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A B S T R A C T : Background: Levodopa is the most efﬁcacious drug in the symptomatic therapy of motor symptoms
in Parkinson’s disease (PD); however, long-term treatment
is often complicated by troublesome levodopa-induced
dyskinesia (LID). Recent evidence suggests that LID might
be related to increased cortical gamma oscillations.
Objective: The objective of this study was to test the
hypothesis that cortical high-gamma network activity
relates to LID in the 6-hydroxydopamine model and to
identify new biomarkers for adaptive deep brain stimulation (DBS) therapy in PD.
Methods: We recorded and analyzed primary motor cortex
(M1) electrocorticogram data and motor behavior in freely
moving 6-OHDA lesioned rats before and during a daily
treatment with levodopa for 3 weeks. The results were correlated with the abnormal involuntary movement score
(AIMS) and used for generalized linear modeling (GLM).
Results: Levodopa reverted motor impairment, suppressed
beta activity, and, with repeated administration, led to a
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progressive enhancement of LID. Concurrently, we
observed a highly signiﬁcant stepwise amplitude
increase in ﬁnely tuned gamma (FTG) activity and
gamma centroid frequency. Whereas AIMS and FTG
reached their maximum after the 4th injection and
remained on a stable plateau thereafter, the centroid
frequency of the FTG power continued to increase
thereafter. Among the analyzed gamma activity parameters, the fraction of longest gamma bursts showed the
strongest correlation with AIMS. Using a GLM, it was
possible to accurately predict AIMS from cortical
recordings.
Conclusions: FTG activity is tightly linked to LID and
should be studied as a biomarker for adaptive DBS. © 2020
The Authors. Movement Disorders published by Wiley Periodicals LLC on behalf of International Parkinson and Movement Disorder Society
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In Parkinson’s disease (PD) a chronic progressive loss
of dopaminergic neurons leads to the manifestation of
debilitating motor symptoms in the form of akinesia,
rigidity, and rest tremor. Recent cumulative evidence
shows that the motor impairment is closely related to
increased oscillatory neuronal network synchrony that
can be recorded in the basal ganglia and motor cortex
of PD patients and animal models of the disease.1,2 PD
patients off dopaminergic medication show enhanced
beta (13–35 Hz) oscillations that closely correlate with
the severity of akinesia and rigidity.3 Furthermore,
increased beta activity is greatly suppressed by known
symptomatic treatments such as dopaminergic drugs
(LD, dopamine receptor agonists) and deep brain
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stimulation (DBS) of the subthalamic nucleus.4-7
Derived from these and other ﬁndings, it has been
hypothesized that increased beta oscillations might
mediate motor symptoms in PD.1,2 Currently, adaptive
DBS devices that employ beta oscillations as a biomarker for akinesia are being developed and tested.8,9
LD is the most efﬁcacious drug in the symptomatic
treatment of motor symptoms in PD.10 The long-term
treatment with LD is often complicated by the occurrence of troublesome involuntary hyperkinesia, socalled “levodopa-induced dyskinesia” (LID), which
severely affects the quality of life of patients.11,12 The
main known risk factors for the development of LID
are the severity and duration of the disease, as well as
the dose and length of treatment with LD.12-15 Despite
considerable advances in the pharmacotherapy of PD, it
is notoriously difﬁcult to suppress LID once it has
started.16 The presence of disabling LID is a main reason for the initiation of DBS therapy.
How chronic LD medication leads to LID is a topic
of ongoing research. A key mechanism in the pathogenesis of LID seems to be that the nonphysiological synthesis, release, and reuptake of dopamine metabolized
from high-dose LD result in an aberrant synaptic plasticity at the cortico-striatal synapse.16,17 A subsequent
increase in the activity of the movement promoting
direct basal ganglia motor pathway is supposed to contribute to the generation of LID.16-18
Very little is known about the effect of chronic LD on
network activity patterns in the brain over time and how
these changes relate to LID. Only recently it has been
shown in animal models of PD that repeated LD injections
elicit enhanced narrow-band gamma oscillations, socalled “ﬁnely tuned gamma” (FTG), in motor cortex and
striatum.19,20 A similar increase in gamma power was
found in two PD patients with electrodes in the subthalamic nucleus and epidurally above the motor cortex.21
Because the recorded gamma levels were signiﬁcantly
higher for the motor cortex than for the studied subcortical regions, it was suggested that the motor cortex might
have a primary role in the generation of LID.19,21
Only recently, it has been repeatedly conﬁrmed that
oscillatory synchrony in neuronal networks is not a continuous signal but rather occurs as bursts of activity.22 In
this regard, a growing amount of evidence from recordings of PD patients with implanted DBS electrodes ON
and OFF levodopa suggests a close association between
burst parameters at the beta frequency and the severity
of the disease.23,24 It has been suggested that beta bursts
might be superior biomarkers of movement symptoms in
PD than average beta activity.23-25 The relevance of
gamma bursts in LID had not yet been investigated.
Despite these recent advances in the understanding of
the network pathophysiology underlying LID, many
open questions remain. To further clarify the signiﬁcance of cortical oscillations for the generation of LID,
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we recorded electrocorticogram (ECoG) data from the
primary motor cortex (M1) and assessed motor behavior in parkinsonian freely moving rats before and during a 3-week treatment with LD. Moreover, we further
dissected network mechanism by testing the effect of
different dopamine receptor antagonists on cortical signaling and dyskinesia. In conclusion, our ﬁndings provide compelling evidence for a close link between
enhanced narrow-band cortical gamma oscillations and
the priming and maintenance of LID.

Materials and Methods
Animals
All experimental procedures were performed on male
Wistar rats (n = 10, 300–325 g, Harlan Winkelmann,
Germany) in accordance with the European Union
Directive 2010/63/EU as well as the German Animal
Welfare Act (revised December 2018). Animals were
kept on a 12-hour light cycle with ad libitum access to
food and water. An overview of the experimental
design of the study is shown in Figure 1A.

Surgical Procedures and Lesioning
Electrode implantations were performed 10 days after
arrival. After induction and maintenance of isoﬂurane
anesthesia, ophthalmic ointment was applied to prevent
corneal dehydration. The animal was placed on a selfadjusting heating pad (37 ± 0.5 C) and transferred to a
stereotaxic frame (David Kopf Instruments, Tujunga
CA). The head was ﬁxed in the ﬂat-skull position using
atraumatic ear-bars. After the scalp was incisioned along
the midline, the epicranial aponeurosis was removed,
and the skull was treated with dental bonding agent
(OptiBond All-in-One, Kerr, Hanau FL). Dental composite (Charisma, Kulzer, Germany) was applied to the
right-skull surface and cured with UV light (Translux
Wave, Kulzer, Germany). Custom-made stainless-steel
screw electrodes (M1, AP: +3, ML: +3; Ground, AP: −9,
ML: ±3), the custom-made guide cannula (MFB, AP:
−2.6, ML: +1.6, DV: −6.4), and two silicon probes
(DBC-2-3-A_ZIF16, Cambridge NeuroTech, UK, dorsolateral striatum: AP: +0.6, ML: +3.6, DV: −4.5, and substantia nigra pars reticulata [SNpc]: AP: −5.2, ML: +2.4,
DV: −8.2) were stereotactically implanted using the standard paxinos coordinate system26 relative to bregma.
Data from the silicon probes are not part of this publication. All connectors were attached to the electronic interface board (EIB2, Cambridge NeuroTech). All electronic
parts were then covered in dental acrylic (Paladur,
Kulzer, Germany). Animals were allowed to recover the
following 3 days under close monitoring and daily pain
medication (carprofen, 5 mg/kg subcutaneous).
Unilateral lesioning of midbrain dopaminergic neurons was carried out 17 days post-implantation. After
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FIG. 1. (A) Experimental design. (B) Immunohistochemistry conﬁrming loss of (i) striatal tyrosine hydroxylase (TH)-positive ﬁbers and (ii) cell bodies in
the substantia nigra pars compacta (SNpc). (C) Absolute count of TH+ SNpc cells (standard deviation [SD]). (D) Results of the cylinder test (SD).
(E) Power spectral density of M1 ECoG (electrocorticogram) data.

isoﬂurane induction, a custom-made 33G steel cannula
was carefully inserted into the guide cannula and
lowered into the left medial forebrain bundle. Sterileﬁltered 1 μL of saline containing 8 μg of 6-OHDA
(Simga-Aldrich Taufkirchen, Germany) was injected
using a precision pump (Harvard apparatus Massachusetts, MA, USA).

Behavioral Testing
Unilateral motor impairment after dopaminergic lesioning was assessed using the cylinder test as previously
reported.27 Motor testing was performed before the
injection of 6-OHDA on day 27 and thereafter on days
28, 41, 48, and 58 and 60 minutes after the ﬁrst LD
injection on day 62. The ratio of right- versus left-paw
usage was analyzed using one-way analysis of variance
with Bonferroni-corrected post hoc testing. Only animals with a sufﬁcient dopaminergic deﬁcit according to
published criteria (contralateral paw usage <40% on
day 21 post-lesion28 and ipsilateral cell count of SNpc
cells <20% of the contralateral side29) and a complete
data set (n = 5) were included in subsequent analyses. A
pronounced dopaminergic lesion is known to be a prerequisite for the development of robust dyskinesia.28,29
Initially all animals were extensively trained on the
motorized treadmill (Bioseb, Pinellas Park, FL, USA) at
increasing speeds up to 30 cm/s. For the recording sessions animals were placed on the treadmill before LD
injection, and two sessions at 10 and 20 cm/s of
2 minutes each were recorded using an overhead camera
at 10 frames/s coupled to the electrophysiological

recording setup. Periods of full compliance were identiﬁed and marked using a semiautomatic custom-written
Matlab script (Mathworks Natick, MA, USA). This was
followed by a 10-minute recording session at rest. Subsequently, after LD injection the 180-minute LID recording
was started immediately. Exactly 15 minutes into the
180-minute recordings, the animals were transferred to
the treadmill, recorded for 4 minutes (2 × 2 minutes at
10 and 20 cm/s), and then returned to the recording cage
for the remaining 160 minutes of the recordings. The
electrophysiological data recorded between 15 and
20 minutes of the 180-minute recordings were excluded
from the subsequent analysis on gamma oscillations.
The global abnormal involuntary movement score
(AIMS) was calculated according to the published
standard.30 In brief, the animals were monitored for
1 minute every 20 minutes over an observation
period of 3 hours immediately after L-dopa administration for signs of axial, limb, and orolingual dyskinesia. Persistency (basic score) and amplitude were
scored for every observation period between 0 and
4 for every AIM subtype. The global AIMS was then
calculated as
Global AIM =

3
X

persistencyi × amplitudei :

i=1

Average AIMSs for the individual animals and
recording sessions were calculated as the mean of the
AIMSs rated 60, 80, 100, and 120 minutes after injections of LD.
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Drug Treatments
All drugs were purchased from Sigma-Aldrich
(St. Louis, MO), dissolved in isotonic saline, and
administered subcutaneously. The animals received
daily injections of 15 mg/kg L-dopa methyl ester and
8 mg/kg benserazide from days 62 to 86. On days
84 and 86, the D1 and D2 antagonists halobenzazepine
(0.5 mg/kg) and raclopride (1 mg/kg) were injected
s.c. 10 minutes before L-dopa.

Data Acquisition
Electrophysiological data were recorded using a wireless electrophysiological setup (W32, Triangle BioSystems, Durham, NC, USA) with the animals at rest
and during treadmill exercise. Recordings were performed before lesioning and 1 month later (days
27 and 58), as well as before and immediately after the
administration of L-dopa on days 62, 65, 71, 77,
82, 84, and 86. ECoG data were recorded at 30 kHz,
ampliﬁed 800×, bandpass ﬁltered (0.5–1000 Hz, 6thorder zero-phase butterworth ﬁlter), and resampled to
500 Hz with prior anti-aliasing ﬁnite impulse response
low-pass ﬁltering. Further analysis was performed using
the Fieldtrip toolbox31 supplemented by custom-written
Matlab code. Artifacts were identiﬁed using the ﬁeldtrip
automatic artifact rejection routine and custom-written
Matlab scripts.

Power and Frequency
All recordings were converted to the spectral domain
using continuous complex wavelet convolution with a
time window of 6 cycles, 50% overlap, and hanning
tapering (MTMCONV31). Power spectra were binned
into 0 to 10/10 to 30/30 to 50/50 to 70/70 to 90/90 to
110/110 to 130/130 to 150/150 to 170, and 170 to
180 minutes after the injection of L-dopa and averaged.
The resulting power spectra were then split into aperiodic and oscillatory components using the FOOOF
toolbox.32 For FTG power analysis, the area under the
curve (AUC) and the maximum amplitude of the oscillatory component between 70 and 140 Hz were
calculated.
For frequency analysis the oscillatory dominant frequency (the power-weighted mean of the frequencies in
a spectrum, ie, spectral centroid) was determined for
the high-gamma frequency range, 50–130 minutes after
L-dopa injection.
f dominant =

140
Hz
X

amplitudei × i
P140 Hz
i = 70 Hz
j = 70 Hz amplitudej

The frequency shift was calculated as the absolute
change in the dominant frequency compared to the
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dominant frequency after the ﬁrst
within each animal.

L-dopa

injection

Burst Analysis
For burst detection the baseline recordings at rest
immediately before and the 3-hour recordings after each
L-dopa injection were bandpass ﬁltered (10th-order zerophase butterworth ﬁlter) with a passband frequency
range of ±5 Hz around the dominant high-gamma frequency of the 180-minute recording of the individual
animal on that respective day (Supplementary
Figure S1A). Next, the data were Hilbert transformed,
and the envelope of the resulting analytical signal was
extracted. The individual preinjection baseline recording
was z-transformed (X – μ)/δ, and the 75th percentile of
instantaneous power was identiﬁed as previously
described by Tinkhauser et al.24 The 3-hour post-L-dopa
recording was z-transformed using mean and variance of
the baseline recording. Bursts were identiﬁed as periods
with instantaneous power continuously above the threshold and extracted for further analysis (Supplementary
Figure S1C). Bursts occurring 50–130 minutes after
L-dopa injection were included in subsequent histogram
binning (burst power and length) as well as in average
burst amplitude, length, and rate analysis.

Modeling
We ﬁrst tested the applicability of only FTG power
for detecting the presence of coinciding dyskinesia
(AIMS > 0) by calculating the AUC of the receiver operating characteristic (ROC) curve with 95% bootstrap
conﬁdence intervals (nboot = 1000). We next performed a principal component analysis (PCA), including the previously identiﬁed burst parameters
(percentage of the lowest and highest bins for burst
amplitude, percentage of the shortest and longest bins
for burst length, AUC of the power of the oscillatory
component between 70 and 140 Hz, dominant frequency). The principal components with the highest
eigenvalues were then selected until the combined
amount of variance explained reached 95%. Generalized linear models with logistic regression were then
ﬁtted with the binary response variables AIMS > 0 or
AIMS > 3 and evaluated with 10-fold cross-validation.

Histology
After the ﬁnal recordings all animals received a lethal
dose of urethane (3 g/kg) and were transcardially perfused with phosphate buffered saline and then with 4%
paraformaldehyde. The brains were postﬁxed for
24 hours in 4% PFA, sucrose-cryoprotected, and frozen
at −80 C until 40-μm coronal sectioning. Electrode trajectories were evaluated on Nissl-stained sections. The
loss of dopaminergic SNpc cells was quantiﬁed using
3,30 -diaminobenzidin staining for tyrosine hydroxylase
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(TH). Five sections spanning the anterior–posterior
SNpc axis from each animal were incubated with a primary anti-TH mouse antibody (1:10,000, Sigma
[T1299]) followed by a secondary biotinylated
anti-mouse antibody (1:200, Vector BA-200, Vector
Laboratories, Burlingame CA) and standardized avidinbiotin complex procedures. The sections were then
mounted on glass slides, and images were obtained on
a confocal microscope (Leica SPE, Leica Microsystems,
Wetzlar Germany). Finally, the labeled SNpc cells on
each section were counted manually. The ipsi- and contralateral TH+ SNpc cells were separately added up
across the ﬁve sections spanning the SNpc.
The P-values of all statistical tests performed
throughout the analysis are provided in Supplementary
Table S1.

Results
In the present study, we investigated the association
of M1 ECoG and motor performance in individual rats
in 3 different states: after the implantation of the electrodes before the interventions, 35 days after a
6-OHDA lesion, and during 21 days of daily treatment
with levodopa/benserazide (LD; Fig. 1A). Then, we
studied the effect of a combined treatment of LD and
the D1 and D2 receptor antagonists halobenzazepine
and raclopride (Fig. 1A). After the completion of the
initial recordings, a unilateral injection of 6-OHDA
(8 μg) into the MFB was performed, which induced a
loss of TH-positive ﬁbers in the striatum and a submaximal reduction in dopaminergic cells in the SNpc in
comparison to the non-lesioned side (Fig. 1B,C). On a
behavioral level, rats exhibited profound hemiakinesia
contralateral to the lesion, which could be promptly
reversed by the injection of LD (Fig. 1D).

Levodopa Suppresses Cortical Beta Power
In agreement with previous reports, in attentive resting animals we found a signiﬁcant enhancement of beta
oscillations in the M1 ECoG after the completion of the
6-OHDA lesion (day 31 post-lesion) in comparison
with the recordings before the injection of 6-OHDA
(Fig. 1E). A similar level of beta power could be shown
in the recordings immediately before the LD injection
with no signiﬁcant change over time (Supplementary
Figure S2A). On average, LD strongly suppressed beta
activity (Off LD: 4.3 ± 0.9 AUC, On LD: 2.4 ± 0.9
AUC, P < 0.001; Supplementary Figure S2B), as previously shown by us and others.27,33
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well as videotaped motor behavior. The experimental
sessions always commenced with a recording of
20 minutes at rest when LD was injected. Then, dyskinesia was rated using the abnormal involuntary movements scale (AIMS) every 20 minutes for 3 hours.34
The well-described subcategories of axial, limb, and
orolingual AIMS were assessed separately by two
blinded video raters (K.T. and S.B.) ofﬂine. The global
AIMS was calculated as published.28
Whereas the ﬁrst injection resulted in a minor
increase in the global AIMS, the fourth and all later
injections produced maximal dyskinesia. There was no
signiﬁcant difference in AIMS between the 2nd, 3rd,
4th, and 5th time points (Fig. 2Bi,C). When either the
dopamine receptor antagonist halobenzazepine (D1) or
raclopride (D2) was given before the LD treatment, the
expression of AIM could be partly blocked (Fig. 2Bi,C).

Repeated Levodopa Injections Result in a
Stepwise Increase in Cortical Gamma Power
All LD applications were followed by a striking
increase in narrow-band high-gamma oscillations
(FTG) with an average frequency of 97 Hz (range:
84–113 Hz) that was distinct from high-gamma power
at rest and during movement (Fig. 2A; Supplementary
Figure S3A). Already the 1st LD injection produced a
pronounced increase in FTG activity (LD1: 3.1 ± 0.9
AUC; Fig. 2Bii,D). After the 4th injection, an additional
signiﬁcant enhancement could be noted (LD4: 9.9 ± 3.3
AUC; Fig. 2Bii,D). Then, FTG levels remained elevated
(LD 10/16/21; Fig. 2Bii,D). There was no difference in
the time interval between LD injection and maximal
FTG power across all time points (Supplementary
Figure S3B). During the individual recordings the centroid frequency of the gamma oscillations remained
constant (data not shown). In contrast, across the
recording days, a constant increase in the individual
gamma centroid frequency could be observed (Fig. 2E).
Despite the parallel increase in total FTG power and
FTG frequency, there was a strong correlation neither
between FTG power and frequency nor between FTG
power and frequency shift (Supplementary Figure S3C).
The application of raclopride and halobenzazepine
before LD drastically reduced FTG power with a morepronounced effect of halobenzazepine (Fig. 2D).
Despite the reduction in the amplitude of the FTG due
to the antagonist treatments, the centroid frequency
continued to increase with the 22nd and 23rd LD injection (Fig. 2E).

Levodopa Leads to a Progressive Increase in AIMs

Levodopa Increases the Duration and
Amplitude of Gamma Bursts

Thirty-one days after the 6-OHDA lesion, the animals were treated once daily with LD for 3 weeks. At
days 1, 4, 10, 16, and 21, we recorded M1 ECoG as

To further specify the relation between gamma activity and LID, we calculated and sorted gamma bursts.
Our analysis showed that across all investigated time
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FIG. 2. Evolution of ﬁnely tuned gamma (FTG) oscillations in M1 ECoG (electrocorticogram) and dyskinesia in parkinsonian rats treated with LD for
21 days. (A) Exemplary time frequency spectrogram (18th injection of LD). Red bars: AIMS (abnormal involuntary movement score). Lower panels represent 60-second time segments before and during maximal dyskinesia. (B) Development of (i) average AIMS and (ii) average FTG power during
180 minutes after LD injections on different recording days. The x-axis depicts time after injection, successive injections are color coded
(mean ± standard error). (C, D) Average AIMS and FTG power AUC 50–130 minutes after LD injection. (E) Increase in FTG centroid frequency. [Color
ﬁgure can be viewed at wileyonlinelibrary.com]

points, the rate, amplitude, and duration of gamma
bursts increased ON LD in comparison to OFF LD
(Fig. 3A). Whereas burst amplitude and duration were
strongly correlated to the increase in FTG power over
repeated injections of LD, burst rate showed the most
pronounced increase after the 1st injection (Fig. 3B;
Supplementary Figure S3D).
A further categorization of burst durations and
amplitudes into deﬁned bins revealed highly signiﬁcant
changes in the distribution of bursts for all time points
(Fig. 3C,D). Whereas before LD injection short bursts
with smaller amplitudes were more common, there was
a clear shift toward longer bursts with higher amplitudes ON LD (Fig. 3C,D). Signiﬁcant differences in
burst amplitude could be noted for very short
(50–100 ms) and very long (>200 ms) as well as for
very low (z-scores 0–1) and very high-amplitude
(z-scores > 3) bursts (Fig. 3C,D). Although the increase
in the fraction of the longest and highest bursts after
the injection of LD remained signiﬁcant in comparison
to the respective baselines over time, there was a
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signiﬁcant decrease in the fraction of highest bursts
between the 4th and the 21st LD injections (Fig. 3C).
The prior treatment with the dopamine receptor antagonists raclopride and halobenzazepine before the
administration of LD suppressed the observed changes
in mean burst amplitude and duration as well as in the
distribution of burst amplitudes and burst duration ON
and OFF LD (Fig. 3C,D).
Both FTG Power and Gamma Burst Parameters
Correlate With AIMS
FTG power signiﬁcantly correlated with the global
AIMS (rho = 0.75, P < 0.001; Fig. 4A). Spearman’s rho
was similar across all investigated times, indicating that
the correlation was not mainly driven by any particular
time point (Supplementary Figure S3E). The analysis of
categorized gamma bursts showed even stronger correlations. The occurrence of gamma bursts with very long
durations strongly correlated with AIMS (rho = 0.80,
P < 0.0001; Fig. 4C), whereas the fraction of the
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FIG. 3. Evolution of gamma burst parameters. (A) Average burst rate, amplitude, and duration. (B) Burst amplitude and burst length are highly correlated (spearman’s rho). (C, D) Probability of binned burst amplitude and length (solid bars) compared to the respective baseline values (open bars)
(standard error). [Color ﬁgure can be viewed at wileyonlinelibrary.com]

highest-amplitude bursts showed an intermediate correlation with AIMS (rho = 0.60, P < 0.0001; Fig. 4B).
The FTG power spectral centroid frequency also
moderately correlated with AIMS (rho = 0.54,
P < 0.001; Supplementary Figure S3F). FTG power and
FTG frequency as well as FTG power and FTG
frequency shift over time were not related. AIMS
and FTG showed the weakest correlation when the
animals were treated with a combination of LD

and halobenzazepine or raclopride (Supplementary
Figure S3G).
Burst Parameters Outperform Power Thresholding
for Detection of Dyskinetic States
To further emphasize the close relation between FTG
and dyskinesia, we next tested whether we could reliably predict the levels of dyskinesia from ECoG

Movement Disorders, 2020

7

G Ü T T L E R

E T

A L

FIG. 4. Correlation of electrophysiological biomarkers and dyskinesia scores. (A–C) FTG (ﬁnely tuned gamma), the fraction of the longest and highest
bursts correlates highly signiﬁcantly with AIMS (abnormal involuntary movement score) (spearman’s correlation, individual data points represent the
binned recording intervals of the individual animals on days 62, 65, 71, 77, and 82).

recordings, which might be central for further developments of adaptive closed-loop DBS systems. We ﬁrst
tried to identify dyskinetic states (AIM > 0) with ECoG
data using a simple FTG thresholding approach, which
yielded a ROC-AUC of 0.86 (Fig. 5A). Because burst
parameters proved to be more robustly correlated with
the behavioral data, we chose to subject the latter to
generalized linear modeling (GLM) with logistic regression after PCA dimensionality reduction (Fig. 5B, eigenvalues: PC1 4.49, PC2 1.04, and PC3 0.21). This
procedure classiﬁed the behavioral states into whether
dyskinesias are present or absent with an improved
ROC-AUC of 0.89 by mainly increasing the speciﬁcity
of the optimal operating point of the ROC curve (sensitivity 85%, speciﬁcity 82%; Fig. 5C). The sensitivity of
the GLM versus power classiﬁer at a false-positive rate
of 0.1 for the AIMS > 0 case is 0.78 versus 0.68.
Because mild dyskinesias may be non-bothersome and
in some cases even sought after as a marker of sufﬁcient
therapy, we further tested the model using a cutoff of
AIMS > 3, yielding a ROC-AUC of 0.97 with a high
sensitivity of 94% and speciﬁcity of 92% (Fig. 5D).
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Discussion
Enhanced high-gamma activity has been repeatedly
shown in recordings from the basal ganglia and motor
cortex of PD patients during LID and in animal models
of the disease.19–21,33,35,36 The few publications that
investigated an association between gamma activity and
dyskinesia scores found variable correlations.19–21 We
provide new evidence for a close relation of excessive
cortical gamma activity recorded above M1 with the
clinical severity of LID in the 6-OHDA model of
PD. Although we found a high correlation of FTG
power with AIMS, we could demonstrate an even
higher relation with the height and length of gamma
bursts. Using burst parameters in a generalized linear
model, we could highly reliably predict the level of dyskinesia in our animals. By introducing gamma burst
parameters from M1 into our model, we reach a classiﬁcation performance comparable to previously published data, which relied on recordings from a multitude
of different nodes in the cortico-basal ganglia thalamic
loop.37
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FIG. 5. Model performance measures. (A) Thresholding the M1 ECoG (electrocorticogram) FTG (ﬁnely tuned gamma) power for predicting the presence
of any dyskinesia yields an AUC (area under the curve) of 0.86 (conﬁdence intervals in gray, bootstrap n = 1000). (B) Separation of dyskinetic (green)
versus non-dyskinetic (red) states according to the three selected principal components. (C) Generalized linear modeling with burst parameters
increases the AUC to 0.89 (conﬁdence intervals in gray, 10-fold cross-validation). Note the reduction in the false-positive rate. (D) Focusing on clinically
signiﬁcant dyskinesia with AIMS (abnormal involuntary movement score) >3 allows for almost-perfect classiﬁcation (conﬁdence bounds in gray, 10-fold
cross-validation). [Color ﬁgure can be viewed at wileyonlinelibrary.com]

It has been hypothesized that the excessive gamma
synchronization disturbs physiological network function in motor networks and thus leads to hyperkinetic
movements. Despite this, FTG does not seem to be
unique to dyskinesia in PD patients because it has also
been shown in invasive recordings from patients suffering from dystonia and myoclonus epilepsy at rest.38,39
However, it has been assumed that FTG is distinct from
the broadband low-amplitude increase in gamma oscillations that has been shown to accompany voluntary
movement.40–42 In agreement with these previous publications, we found that dyskinesia and voluntary movement can be clearly differentiated by their gamma
activity proﬁle using M1 ECoG (Supplementary
Figure S3A). This distinction is very important when
considering using gamma oscillations as biomarkers to
control neuromodulatory therapies.
Accumulating evidence shows that DBS-tailored electrophysiological biomarkers in real time (closed-loop

DBS [cl-DBS]) has the potential to outperform conventional continuous DBS regimes, which are currently
used in standard clinical care.43–46 The development of
cl-DBS was so far mainly focused on the detection of
akinesia by assessing beta power in local ﬁeld potentials
from the subthalamic nucleus to trigger electrical stimulation in patients in their off-medication state.8,9,47
However, because most patients continue to take dopaminergic medication after the initiation of DBS therapy,
there is also a need for the detection of dyskinesia from
electrophysiological signals to stop or reduce stimulation to avoid a further exacerbation of drug-induced
dyskinesia by DBS. In fact, only recently has it been
demonstrated that chronic recordings of M1 ECoG are
feasible and that they can be used to sense cortical
gamma oscillations during LID in PD patients.48,49
Moreover, in a proof-of-principle study the level of cortical gamma power was used to modify the amplitude
of STN DBS in an implanted closed-loop system.50
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