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ABSTRACT: Background: Beta-frequency oscillations
(13–30 Hz) are a subthalamic hallmark in patients with
Parkinson’s disease, and there is increased interest in
their utility as an intraoperative marker.
Objectives: The objectives of this study were to assess
whether beta activity measured directly from macrocontacts
of deep brain stimulation leads could be used (a) as an
intraoperative electrophysiological approach for guiding lead
placements and (b) for physiologically informed stimulation
delivery.
Methods: Every millimeter along the surgical trajectory,
local field-potential data were collected from each
macrocontact, and power spectral densities were calcu-
lated and visualized (n = 39 patients). This was done for
online intraoperative functional mapping and post hoc
statistical analyses using 2 methods: generating distribu-
tions of spectral activity along surgical trajectories and
direct delineation (presence versus lack) of beta peaks.
In a subset of patients, this approach was corrobo-
rated by microelectrode recordings. Furthermore, the
match rate between beta peaks at the final target

position and the clinically determined best stimulation
site were assessed.
Results: Subthalamic recording sites were delineated by
both methods of reconstructing functional topographies
of spectral activity along surgical trajectories at the group
level (P < 0.0001). Beta peaks were detected when any
portion of the 1.5 mm macrocontact was within the
microelectrode-defined subthalamic border. The highest
beta peak at the final implantation site corresponded to
the site of active stimulation in 73.3% of hemispheres
(P < 0.0001). In 93.3% of hemispheres, active stimulation
corresponded to the first-highest or second-highest
beta peak.
Conclusions: Online measures of beta activity with the
deep brain stimulation macroelectrode can be used to
inform surgical lead placement and contribute to optimi-
zation of stimulation programming procedures. © 2020
International Parkinson and Movement Disorder Society
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Deep brain stimulation (DBS) of the subthalamic
nucleus (STN) is a well-established and efficacious ther-
apy for the management of the motor symptoms of

Parkinson’s disease.1,2 Many factors contribute to the
clinical benefit of STN-DBS, including patient selection,
stimulation programming, medication adjustments, and
disease progression.3,4 However, one important factor
that may preclude other clinically controllable factors is
the proper placement of the DBS lead.5-7 A study that
assessed lead placements in more than 28,000 cases (from
2 large North American databases) identified staggeringly
high rates of revision and removal, between 15.2% and
34.0%, with up to 48.5% being attributed to improper
targeting or lack of therapeutic efficacy.8 In another study
that investigated 41 consecutive patients who complained
about suboptimal results from their DBS devices, 46%
were identified as having misplaced leads.9 Misplaced
leads not only limit therapeutic efficacy but also can give
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rise to intolerable motor and/or nonmotor side effects.10,11

As such, maximized efforts toward proper lead positioning
prior to and during STN-DBS surgeries are warranted.
The traditional approach for determining the implan-

tation site of the DBS macroelectrode is a multistep pro-
cess. The position is tentatively determined based on a
fusion of preoperative magnetic resonance imaging
(MRI) and computed tomography images used in con-
junction with stereotactic atlases to determine the stereo-
tactic coordinates of the tentative target location.12 The
radiologically defined anatomical target is then corrobo-
rated by an intraoperative electrophysiological mapping
procedure in combination with test stimulation prior to
the final DBS macroelectrode implantation. Microelec-
trode recording (MER) of single unit activity is the gold-
standard electrophysiological approach used for identifi-
cation of the implantation target. This procedure
involves delineation of anatomical structures along the
surgical trajectory based on characteristic neuronal firing
properties,13 propensity for oscillatory behavior in the
spike train,14 and responsiveness to active or passive
movements of the contralateral limbs.15

Although electrophysiological confirmation of the target
location is considered a crucial and arguably necessary
step,5,16 some centers choose to forego MER mapping
procedures in favor of reducing surgical time and increas-
ing tolerance, due to a lack of dedicated personnel or
resources, and/or the risk of hemorrhage. Image-guided-
only surgeries have the additional benefit of being able to
be performed while the patient is under general anesthesia,
whereas in electrophysiology-driven approaches the
patient is most often awake. The consequence of foregoing
electrophysiological mapping, however, is an increased
risk of suboptimal lead placement.17-19 In this study, we
sought to demonstrate a novel, automated method of elec-
trophysiologically informed STN-DBS implantation that
does not require the use of microelectrodes.
There is an increased interest in the use of oscillatory

activity as a functional readout of STN entry and exit,20

and previous studies of local field potential (LFP) activity
derived from low-pass filtered MERs have demonstrated
that the spatial extent of the STN could be characterized
by increased oscillatory activity in the beta (13–30 Hz)
frequency band14,21-26 and/or high-frequency (>500 Hz)
neuronal “noise.”27-29 The hypothesis of this study was
that entry into and progression through the STN could be
characterized by increased beta oscillatory activity mea-
sured from the DBS macroelectrodes directly. Dynamic
(millimeter by millimeter) DBS macroelectrode recordings
allow for the creation of a clinically relevant, LFP-based
functional topology of the STN based on an established
subthalamic neurophysiological marker. As such, the first
objective of this study was to investigate whether DBS
macrocontact recordings of beta-frequency activity could
be used to intraoperatively guide lead placement. More-
over, because excessive beta-synchrony is suggested to be

of pathophysiological relevance,30 the second objective
was to investigate whether this marker could be used for
physiologically informed stimulation programming.
The benefits of an LFP-driven mapping approach are

that the procedure can be automated and that the inter-
pretation of the electrophysiological results may be more
intuitive. Although such an approach may also be possi-
ble using MERs, the use of only the DBS macroelectrode
may reduce the risk of hemorrhage and may also have
time-savings and cost-saving benefits. A disadvantage of
this approach compared with MER-guided procedures is
that MERs can offer multiple simultaneous recording
trajectories, thus increased information in the x and y
planes. A disadvantage of electrophysiology guided
approaches in general (LFP or MER) compared with
image-guided only procedures is that the patient is usu-
ally awake; however, awake electrophysiology guided
surgeries enable robust scrutiny of side effect thresholds
during perioperative test stimulation and allow for the
ability to make targeted implantations of stimulation
contacts into different regions along the dorsal-ventral
axis, such as placement of a stimulating contact into the
zona incerta31 or substantia nigra pars reticulata
(SNr).32 Thus, we suggest that the presented LFP-based
DBS macroelectrode mapping procedure may be used as
an alternative to or in conjunction with MER-guided
procedures, with notable advantages compared with pro-
cedures that rely on image guidance only.

Methods
Patients and Lead Types

A total of 39 patients with Parkinson’s disease were
included in this study; 13 patients (nhemispheres = 26)
received bilateral omnidirectional DBS leads (3389,
Medtronic Inc, Minneapolis, MN) and 26 patients
(nhemispheres = 52) received bilateral segmented DBS leads
(6170, Abbott Laboratories, Lake Bluff, IL). The dorsal-
most and ventral-most levels of the segmented leads con-
tained omnidirectional contacts, whereas the 2 middle
levels contained 3 segments each (frontal, medial, lateral).
Each patient underwent DBS implantation after overnight
withdrawal from antiparkinsonian medication, and there
were no surgical complications to report. The study was
approved by the ethics committee of the University Hospi-
tal Tübingen. Patient demographics are available in the
Supplementary Material.

Surgical Procedures
In each patient, the tentative location of the STN was

first determined radiologically.33 The desired electrode
depth in the STN region was determined by phenotype-
specific clinical symptoms. In tremor-dominant patients,
the tentative location of the dorsal-most contacts was at
the upper border of the STN to stimulate the zona
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incerta.31 In patients with dominant gait and postural
symptoms, the tentative location of the ventral-most con-
tact was at the lower border of the STN to stimulate the
SNr region.32 Patients with segmented leads who did not
fit either of the aforementioned criteria were implanted
such that the levels with segmented contacts were within
the STN to allow for the maximized potential of direc-
tional stimulation titration. Planning of the surgical tra-
jectory/approach did not differ based on these distinct
targets; rather, only the implantation depth was considered
based on electrophysiological mapping.
In all 39 patients (nhemispheres = 78), recordings of the

LFPs were obtained simultaneously from 4 to
8 monopolar macroelectrode recordings of omnidirec-
tional or segmented lead contacts at every millimeter
along the surgical trajectory. Measurements began with
the bottom of ventral-most contact at 8 to 10 mm above
the tentative target, and each subsequently dorsal contact
level simultaneously recorded at +2 mm, +4 mm, and
+ 6 mm above, respectively.34 At each depth, 30-second
LFP recordings were simultaneously acquired from each
contact, and the power spectral density (PSD) functions
were obtained (details in section “Online LFP-based
mapping: DBS macroelectrode recordings”) and visual-
ized online (as seen in Fig. 1). In 8 (nhemispheres = 16) of
the 26 patients with segmented leads, MERs were per-
formed (details in section “MER-based mapping: Micro-
electrode recordings”) prior to DBS macroelectrode
recordings.

Online LFP-Based Mapping: DBS
Macroelectrode Recordings

Monopolar LFP recordings from each of the DBS con-
tacts were sampled at ≥1200 Hz (hardware filter: 0.075
Hz–3.5 kHz) using an intraoperative recording device
(NeuroOmega, Alpha Omega Engineering, Nof HaGalil,
Israel). For online calculations of PSDs, 30-second LFP
recordings were streamed from the NeuroOmega device
(the streaming function is available via the NeuroOmega
application programming interface) to an external per-
sonal computer. The LFP data were then transformed
into the frequency domain using a multitaper approach
(1 Hz frequency resolution) in Python 3.6 (Python Soft-
ware Foundation, Fredericksburg, Virginia, USA; code
available in the Supplementary Material). At each depth,
PSDs were plotted and displayed immediately after cal-
culation (as in Fig. 1). In cases where microelectrode
recordings were not performed, the final position of the
DBS lead was determined based on the presence and spa-
tial extent of beta activity (with different depths used for
the different desired functional outcomes, as explained
previously). In the case of a complete lack of beta activity
along the surgical trajectory, lead positioning relied on
the results of perioperative test stimulation (eg, symptom
reduction and adverse effects elicited by stimulation of

nearby fiber pathways). If side effect thresholds were
acceptable, the lead was positioned according to the
radiologically defined target. If side effect thresholds
were unacceptable, the DBS lead was repositioned and a
second DBS LFP mapping trajectory was performed.
Post hoc statistical analyses of LFP data were also car-

ried out using 2 separate methods (outlined in sections
“Omnidirectional leads: Beta-peak depth spectrograms”
and “Segmented leads: Beta-peak discretization”). One
method involved reconstructing the distributions of spec-
tral activity along surgical trajectories (done for patients
with segmented leads), and the other method involved
direct discretization (presence vs. lack) of beta activity
(done for patients with segmented leads). The reason for
using 2 separate data sets for the 2 different, although
complementary, analyses was that this prevents over-
inflation of statistical power and prevents redundancy (ie,
analyzing the same data set twice in 2 different ways).
Moreover, the inclusion of patients with 2 different lead
types was meant to demonstrate that the LFP-based DBS
macroelectrode mapping approach could be applied
regardless of electrode type/model.

Omnidirectional Leads: Beta-Peak Depth
Spectrograms

For the 13 patients (nhemispheres = 26) with omnidirec-
tional leads, 3-dimensional “depth spectrograms” (depth,
frequency, power) were generated for each contact and
for each hemisphere by normalizing beta-peak amplitudes
with respect to the highest beta-peak amplitude recorded
across all depths (nhemispheres = 21; we excluded 2 patients
and a total of 5 hemispheres because of excessive noise or
lack of beta peaks). This was done to generate a distribu-
tion of the spectral information across the surgical trajec-
tory. This enables the visualization of the estimated
spatial extent of the STN and demonstrates the reproduc-
ibility of measurements across successive contacts. A
group depth spectrogram was generated by averaging the
depth spectrograms of the ventral-most (or second-most
ventral in case of strong artifacts) contact from each hemi-
sphere (nhemispheres = 21) aligned at (1) the depth of the
highest beta peak (y axis) and (2) the frequency of the
highest beta peak (x axis). For each individual hemi-
sphere, the mean squared error was calculated between
the depth spectrogram of the ventral-most (or second-
most ventral in case of strong artifacts) contact and a
3-dimensional Gaussian distribution, followed by a per-
mutation test (100,000 permutations) to determine the
significance of the mean squared error. This permutation
test was also performed for the group depth spectrogram,
except the peak voxel of each permutation was also cen-
tered. Postoperative imaging was performed with MRI
and computed tomography in omnidirectional and seg-
mented leads, respectively (further methodological details
are available in Supplementary Material).35 The MRI-
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based postoperative lead localizations could indeed
corroborate intraoperative results (further examples are
available in the Supplementary Material).

Segmented Leads: Beta-Peak Discretization
Of the 26 patients (nhemispheres = 52) with segmented

leads, data from 8 patients (nhemispheres = 16) were used
for corroboration with MER (discussed in the next sec-
tion). For the other 18 patients (nhemispheres = 36), PSD
measurements were used for LFP-based beta-peak dis-
cretization. For each hemisphere (nhemispheres = 27; we
excluded 1 patient and a total of 9 hemispheres because
of excessive noise or lack of beta peaks), the depth-
normalized (subsequently subtracting 2 mm, 4 mm, and
6 mm from contacts dorsal to the ventral-most, respec-
tively) beta-peak amplitudes at each contact were plotted

along with the PSD amplitudes of nonpeaks (ie, back-
ground activity within the patient-specific beta-peak fre-
quency range). To obtain a visualization of the group
data, all individual hemispheres (nhemispheres = 27) were
normalized (by dividing by the interdecile of the local
nonpeak activity; data that come from the recording sites
assumed to be outside, not within, the STN) and plotted
together after alignment to the depth of the LFP-defined
STN entry (ie, first depth at which a user-defined beta
peak was detected by a deviation/increase with respect to
“background” nonpeak activity). This method for analyz-
ing data from segmented electrodes, which carries more
information (ie, directional information), allows for the
ability to discern both the depth and direction of the
highest beta peak across the entire recording trajectory on
a per-hemisphere basis in a condensed manner. For each
hemisphere individually, as well as for the group data,

FIG. 1. Online local field potential–based macroelectrode STN mapping approach. Entry of each successive macrocontact into the STN was deter-
mined by sequential increases in beta power. (A) Sample recording trajectory from 1 hemisphere using an omnidirectional lead. Power spectral densitys
at the final depth are corroborated by postoperative lead localization. (B) Sample recording trajectory from 1 hemisphere using a segmented lead. The
power spectral density at the 2 omnidirectional contact levels (green ventral-most and black dorsal-most contacts) are displayed as duplicates in each
of the directional windows (medial, frontal, lateral; which correspond to the 3 segmented contacts at the yellow second-most ventral and red second-
most dorsal contact levels). STN, subthalamic nucleus. [Color figure can be viewed at wileyonlinelibrary.com]
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2-tailed t tests (unpaired) were used to differentiate the
amplitudes of beta peaks from the amplitudes of nonpeak
background activity.

MER-Based Mapping: Microelectrode
Recordings

In 8 patients (nhemispheres = 16), LFP beta-peak map-
ping was corroborated by the MER of single-unit activ-
ity. Electrophysiological mapping of the STN and SNr
using single-unit activity has been previously reported.13,36

Briefly, STN neurons were identified by firing rates of ~20
to 60 Hz and irregular firing patterns, periods of beta activ-
ity, and responsiveness to passive movements of the contra-
lateral extremities. After 4-mm to 6-mm advancement

through the STN, exit from ventral borderwas identified by
a reduction in background noise. After a brief quiescent
period, SNr neurons were identified by faster firing rates of
80 to 120Hz and regular firing patterns.
To corroborate the LFP-based beta-peak mapping

approach, we compared the spatial characteristics of beta-
peak appearance/disappearance (nhemispheres = 13; we
excluded 3 hemispheres because of excessive noise or lack
of beta peaks) along the surgical trajectories (1 mm step
sizes) using the ventral-most contact with respect to the
MER-defined STN entry and exit (submillimeter spatial
resolution; ~0.1 mm step sizes). We defined the average
depth of the first beta peak and the average depth of the
highest beta peak with respect to the MER-defined STN
entry. We also defined the average depth of the last beta

FIG. 2. Omnidirectional leads: beta-peak depth spectrograms. This approach allows for the visualization of the spatial-specificity of subthalamic
nucleus beta-frequency activity across the surgical trajectory. (A) Individual examples (2 patients; nhemispheres = 4) of depth spectrograms and postoper-
ative leads localizations. The 2-mm offsets are demonstrated in successive contact depth spectrograms from ventral to dorsal (ie, each successive
contact records the same as the ventral-most contact after a 2 mm, 4 mm, and 6 mm advancements, respectively). The legend in the bottom left of this
figure shows the depth (1 mm) and frequency (1 Hz) resolutions of the respective axes and also demonstrates the reason for the 2-mm offsets. In each
of the 11 patients, the mean squared error of the beta-frequency depth spectrogram was significantly smaller compared with its permutations in 19 of
21 hemispheres (2 were P = 0.1–0.05, 6 were P = 0.05–0.01; 3 were P = 0.01–0.001; 8 were P < 0.001). (B) This was also confirmed at the group level
(nhemispheres = 21; P < 0.0001). This group spectrogram was generated by normalizing with respect to the depth of the highest beta peak (y-axis) and
the frequency of the beta peak (x-axis). PSD, power spectral density. [Color figure can be viewed at wileyonlinelibrary.com]

1578 Movement Disorders, Vol. 35, No. 9, 2020

M I L O S E V I C E T A L

http://wileyonlinelibrary.com


peak and the average depth of the first recording site at
which the beta peak disappeared with respect to the
MER-defined STN exit.

Clinical Relevance of Beta-Peak Amplitudes at
Final Implantation Site

To determine if beta-peak amplitudes measured at the
final implantation site had clinical relevance, we calculated
how often the lead was programmed to stimulate at the
same level at which the highest beta-peak amplitude was
measured (26 patients; nhemispheres = 45; the total number of
hemispheres with viable electrophysiological data and who

were not tremor dominant). Tremor-dominant patients
(9 patients; nhemispheres = 18) were excluded as these patients
were most often programmed on the dorsal-most contacts
to stimulate the zona incerta (outside of the STN). For seg-
mented leads, the contacts at each segmented level were
averaged together to get the average beta-peak amplitude
for that level. Lead programming was done using a stan-
dard monopolar review ≥8 weeks after surgery, and the cli-
nicianwas blindedwith respect to the LFP results. If bipolar
stimulation was programmed (nhemispheres = 11), a match
was considered if 1 of the bipolar contacts was the contact
with highest beta peak.

FIG. 3. Segmented leads: beta-peak discretization. Beta-peak amplitudes at recording sites presumed to be within the subthalamic nucleus were sig-
nificantly greater than at sites not within the subthalamic nucleus. (A) Individual examples (4 patients; nhemispheres = 8) of beta-peak amplitudes plotted
by depth. The depth of each contact was normalized with respect to the ventral-most contact (by subtracting 2 mm, 4 mm, and 6 mm from the
second-most ventral, second-most dorsal, and dorsal-most contact levels, respectively). In each of 17 patients, when considering hemispheres individ-
ually (nhemispheres = 27), subthalamic nucleus beta peaks could be robustly differentiated from nonpeaks (P < 0.0001). The beta-peak frequency is dis-
played in the bottom right corner of each plot. (B) The same was true for the normalized group (nhemispheres = 27) data (P < 0.0001). Beta-peak
amplitude normalization was done by dividing by the range of the background noise (ie, nonpeak activity), and depth normalization was done by assig-
ning depth 0 to the recording site of the first beta peak. (C) At the final implantation sites, the highest beta-peak amplitude across all segmented con-
tacts was considered as 100%. The average amplitudes (� standard deviation) of the second-highest and third-highest beta peaks at the same level
are shown, normalized to the highest peak. F, frontal; L, lateral; M, medial. [Color figure can be viewed at wileyonlinelibrary.com]
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Results
Online LFP-Based Mapping: DBS

Macroelectrode Recordings
We applied the LFP-based mapping approach in

78 hemispheres; in 16 of these hemispheres, microelec-
trode recordings were performed beforehand and used
to determine the final trajectories of the DBS leads. In
47 of the remaining 62 hemispheres, the LFP physiol-
ogy decided the final lead positioning. In the remainder,
intraoperative test stimulation (symptom suppression, rea-
sonable side effect thresholds) determined the final trajecto-
ries. In most of these cases, lead repositioning was not
required, and electrodes were implanted at the radiologi-
cally defined target sites. In 2 hemispheres (outlined in the
patient demographics table in the SupplementaryMaterial),
a second macroelectrode trajectory was performed, which
each time yielded desirable electrophysiological results.
From patients in whom postoperative MRI imaging was
available, 2 examples of comparisons between LFP

physiology and postoperative lead reconstruction are pres-
ented in Figure 2, and additional examples are available in
the SupplementaryMaterial.

Omnidirectional Leads: Beta-Peak Depth
Spectrograms

Using PSD amplitudes in the beta-frequency band,
2 unique methods were employed to visualize and sta-
tistically differentiate STN recording sites from non-
STN recording sites. The first method was to generate a
spectral distribution of the patient-specific beta peak
along the surgical trajectory; this was done for patients
with omnidirectional leads. In 19 of 21 hemispheres
(11 patients), the mean squared error of the beta-
frequency depth spectrogram was significantly smaller
compared with its permutations (2 were P = 0.1–0.5,
6 were P < 0.05–0.01, 3 were P = 0.01–0.001, 8 were
P < 0.001; Fig. 2A). This indicates that, for most hemi-
spheres, the depth spectrogram resembled a Gaussian

FIG. 4. Corroborating LFP-based and MER-based approaches. The macroelectrode LFP-based mapping approach was corroborated by the conven-
tional MER-based mapping approach in 8 patients. (A) Displayed are the PSD amplitudes for each contact at the final implantation site (left) and the
results from MER mapping of single unit activity along the surgical trajectory (right) from 1 representative hemisphere. Color gradient on DBS electrode
contacts represents the relative beta-peak amplitude across contacts (ie, darkest blue being the highest peak and white being the lowest peak or no
peak). (B) Group data (nhemispheres = 13) demonstrates the average locations (� standard deviation) of the first detected beta peak and the highest beta
peak with respect to the MER-defined STN entry (orange dashed line; top) as well as the locations of the last detected beta peak and the first location
of the disappearance of the beta peak with respect to the MER-defined STN exit (orange dashed line; bottom). The depth at which each LFP measure-
ment was obtained corresponds to the position of the bottom of the DBS macrocontact. The translucent gray rectangle in each bar represents the spa-
tial extent of the DBS contact (1.5 mm). The group data suggest that a beta peak could be detected as long as a portion of the DBS macrocontact was
within the MER-defined STN boundaries. DSB, deep brain stimulation; LFP, local field potential; MER, microelectrode recording; PSD, power spectral
density; SNr, substantia nigra pars reticulata; STN, subthalamic nucleus. [Color figure can be viewed at wileyonlinelibrary.com]
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distribution. This was confirmed at the group level
(nhemispheres = 21; P < 0.0001; Fig. 2B).

Segmented Leads: Beta-Peak Discretization
The second method was to discretize the amplitudes of

beta peaks at depths assumed to be within the STN from
PSD amplitudes of background noise; this was done for
patients with segmented leads. Beta-peak amplitudes at

recording sites presumed to be within the STN were
significantly greater than PSD amplitudes at recording
sites not within the STN. This method provided additional
direction-specific information (ie, which segmented con-
tacts contained the highest amplitude beta peaks). When
considering each hemisphere individually (nhemispheres = 27;
17 patients), STN beta peaks could be robustly differenti-
ated from nonpeaks (P < 0.0001; Fig. 3A), and the same
was true for the normalized group data (P < 0.0001;

FIG. 5. Clinical implications: physiologically informed programming. (A) The macrocontact level with the highest beta-peak amplitude cor-
responded to the site of active stimulation (results of blinded monopolar reviews) 73.3% (33/45) of the time (26 patients; nhemispheres = 45). Of the
remaining 26.7% (12/45), 75.0% (9/12) were programmed at the level of the second highest beta peak. Thus, the site of active stimulation was at
either the highest or second-highest beta-peak level 93.3% (42/45) of the time. Tremor-dominant patients were excluded from this analysis. The
displayed data are representative examples from 4 separate patients (4 hemispheres). (B) Additional representative examples of beta PSDs plot-
ted on each of the deep brain stimulation macrocontacts at the final implantation sites for 1 patient with omnidirectional leads and another patient
with segmented leads. Color gradients on DBS electrode contacts represent the relative beta-peak amplitudes across contacts per hemisphere
(ie, darkest blue being the highest peak and white being the lowest peak or no peak). PSD, power spectral density. ****P < 0.0001. [Color figure
can be viewed at wileyonlinelibrary.com]

Movement Disorders, Vol. 35, No. 9, 2020 1581

N O V E L T A R G E T I N G T O O L I N P D D B S

http://wileyonlinelibrary.com


Fig. 3B). Of the 62 hemispheres from 31 patients originally
included in these analyses, statistically significant LFP-based
electrophysiological STN delineation was achieved in
46 hemispheres (74.2%).

Corroborating LFP-Mapping and MER-Based
Mapping Approaches

In the 8 patients in whom MER (nhemispheres = 16) and
PSD measurements (nhemispheres = 13) were obtained, our
results suggest that a detectable peak was measured when
some portion of the DBS macrocontact was within the
STN. Specifically, beta peaks first appeared when the bot-
tom of the DBS contact was on average 0.85 � 0.83 mm
(mean � standard deviation) beyond the MER-defined
dorsal border (ie, when slightly more than half of the
macrocontact had entered the STN). The largest peak was
found when the bottom of the DBS contact was on average
3.65 � 1.34 mm beyond the MER-defined border. Beta
peaks were still visible when the bottom of the DBS
macrocontact was an average of 1.29 � 0.33 mm beyond
theMER-defined ventral STNborder (ie, when themajority
of the DBS macrocontact had exited the STN but a small
portion remained within). Beta peaks were no longer visible
once the bottom of the DBS macrocontact was an average
of 1.96 � 0.30 mm beyond the ventral STN border.
The average MER-defined spatial extent of STN was
5.48 � 0.66 mm. These results are summarized in Figure 4.
Using data from all LFP-based mapping procedures

(nhemispheres = 61), it was determined that the highest
beta-peak amplitude was located 2.31 � 1.6 mm
beyond the area of first detectable beta peak (LFP-
defined approach). Adjusting this value to account for
the difference between MER-defined and LFP-defined
dorsal border entry (ie, 0.85 � 0.83 mm) confirms that
the highest macroeletrode-defined beta peak was found
when the bottom of the DBS contact was ~3.16 mm
beyond the MER-defined STN border, which corrobo-
rates the aforementioned result of the highest beta-peak
location.

Clinical Relevance of Beta-Peak Amplitudes at
Final Implantation Site

The contact level with the highest beta-peak ampli-
tude matched the clinically applied stimulation contact
in 73.3% (33/45) of eligible hemispheres (Fig. 5A). Of
the remaining 26.7% (12/45), 75% (9/12) were
programmed at the level of the second-highest beta
peak, whereas the remainder (3/12) were programmed
at the dorsal-most contact level (which was neither the
highest nor second-highest beta peak). This means that
the site of active stimulation was at either the highest or
second-highest beta-peak level 93.3% (42/45) of the
time. Of the hemispheres, 2/3 that where neither at
the highest nor second highest belonged to a single

bilaterally mismatched patient who happened to be an
equivalence-type patient who was programmed at the
dorsal-most contacts on both sides for tremor benefit;
contacts that were likely mostly outside of the STN as
determined by a lack of beta peaks. If we exclude
this patient, the active site of stimulation was at the
highest beta-peak level 76.7% (33/43) of the time and
at the level of the highest or second-highest peak
97.7% (42/43) of the time. If we consider that the max-
imum number of contacts that can simultaneously be in
the STN is 3 (which covers a span of 5.5 mm), the
match rate (73.3–76.7%) was more than 2-fold greater
than chance (33.3%) and was statistically significant
(P < 0.0001; binomial test).

Discussion

This study sought to demonstrate the instantaneous
surgical and subsequent clinical relevance of sub-
thalamic beta oscillations by applying a novel technique
of functional mapping during DBS implantation proce-
dures. The presented LFP-based method of electrophysi-
ologically informed STN-DBS implantation required
little time and fewer components (ie, use of the DBS
macroelectrode only) and offered the possibility for semi-
automation. We presented an online method (Fig. 1) for
the intraoperative visualization and detection of the physi-
ological STN topography based on PSD amplitudes in the
beta-frequency band and presented 2 approaches for sum-
mary and statistical analysis of the results. One approach
was to generate a distribution of beta-specific spectral
information across the entire recording trajectory (Fig. 2),
whereas the other approach was to discretize STN beta
peaks from background activity (Fig. 3). In addition to
describing the surgical functional utility of a beta-driven
mapping approach, we also described a potentially prom-
ising technique for pathophysiologically informed stimula-
tion programming (Fig. 5A). We suggest that delivering
electrical stimulation from the macroelectrode contacts
with the highest beta power at the final implantation site
may yield the most favourable therapeutic results, which
is corroborated by studies that suggest a relationship
between subthalamic beta oscillations and clinical features
of Parkinson’s disease.

Surgical Utility: Electrophysiological Mapping
Improved imaging capabilities have led to the recon-

sideration of the use of electrophysiological mapping
procedures.37 Other arguments in support of omitting
electrophysiological mapping procedures include
reduced surgical time (thus, increased surgical tolerability)
and reduced perioperative complications such as hemor-
rhage (although the risk rate is quite low at 3.3% for hema-
toma of any type, and 0.6% for symptomatic hematoma38).
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However, neither high-resolution39 nor conventional40

imaging can account for perioperative deviations from pre-
operative anatomical targeting such as brain-shift,41 which
often contribute to suboptimal DBS lead placements.42 Such
deviations can only be accounted forwhen electrophysiolog-
ical mapping procedures are correctly employed. Thus, we
aimed to provide a novel methodology that can account for
themajority of the aforementionedmicroelectrode contrain-
dications while still providing a means of performing essen-
tial electrophysiologically informed implantations.
Given the unexpectedly high rate of DBS surgeries

requiring lead revision or removal,8 it can be argued that
awake electrophysiology-guided implantations may be in
the best interest of patients in the long term if corrective
procedures can be avoided. Electrophysiological mapping
procedures can reduce the likelihood of subsequent cor-
rective surgeries, reduce the risk of surgical complications
from subsequent procedures, and maximize therapeutic
potential through optimized lead placement.6 The ap-
proach described here furthermore reduces the necessity
of expertise required for interpretation of MERs, can be
performed rather quickly (barring technical or proce-
dural obstacles, a 15-mm surgical trajectory takes only
~11 minutes; 30-second recordings at each depth and
15 seconds between depths) and eliminates time con-
sumption associated with performing MERs. In addition,
the risk of perioperative surgical complications (such as
hemorrhage) from multipass microelectrode trajectories
may be reduced. The described method furthermore
allows for permutation of contact positions in accor-
dance with patients’ individual functional goals, such as
placing the dorsal-most contact into the zona incerta to
maximize effects on tremor,31 placing the ventral-most
contact into the SNr to potentially modulate gait dysfunc-
tion,32 and/or placing segmented contacts into the STN
to maximize the therapeutic window of STN-DBS.43

Although z-direction titration is also possible withMERs, a
particular advantage of the DBS macroelectrode approach
is that once the optimal spot is determined based on electro-
physiological results, the electrode stays in that spot chroni-
cally, whereas with MERs, the microwires must be
removed and subsequently replaced by the chronic lead,
whichmight introduce additional inaccuracies. As such, the
DBS macrocontact approach may even serve as a final
check to confirm that the DBS electrode is in place after
replacing the microwire (ie, performing a DBS macro-
electrode recording at the final position), thus the approach
may also be used in conjunction with the traditional MER
approach.
Two studies have previously applied a similar but dis-

tinct DBS macroelectrode mapping approach in smaller
patient cohorts (n = 944 and n = 645). The major differ-
ence is that both of these studies applied bipolar deriva-
tions of LFP recordings for offline spectral analyses.
When 2 macrocontacts are both within the STN, bipo-
lar recordings may lead to partial signal cancellation.

Thus, for this application, bipolar recordings suffer
from a nonstationary reference that leads to an inherent
bias that shifts the location of the areas with highest
beta activity to border regions where 1 contact is within
the STN while another is outside of the STN. Conven-
tional MER systems may also be configured such that
the tip of the microelectrode is referenced to the
macrotip located 3 mm dorsally, and each of these com-
ponents are advanced together along the surgical trajectory
(ie, a nonstationary reference). Monopolar recordings, as
employed here, have a fixed reference and have the ability
to create a functional topography of beta activity both
within and outside of the STN without the bias of a mov-
ing reference. Although bipolar recordings may limit the
effects of volume conduction,46 our results nevertheless
demonstrate the viability of using monopolar recordings
for electrophysiological mapping and moreover suggest
that the region of highest beta activity may not necessarily
be at the immediate border region (although monopolar
LFP recordings using microelectrodes would provide
greater spatial acuity for assessing this).

Surgical Utility: Considerations and Limitations
Based on the results of corroboration with conventional

MER-based mapping, offsets between LFP-defined and
MER-defined borders should be taken into consideration,
namely, that a beta peak may be visible if any portion of
the DBS macrocontact is within the STN. Other consider-
ations while performing these online recordings include
that the patient should keep voluntary movements (which
can desynchronize beta activity and/or induce movement
artifacts) to a minimum, should not be speaking, and
should be awake/alert. Because these behaviors are some-
times unavoidable, measurements at a particular depth
may need to be repeated. Patients should be off medica-
tion, as antiparkinsonian medications have been shown to
attenuate beta oscillations.47 Furthermore, this method has
not yet been confirmed in patients operated on under gen-
eral anesthesia (which has effects on neuronal activity48).
In this study, we could visualize and delineate STN from
non-STN recording sites in 76.7% of hemispheres. How-
ever, a particularly important limitation of this approach is
that some patients may lack beta activity49 (also described
in parkinsonian primate models50). In such cases, lead
placements must rely on preoperative imaging and plan-
ning as well as results from perioperative test stimulation.
However, in the event that both electrophysiological and
perioperative test stimulation results are not favorable, an
additional macroelectrode trajectory may have to be per-
formed. Although this circumstance is not ideal, it still
enables the ability to perform an electrophysiologically
informed corrective trajectory on the spot, whereas an
asleep image-guided-only procedure may result in a
chronic lead misplacement that would necessitate a subse-
quent corrective procedure at a later date. In this regard,
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the advantage of MERs is that they can enable performing
multiple simultaneous recording trajectories, thus generat-
ing more information in the anterior–posterior and
medial–lateral planes prior to macroelectrode implanta-
tion. Segmented leads may be able to provide some addi-
tional directional information in these planes as well in the
fact that the distance between centroids of the directional
contacts is 1.22 mm (compared with the 2 mm between
MER trajectories adjacent to the central track). Thus, if
perioperative test stimulation returns suboptimal side effect
thresholds, but 1 of the directional contacts may have a
small beta peak in 1 particular direction (and no peaks at
all in the other directions), this may inform the direction
for a potential revised trajectory. Finally, a notable limita-
tion of electrophysiologically informed surgeries altogether
is that they usually require that the patient be awake,
unlike image-guided-only surgeries; however, awake
surgeries allow for the ability to test for sensory-related
adverse effects (ie, stimulation of lemniscus fibers) or
behavioral-related adverse effects (ie, speech effects from
stimulation of cortico-bulbar fibers).

Clinical Utility: Stimulation Programming
Subthalamic hypersynchrony in the beta-frequency

band has been suggested to be associated with clinical
features of Parkinson’s disease.30,51-54 In addition, both
levodopa therapy14,47,55 and STN-DBS,56-58 the con-
ventional therapeutic interventions for Parkinson’s dis-
ease, have been suggested to disrupt/desynchronize
these purportedly pathological oscillations. As such, we
postulated that targeted stimulation delivery to the area
of highest beta-peak amplitude may be most therapeuti-
cally favorable. We investigated this by comparing the
macrocontact level with the highest intraoperatively
obtained beta-peak amplitude at the final implantation
site to the eventual programmed stimulation site deter-
mined during conventional postoperative monopolar
review that was blinded to the intraoperative LFP results
and found a high degree of correspondence (Fig. 5A).
A previous study (n = 128) demonstrated that the spatial
extent of the subthalamic beta oscillatory region was a
predictor of favorable therapeutic response.21 Further-
more, a study in patients (n = 4) programmed with bipo-
lar stimulation found that the contact pair that provided
optimal efficacy was associated with the highest energy in
the beta and gamma frequency bands.59 Another study
applied this approach of beta-targeted stimulation in
patients (n = 12) implanted with directional leads.49 The
authors found that the beta power at each contact was
correlated with the individual contact’s clinical efficacy
and that 1 of the 2 contacts with the highest beta power
was the most clinically efficient stimulation contact up to
92% of the time, which corresponds with our findings.
Previous studies as well as our own suggest that stimula-

tion programming can be optimized not only to reduce

time consumption associated with conducting a complete
monopolar review but also to be performed in a physiolog-
ically informed manner. As such, we suggest that novel
implantable pulse generator software and hardware
should include the capability for the clinician to quickly
record (eg, for 30 seconds) from each of the macrocontacts
of the embedded DBS leads, calculate and display the PSDs
(as shown in Fig. 5B), and give the option to the clinician
to select stimulation contacts based on the amplitude of
PSDs (as shown in Fig. 5A). This is additionally important
considering the emergence of segmented DBS leads with
many contacts and considering the variability in beta-peak
amplitude across directional contacts (Fig. 3C). Although
suggested to be able to widen the therapeutic window,43,60

stimulation programming will become much more
cumbersome and time consuming. We foresee that
physiologically informed stimulation programming
will be feasible in the near future considering the
emergence of DBS technologies with chronic sensing
capabilities. Thus, studies of macroelectrode LFP sig-
nals have the potential for direct technological and
clinical translation.

Clinical Utility: Considerations and Limitations
Consistent with previous findings,29 beta oscillations

could still bemeasured in the subgroup of tremor-dominant
patients. For these patients, however, the clinically applied
contact was usually not the one with the highest beta activ-
ity because of the intended stimulation in the zona incerta,
that is, above the dorsal STN border. In nontremor domi-
nant patients, the potential reasons for mismatches between
the contact with the highest beta-peak amplitude and the
clinically applied stimulation contact level are (1) a narrow
therapeutic window at the contact with the highest beta
peak because of proximity to the nearby fibers or (2) selec-
tion of therapeutically suboptimal active stimulation con-
tacts.61 Nevertheless, the active contacts corresponded to
the level of the first-highest or second-highest beta-peak
amplitude in 93.3% of hemispheres, thereby emphasizing
the clinical functional utility of this physiological marker.
Although it would be valuable to assess the relevance of
beta activity recorded with individual segmented contacts
for informing directional stimulation, systematic clinical
assessments (monopolar review) of directional stimula-
tion titration were not performed in this patient cohort.
As such, further clinical research is warranted to deter-
mine if beta-peak amplitude could inform directional
stimulation programming.

Conclusion

We demonstrated the feasibility of performing an online
LFP-based, beta-driven electrophysiological mapping pro-
cedure using DBS macroelectrodes. Furthermore, our
results suggest that the PSD in the beta-frequency band at
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the final implantation site may be used for physiologically
informed stimulation delivery. As such, our results dem-
onstrate both surgical and clinical functional utilities of
beta oscillations measured from DBS macroelectrodes.
These findings may be used to improve both surgical
implantation and stimulation programming procedures.
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