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ABSTRACT: Objective: This study investigates
the association between pallidal low-frequency activ-
ity and motor sign severity in dystonia after chronic
deep brain stimulation for several months.
Methods: Local field potentials were recorded in
9 dystonia patients at 5 timepoints (T1–T5) during an
OFF-stimulation period of 5 to 7 hours in parallel with
clinical assessment using Burke-Fahn-Marsden Dys-
tonia Rating Scale. A linear mixed effects model was
used to investigate the potential association of motor
signs with local field potential activity in the low fre-
quency (3–12 Hz) and beta range (13–30 Hz).
Results: A significant association of Burke-Fahn-
MarsdenDystoniaRatingScale scoreswith low-frequency
activity (3–12 Hz; b = 4.4; standard error = 1.5, degrees of
freedom = 43, P = 0.006, 95% confidence interval,
1.3–7.5), but not beta activity (13–30 Hz) was revealed
within participants across timepoints.
Conclusion: Low-frequency activity is associated with
dystonic motor sign severity, even months after chronic
deep brain stimulation. Our findings corroborate the path-
ophysiological role of low-frequency activity in dystonia
and highlight the potential utility as a biomarker for adap-
tive neuromodulation. © 2019 Charité. Movement Disor-
ders published by Wiley Periodicals LLC on behalf of
International Parkinson andMovement Disorder Society

Key Words: basal ganglia; deep brain stimulation;
dystonia; globus pallidus; local field potentials

Dystonia is defined as “a movement disorder character-
ized by sustained or intermittent muscle contractions causing
abnormal, often repetitive, movements, postures, or both.”1

Deep brain stimulation (DBS) is an effective treatment option
for medically refractory dystonia.2-5 Modulation of network
activity by pallidal DBS may restore abnormal cortico-
subcortical neuronal communication. The exact mechanism
of DBS in dystonia, however, remains unclear.6 One hypoth-
esis poses that DBSmay suppress abnormal oscillatory activ-
ity. Indeed, enhanced low-frequency oscillatory activity has
been recorded from the basal ganglia of dystonia patients7-10

that drives and is coherent with dystonic, especially rhyth-
mic, muscle activity.8,11-13

We have recently shown that pallidal low-frequency
activity, but not beta band activity, (that is also present in
dystonia14) correlates with the severity of dystonic motor
signs, and patients with electrode position close to the
maximum low-frequency local field potential (LFP) peak
within the pallidum had the best motor outcome with
chronic stimulation.15 Moreover, DBS could suppress
low-frequency activity in the short term in patients with
predominant phasic, but not tonic, dystonic movements.16

However, in dystonia the main clinical effect manifests
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during a much longer time scale of several weeks or months
of continuous stimulation, which has been related to plastic
changes and cortico-subcortical reorganization induced by
DBS.17,18 Although pallidal low-frequency activity was pre-
viously shown intraoperatively during battery replacement
in a single patient,19 repeated recordings from the pallidum
in humans after chronicDBSwere not feasible until recently.
Here, we recorded LFPs from the internal segment of

the globus pallidus (GPi) after long-termDBS in 9 dystonia
patients via an implanted sensing enabled pulse generator
(Medtronic Activa PC + S, Minneapolis, Minnesota,
USA) to evaluate the occurrence of low-frequency oscilla-
tions and their association with dystonic motor signs in
pallidal activity after long-termDBS.

Methods
Patients

A total of 9 patients suffering from isolated dystonia and
1 from complex dystonia received DBS using a Medtronic
Activa PC + Spulse generator. All patientswith isolated dys-
tonia were included in the study (8 women, 1 man, mean
age 55.9 � 11.2 years; Table 1). The Activa PC + S enables
postimplantation LFP recording, saving data temporarily on
the implantable pulse generator (IPG) and transferring them
via telemetry to a tablet.20,21 The studywas approved by the
local ethics committees in agreement with the Declaration of
Helsinki, and written informed consent was obtained from
all patients before surgery. DBS electrodes were implanted
bilaterally in the posteroventral–lateral GPi according
to standard procedures using preoperative magnetic
resonance imaging target planning, intraoperative micro-
electrode recordings, and test stimulation. Implanted elec-
trodes were localized based on the coregistration of
preoperativemagnetic resonance imaging and postoperative
computed tomography scans and warping to standard
Montreal neurological imaging (MNI) space using the
extended pipeline of the Lead-DBS toolbox,22 except for
patient 8, whose imaging datawere not available.

Recordings
The LFP rest recordings took place at 18.9 � 13.9

months after surgery (mean � standard deviation, range
6 to 51 months; Table 1), when patients experienced a clini-
cally meaningful and stable effect of DBS using the sensing-
enabledMedtronic Activa PC + S system.
All recordings were performed with medication

unchanged (Table 1). Recordings were conducted at the
following 5 timepoints: directly after switching off stimula-
tion (T1), after 30 minutes (T2), after 1 hour (T3), after
2 hours (T4), and after 5 to 7 hours (T5). Recordings ON
stimulation were obviated because of the DBS-induced
strong subharmonic artefacts in the low-frequency range
arising while stimulating and recording with the present
device, which allowed for bipolar recordings of 1 single

contact pair in both hemispheres simultaneously.We there-
fore obtained recordings for each of the 3 contact pairs in a
subsequent fashion for 2 minutes each. Signals were band-
pass filtered between 0.5 and 100 Hz, amplified (×2000),
and sampled at a rate of 800 Hz. Clinical motor signs were
videotaped before recordings with DBS ON (T0) and
directly after each recording (T1–T5) and rated by author
U.S. offline in a randomized blinded order using the Burke-
Fahn-MarsdenDystonia Rating Scale (BFMDRS).

Analysis
The LFP data were inspected for artefacts and analyzed

offline using custom MATLAB code (The Mathworks,
Natick, MA) partly based on FieldTrip23 (Donders
Center for Cognitive Neuroimaging, University Nijmegen,
Nijmegen, the Netherlands; http://fieldtrip.fcdonders.nl/;
see Supporting Information for artefact removal). Time
series were transformed to the frequency domain using
Morlet wavelets with 10-cycle lengths and a frequency reso-
lution of 1Hz. The resulting power spectrawere normalized
through division by the standard deviation of power values
across the full spectrum, excluding frequency ranges prone
to artefacts and visually inspected for oscillatory peaks. To
avoid a selection bias and to compare low-frequency versus
beta-frequency ranges, we averaged 3 to 12 Hz and 13 to
30Hz power over all contact pairs and the 2 hemispheres.24

Statistics
BFMDRS scores were tested for a significant differ-

ence between the first and last timepoints T0 vs. T5
across patients using permutation tests. Therefore, con-
dition (timepoint) affiliations were randomly shuffled
10,000 times to determine the null distribution by flip-
ping the sign of the difference between conditions.
Subsequently, a linear mixed effects regression model

was implemented to assess the relationship between low-
frequency power and BFMDRS scores within patients
while considering repeatedmeasures (recording timepoints)
per patient. Maximum likelihood was used as the estima-
tion method. BFMDRS was set as the dependent variable,
and low-frequency power (averaged over contact pairs)
measured repeatedly within a participant at T1 to T5 as
a fixed effect. The intercept was considered as random fac-
tor as well as the interaction of patientand low-frequency
power as nested random slope factor. To assess variance
explained by the full model (fixed and random effects), we
report the coefficient of multiple determinationR2

conditional.
In addition, marginalR2 was calculated, which is only con-
cerned with the variance explained by the fixed effect.25

The local effect size Cohen’s f 2 is given, which has been
proposed for hierarchical and repeated-measure data,26 for
our fixed effect using R2

conditional from the full model and
R2

conditional from a null model without the fixed effect.26
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Results

All patients showed a recurrence of dystonic motor signs
after the cession of DBS. Mean BFMDRS scores changed
from 9.1 � 4.2 at T0 to 20.7 � 8.2 at T5 (P = 0.003;
Table 1). Reconstruction of the electrode position con-
firmed correct placement with at least 1 contact in the GPi
in all but 1 electrode (Fig. 1A). Power spectra averaged
over all available contact pairs, hemispheres, timepoints,
and patients are presented in Figure 1B.

A local maximum in the 3 to 12 Hz low-frequency
range was found for every patient in at least 1 contact
pair of each timepoint, with a mean of 18.7 � 6.9 record-
ings per patient (range 7–30 of 30). Overall, 3 to 12 Hz
peaks occurred in 168 of 240 analyzed individual record-
ings. Beta peaks (13–30 Hz) could be detected in every
patient, but not at all timepoints (range 2–16 of 30 record-
ings per patient), adding up to a total of 94 of 240 ana-
lyzed recordings, with overall lower amplitude. No other
distinct peaks were revealed in higher frequency bands.

FIG. 1. (A) Deep brain stimulation electrode reconstruction showed 11 of 18 deep brain stimulation electrodes placed with at least 3 contacts and
another 3 electrodes with at least 2 contacts in the internal segment of the globuls pallidus (internal segment of the globuls pallidus shown in green
projected onto montreal neurological imaging (MNI) standard space, DISTAL8 atlas, axial view: slightly below AC–PC plane). Only 1 electrode was
placed laterally to the internal segment of the globuls pallidus (subject 9). Right images present an axial magnetic resonance image at the anterior com-
misure – posterior commisure (AC–PC) plane with lead location by computed tomography–magnetic resonance imaging fusion in subject 6 (whole mag-
netic resonance imaging and zoomed basal ganglia; leads marked green). (B) Power spectrum averaged over contact pairs, hemispheres, timepoints,
and patients. SE illustrated in red. (C) Individual power spectrum averaged over contact pairs and hemispheres (subject 3, T1 and T5). (D) Linear mixed
model predicting BFMDRS scores according to correlation between low-frequency power and empirical BFMDRS scores. Timepoints depicted in differ-
ent colors. (E) Low-frequency power depicted against BFMDRS scores estimated by the linear mixed effects model. Timepoints shown in different
colors. BFMDRS, Burke-Fahn-Marsden Dystonia Rating Scale; T0, timepoint 0; T1, timepoint 1; T2, timepoint 2; T3, timepoint 3; T4, timepoint 4; T5,
timepoint 5. [Color figure can be viewed at wileyonlinelibrary.com]
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The linear mixed effects regression model revealed a
significant association of low-frequency activity with
BFMDRS scores within individual patients (b = 4.4,
SE = 1.5, degrees of freedom (DF) = 43, P = 0.006, 95%
confidence interval, 1.3–7.5). Low-frequency activity
explained 31% of the variance in BFMDRS in the patients,
and the effect was characterized asmedium26 byCohen’s f 2

(R2
marginal = 0.31, f 2 = 0.26,R2

conditional = 0.82; Fig. 1D).

Discussion

In the present study, we demonstrate that pallidal low-
frequency activity is present and significantly correlated
with dystonic motor sign severity after months of chronic
DBS in patients with dystonia. Our findings extend previ-
ous reports of neurophysiological fingerprints of dystonia
after chronic pallidal DBS by showing a direct association
of pallidal low-frequency activity with BFMDRS scores
within participants when measuring repeatedly up to
7 hours after the cessation of stimulation. This correlation
was frequency specific to low frequency, but not beta
band, and replicates previous work reporting an associa-
tion between pallidal low-frequency power andmotor sign
severity in patients with cervical dystonia.15

In Parkinson’s disease, beta activity in the basal ganglia
has been shown to: 1) be reduced by dopaminergic medi-
cation and DBS, 2) correlate with motor sign severity and
3) be preserved after long-term stimulation.20,27 Because
of this modulation and stability over time, recent studies
used beta activity as a feedback signal for demand-depen-
dent, adaptive closed-loop stimulation and have already
achieved promising preliminary results.28 Similarly, it has
been suggested that pallidal low-frequency activity may
contribute to motor circuit dysfunction, resulting in invol-
untary motor output in dystonia patients and thus may be
utilized as a biomarker signal for feedback-based adaptive
DBS paradigms,15 as recently described in a pilot case by
Piña-Fuentes and colleagues.19 Our work provides further
evidence in favor of this approach. First, the correlation
between low-frequency activity and dystonic motor signs
seems to be robust after long-term DBS. Second, our data
suggest that this correlation may be present in different
forms of isolated dystonia ranging from general, segmen-
tal, to cervical dystonia. However, the latter aspect should
be verified in larger cohort studies to identify potential dif-
ferences between dystonia subtypes and specific medica-
tion effects on both beta and low-frequency activity as
subgroup analyses were not feasible because of the small
sample size in the present study. Importantly, our findings
should be considered in the context of additional mecha-
nisms such as delayed long-term DBS-induced plastic
changes17,18,29 and electrophysiological changes on the
cortical level, where DBS-reduced higher cortical alpha
band (8-13Hz) power and coherence30 and higher pallidal
LFP alpha power was associated with increased cortico-

pallidal coherence.31 Finally, there is evidence for a disrup-
tion of structural32 and functional connectivity33 with the
cerebellum that extends the complexity of unified frame-
work for the pathogenesis of dystonic symptoms.

Conclusion

Our results corroborate previous evidence for an associa-
tion of pallidal low-frequency activity with dystonic motor
sign severity even months after chronic DBS. Our findings
suggest that low-frequency activity may represent a stable
biomarker over time for chronic use as a feedback signal
for adaptive stimulation in dystonia. Further research is
needed to disentangle the specific role of synchronized
oscillatory activity and long-lasting plastic changes and
their interaction within the cortico–basal ganglia network
for the development and alleviation of motor impairment
in dystonia.
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