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In Parkinson’s disease (PD), pathologically high levels of beta activity (12–30 Hz) reflect specific symptomatology and normalize with
pharmacological or surgical intervention. Although beta characterization in the subthalamic nucleus (STN) of PD patients undergoing
deep brain stimulation (DBS) has now been translated into adaptive DBS paradigms, a limited number of studies have characterized beta
power in the globus pallidus internus (GPi), an equally effective DBS target. Our objective was to compare beta power in the STN and GPi
during rest and movement in people with PD undergoing DBS. Thirty-seven human female and male participants completed a simple
behavioral experiment consisting of periods of rest and button presses, leading to local field potential recordings from 19 (15 partici-
pants) STN and 26 (22 participants) GPi nuclei. We examined overall beta power as well as beta time-domain dynamics (i.e., beta bursts).
We found higher beta power during rest and movement in the GPi, which also had more beta desynchronization during movement. Beta
power was positively associated with bradykinesia and rigidity severity; however, these clinical associations were present only in the GPi
cohort. With regards to beta dynamics, bursts were similar in duration and frequency in the GPi and STN, but GPi bursts were stronger
and correlated to bradykinesia-rigidity severity. Beta dynamics therefore differ across basal ganglia nuclei. Relative to the STN, beta
power in the GPi may be readily detected, modulates more with movement, and relates more to clinical impairment. Together, this could
point to the GPi as a potentially effective target for beta-based adaptive DBS.
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Introduction
Over the years, an expansive body of literature has linked beta-
frequency (12–30 Hz) power to movement initiation and sup-

pression throughout the basal ganglia (Kühn et al., 2004; Hsu et
al., 2012). In Parkinson’s disease (PD), high beta activity reflects
specific symptomatology, especially bradykinesia, and attenuates
with pharmacological or surgical intervention (Silberstein et al.,
2003; Kühn et al., 2006, 2009; Ray et al., 2008; Weinberger et al.,
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Significance Statement

It is known that subthalamic nucleus (STN) beta activity is linked to symptom severity in Parkinson’s disease (PD), but few studies
have characterized beta activity in the globus pallidus internus (GPi), another effective target for deep brain stimulation (DBS). We
compared beta power in the STN and GPi during rest and movement in 37 people with PD undergoing DBS. We found that beta
dynamics differed across basal ganglia nuclei. Our results show that, relative to the STN, beta power in the GPi may be readily
detected, modulates more with movement, and relates more to clinical impairment. Together, this could point to the GPi as a
potentially effective target for beta-based adaptive DBS.
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2012; Little et al., 2013; Tinkhauser et al., 2017a). Basal ganglia
beta power can be measured with local field potential (LFP) re-
cordings in individuals undergoing subthalamic nucleus (STN)
or globus pallidus internus (GPi) deep brain stimulation (DBS).
At least a decade’s worth of research demonstrates that beta
power can be leveraged for not only exploring the pathology of
PD, but also for developing novel adaptive DBS (aDBS) para-
digms that aim to decrease pathological STN beta activity. Such
therapies have proven preliminarily successful and potentially
better than conventional therapies (Little et al., 2013, 2016a,b;
Rosa et al., 2015; Piña-Fuentes et al., 2017; Tinkhauser et al.,
2017a; Velisar et al., 2019). Therefore, this line of work calls for
increased attention. Although the vast majority of beta character-
ization has focused on the STN with aDBS, GPi implantation is
increasingly accepted as an equally effective DBS target for PD
(Anderson et al., 2005; Okun et al., 2009; Follett et al., 2010;
Ramirez-Zamora and Ostrem, 2018). To determine whether GPi
beta power can be similarly translated to patient-specific adaptive
stimulation, adequate characterization and its clinical utility first
need to be investigated.

To analyze beta activity, power is typically averaged across
time. However, it is now known that beta activity has functionally
relevant temporal dynamics. In PD, beta power is not constantly
elevated; it can surpass pathological levels and return to physio-
logical levels in a fraction of a second (Shin et al., 2017; Deffains et
al., 2018). These so-called beta bursts are linked to slowing of
movements (Gilbertson et al., 2005; Leventhal et al., 2012; Shin et
al., 2017). Longer bursts reflect clinical impairment and reduce
the speed of upcoming movements (Torrecillos et al., 2018),
whereas levodopa shifts bursts from longer to shorter durations
(Tinkhauser et al., 2017b). Additionally, similar to overall beta
power, STN bursts become less frequent, shorter, and smaller in
amplitude during movement (Tinkhauser et al., 2017b; Lofredi et
al., 2019). STN bursts are also associated with bursts in a wider
basal ganglia cortical network (Feingold et al., 2015; Tinkhauser
et al., 2018). However, a surprisingly limited number of studies
have characterized GPi beta bursts (Piña-Fuentes et al., 2017;
Wang et al., 2018). To address these shortcomings, we compared
STN and GPi beta power during rest and movement in people
with PD. Our hypothesis was that beta dynamics, and their rela-
tionship to clinical impairment, would be similar within the STN
and GPi.

Materials and Methods
Participants. We obtained LFP recordings from 19 (15 participants) STN
and 26 (22 participants) GPi nuclei (Table 1). Inclusion criteria were
adults with PD diagnosed by a movement disorders neurologist and
undergoing unilateral STN or GPi DBS. Target selection was based on a
standard interdisciplinary screening process (Okun et al., 2018; Ramirez-
Zamora and Ostrem, 2018). Participants were 66.2 � 10.2 (mean � SD)
years old. We approached potential participants during preoperative
outpatient appointments 1 d before surgery. Following informed con-
sent, participants completed a mock run of the behavioral task to become
familiar with the experiment. Participants were encouraged to withdraw
voluntary participation at any point during the experiment if they be-
came uncomfortable or decided they no longer wanted to proceed. One
participant was withdrawn due to intraoperative complications unre-
lated to research, and 7 were withdrawn either voluntarily or by the
recommendation of the surgeon due to discomfort or fatigue during
surgery prior to research. Bilateral cases were staged; that is, the 4 STN
participants and 4 GPi participants (Table 1) completed the research for
both a left- and right-sided DBS implantation on separate dates.

Surgery. All participants were off dopaminergic medications for at
least 12 h before surgery. A Cosman-Robert-Wells head frame was
placed, and a CT scan was obtained for coregistration to preoperative

MRI. Images were transformed into anterior commissure-posterior
commissure space. A digitized Schaltenbrand-Bailey atlas was manually
fitted to each patient’s MRI using a 3D affine transformation without
shearing, and the desired target coordinate was chosen (Sudhyadhom et
al., 2012). Microelectrode recordings were used to identify nuclei along
the trajectory and for evaluating somatotopy and stimulation responses.
After the final target was chosen, the DBS electrode (Medtronic, 3387 for
all participants, except Participants 16 and 30, who received Abbot’s St.
Jude Medical directional electrode, and Participant 34, who received a
Boston Scientific directional electrode), was inserted followed by mono-
polar review to ensure appropriate voltage thresholds. Electrode posi-
tions were measured postoperatively and reverse-normalized into the
Schaltenbrand-Bailey atlas (distal contact, mean � SE, GPi: absolute
value of X � 20.20 � 0.14 mm, Y � 0.27 � 0.20 mm, Z � �7.39 � 0.22
mm; STN: absolute value X � 9.70 � 0.22 mm, Y � �5.29 � 0.26 mm,
Z � �7.25 � 0.27 mm).

Table 1. Patient characteristics

Subject
no. Target

Age
(yr) Gender

Off
UPDRS
Part IIIa Primary reason for surgery

1 L GPi 76 M 36 Upper extremity tremor
2 L STN 76 M 48 Upper extremity tremor
3 L GPi 56 M 39 On-medication dyskinesia
4 R GPi 59 M NA Upper extremity tremor
5 R STN 68 F NA Upper extremity tremor
6 L GPi 70 M 49 Forward leaning posture
7 R GPi 49 M 42 Arm and leg motor fluctuations
8 R GPi 46 M 66 Rigidity and bradykinesia

L GPi 47 66
9 R GPi 73 M 26 Dyskinesia and impaired speech

10 L STN 59 M 38 Upper extremity tremor
R STN 59 38

11 L GPi 59 M 39 Dystonia
12 L GPi 72 M 9 Lower extremity tremor
13 R STN 67 F 45 Upper extremity tremor
14 L GPi 72 M 30 Rigidity and bradykinesia
15 L GPi 78 F 35 Upper extremity tremor
16 L STN 68 M 37 Bradykinesia
17 L GPi 65 M 43 Freezing
18 L STN 80 M 43 Upper extremity tremor

R STN 81 46
19 L GPi 71 F 41 Motor fluctuations
20 R GPi 81 M 39 Tremor
21 L STN 56 M 33 Upper extremity tremor
22 R GPi 77 F 22 Dyskinesia
23 L GPi 53 M 31 Impulse control disorder
24 L GPi 44 F 55 Bradykinesia and rigidity

R GPi 44 55
25 R STN 65 M 62 Upper extremity tremor
26 L GPi 64 M 29 Freezing

R GPi 64 29
27 L GPi 77 M 20 Upper extremity tremor
28 L GPi 68 F 33 Upper extremity tremor
29 L STN 60 M 42 Motor fluctuations

R STN 61 42
30 R STN 65 F 51 Upper extremity tremor
31 R GPi 73 M 34 Upper extremity tremor

L GPi 73 34
32 L STN 63 M 21 Upper extremity tremor
33 R GPi 44 F 32 Motor fluctuations
34 L STN 64 M 43 Upper and lower extremity tremor
35 R STN 78 M 36 Upper extremity tremor
36 L STN 76 M 37 Upper extremity tremor
37 R STN 73 M 31 Upper extremity tremor

L STN 73 31
aTotal UPDRS was not significantly different in the STN and GPi groups by Student’s t test (t(41) � 0.84, p � 0.41).
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Experimental equipment. The DBS electrode (4 channels for
Medtronic, 8 for directional leads) was connected to a bioamplifier (g.tec
HiAmp, Guger Technologies), and signals were sampled at 2400 Hz. Two
corkscrew electrodes were placed in the scalp for use as ground and
reference. The amplifier interfaced with BCI2000 (Schalk et al., 2004)
running the experimental application on a Windows 7 computer. During
the experiment, participants pressed a pressure-sensor button with the
hand contralateral to the implanted hemisphere. The button was con-
nected to a custom-made microcontroller-based circuit, which was also
connected to a light sensor placed on the monitor to synchronize graph-
ics with LFPs. Button presses were triggered when pressure exceeded
�300 g over the sensor surface (132.7 mm 2).

Experimental design and statistical analyses. The methodology and re-
sults presented here are from baseline recordings from a study
(NCT02975193) of basal ganglia electrophysiology. Participants were in-
structed to press a button 10 times with the hand contralateral to the
implanted hemisphere and then rest for 10 s (see Fig. 1a). Following the
first rest period, participants completed a reaction time test (data not
shown) followed by an additional 10 s rest period. All tasks were repeated
twice. In a demonstration, we recommended pressing the button ap-
proximately once per second.

Signal processing was completed in MATLAB R2016b (The Math-
Works), and statistical analyses were completed in R 3.5.2. Recordings
from segmented contacts on the directional leads were averaged into
single channels to better match the recordings obtained from full-ring
electrodes, thus leading to 4 monopolar channels. For all participants,
bipolar channels were then constructed by a subtraction of LFPs from
each adjacent pair of electrodes, yielding 3 bipolar channels. Signals were
then filtered with a 1 Hz high pass, 100 Hz low pass, and a 57– 63 Hz stop
band Butterworth with orders determined by the maximum order result-
ing in a stable filter determined by the Z plane (see Fig. 1b). Periods of rest
and button presses were isolated for each participant. To estimate power
spectral density curves, mean spectrograms were computed in 250 ms
(ms) blocks with 200 ms overlap, deriving the mean power across time in
each frequency from 1 to 50 Hz in 1 Hz increments. Spectrograms for rest
spanned the entire rest duration, totaling four spectrograms (see Behav-
ioral task) each �10 s long, and spectrograms for button presses were
constructed using signals 500 ms before and after each button press,
resulting in 20 (see Behavioral task) spectrograms, each with a duration
of 1 s. We computed the log10 of spectrogram output (�V) to derive units
of dB (�V). While we use dB units throughout, it should be noted that 0
dB is equivalent to 1 �V, 20 dB is equivalent to 10 �V, �20 dB is equiv-
alent to 0.1 �V, and so on.

Functional beta power frequencies were defined for each participant as
the frequency between 12 and 30 Hz with the greatest decrease in power
between movement and rest (beta power during movement minus beta
power during rest), taken from the bipolar channel with the most overall
beta power decrease with movement. To demonstrate the utility of this
approach, we also compared this result with beta power extracted from
the frequency with the least decrease in power during movement. We
elected to use functional beta power frequencies in this manner rather
than conventional quantification of beta peaks because estimating a 1/f
fit for a given spectral density curve with known physiological deviations
from 1/f (e.g., beta increase, line noise, etc.) is prone to inaccuracy. In
addition, we did not select beta frequencies using visual inspection,
which has been a common approach, because this is not easily reproduc-
ible. For each participant, we also examined resting beta dynamics by
identifying beta bursts from a filtered signal centered at the participant-
specific beta frequency with a 4 Hz bandwidth (see Fig. 3a,b). Beta bursts
were identified when the Hilbert transform of the beta-filtered signal
surpassed and returned to a percentile threshold. Beta bursts �100 ms
were discarded to avoid including spurious changes in beta power (Tin-
khauser et al., 2017b). Metrics extracted from beta burst computations
included the number of bursts per second, duration, and strength, de-
fined as the amplitude of the burst normalized (i.e., subtraction) to the
mean Hilbert power between the 50th percentile and threshold percen-
tile. We elected to use this approach so that we could quantify the dis-
tance (i.e., severity) between “physiological” (i.e., between the 50th
percentile and the defined burst threshold percentile) and “pathological”

increases (i.e., above the burst threshold percentile) in beta power for
each individual. Given the highly skewed distribution of beta burst
strength and duration (Tinkhauser et al., 2017b), we computed the aver-
age of the median values during each resting epoch.

We compared participant-specific beta frequencies and associated
power across the STN and GPi during rest, movement, and their differ-
ence using a mixed-model ANOVA, which included a random term for
an effect of participants. To determine whether our findings were beta
frequency-dependent, we repeated this analysis using the gamma fre-
quency from the channel with the highest low gamma (35– 45 Hz) mod-
ulation during movement. For comparisons across targets or conditions,
we used paired or unpaired comparisons via Student’s t tests or Wilcoxon
signed-rank tests for normal or non-normal data (assessed with Shapiro–
Wilk tests), respectively. We applied one-way t tests to the difference
between movement and resting beta power within the GPi and STN to
test for beta desynchronization.

Beta desynchronization in the basal ganglia during movement is hy-
pothesized to relate to speed or force during movement (Singh and Böt-
zel, 2013; Fischer et al., 2019). We therefore additionally examined
whether beta desynchronization during each button press was associated
with the speed (time between start of button press to maximal pressure
reached) or maximal force applied, which could be an important poten-
tial confounding factor in comparing across the GPi and STN.

Beta burst dynamics during rest were also compared across the GPi
and STN cohorts. In addition, we examined the relationship between
burst duration and strength at the group level and for each participant.
All beta measures, including the frequency selected and the power at that
frequency, were further tested for clinical relevance using correlations
with preoperative, off-medication, contralateral Unified Parkinson’s
Disease Rating Scale (UPDRS) scores obtained during DBS evaluation
using Pearson or Spearman correlations for normal or non-normal data,
respectively. We required UPDRS scores to be obtained no more than 12
months before surgery. One GPi patient had scores 13 months before
surgery, and 1 STN patient who already had a contralateral lead did not
have an off-medication off-stimulation baseline score. There was not an
additional DBS evaluation between the two surgeries for staged bilateral
cases. The average duration between the surgery date and the UPDRS
assessment was 5.4 months with an SE of 0.06 months. Subscore analyses
from UPDRS included bradykinesia (items 23–26), rigidity (item 22),
tremor (items 20 –21), postural instability and gait disorder (items 27–
30), and bulbar (items 18 –19) scores (Eisinger et al., 2019). Finally, in an
exploratory analysis without p value correction, we examined the rela-
tionship between beta bursts and the summed bradykinesia-rigidity
score for varying burst thresholds from 55% to 90% (increments of 5%)
(Tinkhauser et al., 2017b). We varied the burst threshold because, while
bursting approaches thus far have primarily used a threshold set at the
75th percentile of the amplitude estimate of the beta-filtered signal (see
Fig. 3b), this value remains arbitrary and the threshold most suitable for
identifying pathological bursting is still open to investigation (Tin-
khauser et al., 2017b). Univariate statistics are reported as the mean � SE
unless otherwise noted. Significance levels were set at 0.05.

Results
Beta power during rest and movement
Across participants, we observed considerable variability in not
only beta power, but also the beta frequency with the largest
power decrease (Fig. 1c– e). However, the beta frequency selected
for each participant did not differ between the GPi and STN (p �
0.73) (Fig. 2a) and was unrelated to symptom severity (bradyki-
nesia p � 0.67, rigidity p � 0.50, tremor p � 0.077). In our
analysis of beta power, an ANOVA revealed main effects of target
(F(1,43) � 11.2, p � 0.002) and condition (F(1,43) � 200.4, p �
10�15) with a significant interaction between target and condi-
tion (F(1,43) � 10.6, p � 0.0022) (Fig. 2b). Both resting power
(�10.61 � 2.50 vs �23.29 � 1.65 dB, t(41) � 4.2, p � 0.0012) and
movement power (�20.72 � 2.57 vs �29.63 � 1.57 dB, t(40) �
3.0, p � 0.005) were higher in the GPi than the STN (Fig. 2b).
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There was a significant decrease in beta power with movement in
both the GPi (�10.11 � 0.79 dB, t(25) � �13.5 p � 10�12) and
STN (�6.33 � 0.89 dB, t(18) � �7.1, p � 10�5), but the interac-
tion term demonstrated that there was more decrease in the GPi
(Fig. 2c). This pattern was not observed for gamma frequencies
(main effect of condition demonstrating higher power during
movement vs rest, F(1,43) � 54.5, p � 10�8; main effect of target,
p � 0.64; main effect of condition, p � 0.21).

Beta desynchronization did not correlate with the force ap-
plied during button presses (p � 0.77). More beta desynchroni-
zation was very weakly associated with faster button pressing
speed (R 2 � 0.015, p � 0.00085), although average speed was not
different for GPi and STN participants (p � 0.77).

As an aside, we also assessed whether the observation of more
GPi versus STN beta power depended on our method of selecting
beta frequencies. When computing beta power during rest and
movement using the frequency associated with the least (as op-
posed to the most) movement-induced beta desynchronization
(24.88 � 1.31 Hz in the GPi and 24.79 � 1.61 Hz in the STN), as
expected there was no longer an observable decrease in beta
power from rest to movement in the GPi (p � 0.12) or STN (p �
0.99). Importantly, beta power during rest (�16.79 � 2.77 vs
�27.06 � 1.99 dB, t(42) � 3.0, p � 0.0022) and during movement
(�17.59 � 2.96 vs �24.67 � 2.14 dB, t(42) � 1.9, p � 0.030)
remained higher in the GPi than the STN.

Next, we related beta power to clinical impairment. In the
GPi, we observed a positive relationship between resting beta
power and bradykinesia (R 2 � 0.17, p � 0.043), but there was
only a trending relationship with rigidity (R 2 � 0.15, p � 0.055)

and no relationship with tremor (p � 0.68) (Fig. 2d; Table 2).
Beta power in the GPi during movement similarly correlated with
only bradykinesia (R 2 � 0.24, p � 0.014) and rigidity (R 2 � 0.17,
p � 0.039) but not tremor (p � 0.52). We also found a correla-
tion between total UPDRS and beta power in the GPi during rest
(R 2 � 0.25, p � 0.012) and movement (R 2 � 0.32, p � 0.0030).
There were no significant correlations between beta power in the
STN and UPDRS subscores or total score (Table 2). The differ-
ence in beta power during rest and movement in both the GPi
and STN also did not correlate with UPDRS (Table 2). There was
no relationship between postural instability and gait disorder or
bulbar symptoms and beta power during rest, movement, or their
difference in the GPi or STN.

Beta bursts
The number of beta bursts per unit time did not differ between
the GPi and STN recordings (0.96 � 0.03 vs 1.00 � 0.02 s�1, p �
0.29), nor did the average duration (0.21 � 0.01 vs 0.20 � 0.01 s,
p � 0.30) (Fig. 3c,d). However, the strength of GPi bursts were
higher than STN bursts (2.41 � 0.26 vs 1.07 � 0.11 �V, p �
10�4) (Fig. 3e). Given the similarity in duration but not strength
of beta bursts, we further examined the relationship between
these variables. Across all bursts observed in this study, the
strength of the burst increased on average by 0.52 �V for each
increase in 100 ms of burst duration (p � 10�15) (Fig. 3f). At the
individual level, this slope was significantly higher in the GPi
compared with the STN (0.65 � 0.068 vs 0.37 � 0.051 �V/s, p �
0.0028) (Fig. 3g). These results suggest that, while GPi bursts are

Figure 1. Variability in beta power. a, Participants completed a simple task in which they pressed a button 10 times with the thumb contralateral to the implanted hemisphere while either GPi
(blue) or STN (green) recordings were obtained. b, Two representative filtered bipolar traces during rest are shown for each target. Power from 1 to 50 Hz was extracted during rest (c) and during
movement (d) to examine differences in beta power across targets, as well as their difference (movement minus rest) (e). In each case, thick black lines indicate the group-level mean. Shaded region
within the thinner black lines represents 2 SEs above and below the mean. 0 dB is equivalent to 1 �V, 20 dB is equivalent to 10 �V, �20 dB is equivalent to 0.1 �V, and so on.
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not longer than STN bursts, they tend to have a steeper duration-
strength relationship.

We then examined the relationship between burst properties
and key clinical symptomatology known to relate most to beta
power (i.e., bradykinesia and rigidity) as we varied the threshold
percentile from 55 to 90. We did not find a robust relationship
between burst duration and bradykinesia-rigidity score in the
GPi (Fig. 4a,e) or STN (Fig. 4c,g) at any threshold. There was a
marginally significant positive correlation between burst dura-
tion and bradykinesia-rigidity in the GPi for bursts defined by a
60th percentile threshold (R 2 � 0.09, p � 0.063). We did, how-
ever, find a consistent relationship between burst strength and
bradykinesia-rigidity score in the GPi (Fig. 4f) that remained
significant or marginally significant at every tested threshold

(e.g., at the 75th percentile, R 2 � 0.24, p � 0.012), but no such
relationship emerged in the STN sample (Fig. 4d,h).

Discussion
This is the first study to report differences in beta activity between
the GPi and STN in PD patients during rest and movement con-
ditions. We found higher beta power during both conditions in
the GPi, which also demonstrated greater beta desynchronization
during movement. This pattern was not observed for low gamma
power. We also showed that beta power remained higher in the
GPi, even when considering the beta frequency modulating least
with movement; however, as expected at those frequencies, there
was no observable movement-associated beta desynchroniza-
tion. This confirms that beta modulation with movement occurs
at specific frequencies but that the observation of higher beta
power did not specifically stem from our methodological ap-
proach. Beta power was associated with bradykinesia-rigidity se-
verity, however, in our data, these relationships were present only
in the GPi cohort. Beta bursts were similar in duration and fre-
quency between the GPi and STN, but the GPi showed stronger
bursts, which were also correlated to bradykinesia-rigidity sever-
ity. These results overall suggest that, relative to the STN, GPi beta
power may be readily detected, modulates more with movement,
and may relate more to clinical impairment.

Beta frequencies in the GPi and STN
The observation that functional beta frequencies in the STN and
GPi are similar supports the notion of synchrony across the basal
ganglia (Brown et al., 2001). Brain oscillations at specific frequen-
cies subserve specific motor and nonmotor behaviors (Priori et

Figure 2. Beta power across targets and symptoms. a, Beta frequencies were selected for each participant (see Materials and Methods) but did not differ across the GPi (blue) and STN (green).
b, Each blue or green line indicates the beta power at the selected beta frequency (a) during rest or during movement. c, The difference between rest and movement beta power is shown for each
participant. d, Correlations of contralateral UPDRS bradykinesia, rigidity, and tremor subscores with beta power during rest, movement, and their difference. 0 dB is equivalent to 1 �V, 20 dB is
equivalent to 10 �V, �20 dB is equivalent to 0.1 �V, and so on. Error bars indicate two SEs above and below the mean (a– c). *p � 0.05, **p � 0.01, ***p � 0.001.

Table 2. Correlations between beta power and clinical scoresa

Condition UPDRS score GPi STN

Rest Bradykinesia R 2 � 0.17, p � 0.043 R 2 � 0.0024, p � 0.85
Rigidity R 2 � 0.15, p � 0.055 R 2 � 0.11, p � 0.3
Tremor R 2 � 0.0077, p � 0.68 R 2 � 0.0009, p � 0.91
Total R 2 � 0.25, p � 0.012 R 2 � 0.0030, p � 0.83

Movement Bradykinesia R 2 � 0.24, p � 0.014 R 2 � 0.0000, p � 1.0
Rigidity R 2 � 0.17, p � 0.039 R 2 � 0.030, p � 0.50
Tremor R 2 � 0.018, p � 0.52 R 2 � 0.017, p � 0.61
Total R 2 � 0.32, p � 0.0030 R 2 � 0.010, p � 0.69

Difference Bradykinesia R 2 � 0.10, p � 0.12 R 2 � 0.0091, p � 0.71
Rigidity R 2 � 0.038, p � 0.35 R 2 � 0.028, p � 0.51
Tremor R 2 � 0.0059, p � 0.71 R 2 � 0.084, p � 0.24
Total R 2 � 0.077, p � 0.18 R 2 � 0.081, p � 0.25

aCorrelations for each of the UPDRS scores and beta power conditions are shown separately for the GPi and STN.
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al., 2004; Eisinger et al., 2018). However, it
is unclear why specific frequencies within
an identified band vary across individuals,
and what factors explain those differences
(Rosanova et al., 2009; Stein and Bar-Gad,
2013). Nonetheless, we found that the fre-
quencies selected for each participant
were unrelated to clinical impairment.
This is consistent with one study of STN
LFPs (Kühn et al., 2009), but more work is
needed, especially with recordings from
multiple nuclei simultaneously.

Beta characterization during rest and
movement in the GPi and STN
In PD, elevated STN beta power during
rest and its modulation with treatment
have been extensively characterized
(Doyle et al., 2005; Kühn et al., 2005;
Wingeier et al., 2006; Engel and Fries,
2010; Giannicola et al., 2010; Yang et al.,
2014; Geng et al., 2017; Piña-Fuentes et
al., 2019). In contrast, fewer studies with
limited sample sizes have tested whether
GPi beta power is similarly elevated
(Weinberger et al., 2012; Jimenez-Shahed
et al., 2016; Wang et al., 2018; Piña-
Fuentes et al., 2019). In this study, we
found important differences in beta
power between these two structures.

To begin, our results suggest that the
magnitude of beta power during rest and
movement is larger in the GPi. There are
several possible explanations for this.
First, the STN participants were primarily
undergoing surgery for tremor manage-
ment, and scant literature has shown that
tremor is associated with decreased beta
power (Hirschmann et al., 2017), al-
though as we showed, this was not true for
our data. Second, signal-to-noise ratios
and impedance can also affect recorded
voltages. In large studies, impedance shortly after DBS implanta-
tion was similar across many targets (Wong et al., 2018). It is
unlikely, though, that the tissue response would be consistently
different across targets and probably adds equivalent variability
to both targets in our study. Furthermore, our results are not
explained by differences in impedance or signal-to-noise ratios
alone, as these do not affect computations of normalized power
differences, and an analysis of gamma power showed that our
findings do not extend beyond the beta range. Third, the GPi has
�4- to 5-fold more volume than the STN, and the microlesion
effect is larger in the STN (Lange et al., 1976; Vasques et al., 2009;
Herreras, 2016). Clearly, we cannot directly gauge why power
differs across nuclei, and this was not our goal, but exploring this
open question may expand our understanding of the basal gan-
glia and its role in PD.

Next, we observed profound decreases in beta power during
movement in the STN and GPi. These findings expand on the
functional meaning of beta desynchronization in the STN (Doyle
et al., 2005; Lofredi et al., 2019). In contrast to the abundance of
STN data, this is one of a few studies exploring such activity in the
GPi (Tsang et al., 2012; Tsiokos et al., 2017; Wang et al., 2018).

This phenomenon in the pallidum does not appear to be specific
to PD and has been seen in dystonia (Liu et al., 2006, 2008; Brücke
et al., 2008; van Wijk et al., 2017) with smaller magnitude (Wang
et al., 2018). We also showed, for the first time, that the degree of
beta desynchronization was greater in the GPi than the STN. This
could be due to differences in movement mechanics, but button
pressing speed was not different between groups. Stronger
movement-induced GPi beta desynchronization opens the pos-
sibility that movement detection may be more feasible with GPi
LFPs.

The ability of beta power to fluctuate in time has been recog-
nized for several decades (Murthy and Fetz, 1992, 1996). Longer
bursts are associated with diminished information coding (Brit-
tain and Brown, 2014; Shin et al., 2017). There is a positive rela-
tionship between burst duration and amplitude (Torrecillos et
al., 2018), the variability of which has not previously been exam-
ined across individuals or brain targets. Bursts have been studied
in the GPi of individuals with PD in just two studies, which
showed that pallidal burst amplitude, but not duration or fre-
quency, differs in dystonia and PD (Wang et al., 2018; Piña-
Fuentes et al., 2019). In our data, while bursts from the STN and

Figure 3. Beta burst properties in the GPi and STN. Bursts were computed using the 75th percentile threshold approach (see
Materials and Methods). Blue represents data from GPi participants. Green represents data from STN participants. a, b, Example of
a GPi bipolar recording filtered from 1 to 100 Hz and subsequently band passed between 14 and 18 Hz, centered at 16 Hz, the beta
frequency for this participant with the most beta power desynchronization during movement. The purple line indicates the Hilbert
transform of the beta-filtered signal. Dashed and solid black lines indicate the 50th and 75th percentile of the Hilbert transform,
respectively. Red lines indicate the identified bursts. The average (c) number per second, (d) duration, and (e) strength of bursts for
each participant. f, The relationship between duration and strength across all participants’ bursts. g, The slope of the fitted line
relating the duration and strength of beta bursts at the individual level. Error bars indicate two SEs above and below the mean
(c– e, g). **p � 0.01, ***p � 0.001.
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GPi showed similar occurrence rates and durations, amplitudes
were higher in the GPi. This is also reflected by the fact that the
duration-amplitude slope relationship is steeper for GPi bursts.
Collectively, this indicates that the burst duration-amplitude re-
lationship may differ across diseases and brain targets.

Clinical applications
These findings have promising clinical translation. Decreases in
beta power occur after levodopa intake or high-frequency stim-
ulation and correlate with improvements in bradykinesia and
rigidity, although not tremor (Priori et al., 2004; Doyle et al.,
2005; Kühn et al., 2006, 2008, 2009). Future work should test the
effect of levodopa, but our finding that off-medication beta
power relates to clinical severity, particularly in the GPi, is signif-
icant. Prior studies, including ours, have failed to find such a
relationship with the STN (Weinberger et al., 2006; Moran et al.,
2008; Kühn et al., 2009). In the GPi, we found a correlation be-
tween beta power during movement and bradykinesia and rigid-
ity. This is noteworthy because although beta modulates with
movement, it suggests the possibility for monitoring clinical im-
pairment across different motor states. Interestingly, the degree
of beta desynchronization with movement was not related to
motor impairments. Beta desynchronization is recognized as
physiologically important for normal motor behavior (Engel and
Fries, 2010), and it is unclear whether it is specifically affected in
PD, although we can conclude it does not depend on PD symp-
tom severity.

We also examined the relationship between beta burst properties
and clinical impairment. We expected to find that prolonged beta
bursts were associated with higher bradykinesia-rigidity scores
(Tinkhauser et al., 2017a,b). However, the overwhelming lack of
a relationship between burst duration and UPDRS in either the
GPi or STN calls to question the generalizability of these previ-
ously reported effects. Rather than duration, our results suggest
that burst strength may hold more consistent clinical relevance.
Given that burst duration and strength can be sensitive to in-
creasing thresholds (Tinkhauser et al., 2017b), it was encouraging
to see a threshold-resistant relationship between burst strength
and clinical impairment in the GPi cohort.

Conclusions and limitations
We found that beta power modulates more with movement in the
GPi and that higher resting beta in the GPi is also reflected in stron-
ger beta bursts, which relate to bradykinesia and rigidity. We are not
the first to suggest that the GPi may be a more robust brain target for
detection of PD-specific biomarkers (Wang et al., 2018). Chronic
recordings with embedded systems are needed to evaluate and com-
pare the efficacy of STN and GPi aDBS for PD.

There are several limitations to this study. First, the decision to
implant the STN or GPi was nonrandomized, and there may be
important differences across participants that confound our re-
sults. Second, it is plausible that, with a larger STN sample, some
trends in our data could become more meaningful, although
these sample sizes are similar or larger than existing studies of
beta power in PD. Third, our data are from acute recordings in
the operating room setting, shortly after DBS electrodes are in-
serted and thus during the lesion effect. Fourth, our recordings
are relatively short compared with prior studies; however, in real
practice, aDBS decisions will need to take place with even more
limited recordings in real time. Last, our findings should be in-
terpreted carefully in the context of prior work because, unlike
some studies, we did not specifically exclude participants with
tremor predominant PD or those that were lacking visually ap-
parent beta peaks (Tinkhauser et al., 2017b). However, this
should improve the generalizability of our results.
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