinical features, such
as ataxia. Second, this study focused solely on postural
tremor; it remains unclear how the results would gener-
alize to other activities such as writing. Third, the setup
used for phasic DBS in this study was designed as a
proof-of-concept and, in future clinical applications,
should leverage depth signals to minimize the instru-
mentation required for implementing phasic control.
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